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Preface to the Second Edition

The first edition covered omics analyses and molecular biological tools of Coryne-
bacterium glutamicum and the regulatory network consisting of transcription factors
that have been characterized by the techniques. Transcriptional regulation of central
metabolic genes, respiratory system, and cell division mechanism were also
reviewed. For the application of C. glutamicum, protein secretion and the production
of biorefinery products as well as the production and export of amino acids were
illustrated. While all of the contents are still important and fundamental for under-
standing of this microorganism, in the seven years since the first edition was
published, the knowledge of the physiology and molecular biology of
C. glutamicum largely expanded. Moreover, recent developments in metabolic
engineering and synthetic biology have demonstrated C. glutamicum as a promising
production platform for not only conventional amino acids but also commodity
chemicals, biofuels, cosmetics, and pharmaceuticals.

Considering these advances, we decided to update the book contents by replacing
and combining the chapters, not just adding the recent findings to the chapters of the
first edition. Despite the large modification, the purpose of the monograph is
unchanged: to review and summarize the research on the molecular biology of
C. glutamicum and to introduce readers to the potential of this bacterium for versatile
applications.

In the first three chapters, characteristic cell division mechanism and cell surface
structure of corynebacteria and respiratory system characteristic to actinobacteria are
described. The following three chapters cover sigma factors and their specific pro-
moters, transcriptional regulators involved in the primary metabolic pathway genes,
and post-transcriptional regulatory mechanisms. The chapters for amino acid pro-
duction and amino acid exporters are largely updated with latest advances in the
field. The chapter dealing with metabolic flux analysis is fully rewritten with recent
knowledge and technologies. The chapter of metabolic engineering illustrates how
C. glutamicum is successfully engineered for the production of a variety of products.
The last two chapters focus on aromatic compounds’ catabolism and production.
Probably due to the capability of utilizing a broad spectrum of aromatic compounds
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as a carbon source, C. glutamicum is inherently highly resistant to these toxic
compounds. This property makes this bacterium as an attractive host for the pro-
duction of aromatic compounds, which can be used for the synthesis of polymers,
cosmetics, and pharmaceuticals.

We would like to sincerely appreciate all the authors for their time and contribu-
tion. We hope that this second edition will be informative for researchers in our fields
to update their knowledge and used as a reference for their studies.

Finally, we would like to thank Springer Nature for giving this opportunity to
publish the second edition. We would also like to thank Springer’s editors, Bibhuti
Sharma and Markus Spith, for their great support during the course of this project.

Kyoto, Japan Masayuki Inui
Koichi Toyoda
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Abstract Corynebacterineae share an unusually complex cell envelope that dis-
criminates species of this group markedly from other actinobacteria. Phylogeneti-
cally, they belong to the Gram-positives, but contain additionally to their
peptidoglycan cell wall an extra cell envelope layer composed of arabinose and
galactose polymers, the arabinogalactan. Covalently linked to the outer arabinose
subunits are mycolic acids forming an inner leaflet of a membrane that is capped by
trehalose mono- and dimycolates and forms the mycolic acid membrane, a perme-
ability barrier similar to the outer membrane of Gram-negative bacteria. Like all
actinobacteria, Corynebacterium glutamicum grows apically due to a polarly local-
ized elongasome complex. A scaffold protein, DivIVA, is required for spatial orga-
nization of the elongasome. Besides organization of elongation growth, DivIVA is
also involved in spatial organization of the chromosome. DivIVA serves as an anchor
for the partitioning protein ParB that in turn binds DNA sequences in proximity to the
origin of replication, thereby orienting the chromosomes to the cell pole.
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Remarkably, both cell poles contain a stably tethered chromosome, making
C. glutamicum diploid. At fast growth conditions, DNA replication can be over-
initiated and, hence, polyploidy is common under these conditions. Correct chromo-
some segregation is key for septum placement, while classical division-site-selection
systems seem absent. Recent work unraveled that subcellular organization of
Corynebacteria is in many aspects different to that in classical model organisms,
indicating the importance to study bacterial species in all their various aspects.

1 Introduction

Cell growth and division are coupled to chromosome replication and segregation in
all organisms to ensure production of viable offspring. In recent years a wealth of
new data became available that helped us to understand the molecular mechanisms
used by bacteria to govern these essential processes (Eswara and Ramamurthi 2017).
However, most insight into chromosome organization, replication and segregation as
well as cytokinesis and cell (wall) growth are based on classical model organisms
such as Bacillus subtilis, Escherichia coli, or Caulobacter crescentus. Compara-
tively little was known in bacteria belonging to the actinobacteria phylum. This has
started to change very recently with several groups analyzing cell biological aspects
of Streptomyces, Mycobacterium and Corynebacterium (Donovan and Bramkamp
2014; Flardh 2003b; Noens et al. 2007; Ramijan et al. 2018; Schlimpert et al. 2017,
Trojanowski et al. 2018). Understanding of subcellular organization in these species
is important, since their mode of growth differs drastically from that of the classical
model organisms. All members of the actinobacteria studied so far grow by apical
extension of their cell wall (Flardh 2003a; Kang et al. 2008; Letek et al. 2008b;
Umeda and Amako 1983). Elongation growth is governed by an elongasome
complex that is spatially organized by a coiled-coil protein termed DivIVA that is
conserved also in many low GC Gram positives (Fig. 1). DivIVA localizes to the
curved region at the cell pole and at the membrane facing either site of the division
septum. In C. glutamicum, actin-like proteins such as MreB are not involved in
elongation growth (Donovan and Bramkamp 2014; Letek et al. 2008b). Septal cell
wall synthesis in C. glutamicum and other actinobacteria is governed by the tubulin
homolog FtsZ, as in most bacteria (Ramos et al. 2005). A surprising difference is the
low number of conserved accessory proteins that are involved in FtsZ membrane
binding and FtsZ polymer regulation (Donovan and Bramkamp 2014). Although
C. glutamicum has a rod shaped morphology, division site selection is not dependent
on known FtsZ regulators such as Min proteins. It has therefore been assumed that
the cytokinetic apparatus found in C. glutamicum can be considered a minimal
divisome (Donovan and Bramkamp 2014; Letek et al. 2008a).

Corynebacterium shares with Mycobacterium, Nocardia, and Rhodococcus a
complex, multi-layered cell wall architecture as a unique feature among
actinobacteria (Dover et al. 2004; Jankute et al. 2015; Laneelle et al. 2013; Mishra
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Fig. 1 DivIVA—A polar
scaffold for multiple
processes. Gaussian
rendering of DivIVA
localizations in

C. glutamicum cells imaged
with PALM (Photoactivated
Localization Microscopy).
DivIVA localizes at poles
and on the two sides of the
septum via its intrinsic
ability to recognize
negatively curved
membranes. Here, it works
as a scaffold for diverse
cellular functions, such as
the elongasome and the
ParABS partitioning
complex, respectively.
Scale-bar: 500 nm

et al. 2011). Despite being phylogenetically a Gram-positive, the cell wall structure
differs compared to the conventional cell envelope found for example in Firmicutes.
In contrast, Corynebacterineae possess a complex, covalently linked hetero-
polysaccharide layer that serves as scaffold for an additional outfacing hydrophobic
barrier and thus, mimics the function of the outer membrane of Gram-negatives
(Jackson 2014).

The subunits of the so called mycomembrane (MM) are referred to as mycolic
acids, a condensed structure derived from two fatty acids, forming the a-alkyl,
B-hydroxy mycolic motif (Jackson 2014; Laneelle et al. 2013). The length of the
fatty acid varies by species and thus serves as taxonomic marker. For Mycobacte-
rium spp. the length varies between 60 and 90 carbon atoms, whereas in Coryne-
bacterium spp. the aliphatic chain is shorter with roughly between 22 and 36 carbon
atoms (Marrakchi et al. 2014). This difference is also observable on a macroscopic
scale. Colonies of Mycobacterium species show a dry, structured and waxy surface,
in contrast to the less structured and moist surface of C. glutamicum colonies. The
effectivity of the barrier also depends on the length of the mycolic acids, conse-
quently Mycobacterium spp. stain acid-fast, while Corynebacterium spp. not.

Although, C. glutamicum is well understood with respect to its physiology, the
cell cycle was only analyzed recently. A major finding was that C. glutamicum
harbors two chromosome copies that are stably anchored to each cell pole and that
the newly replicated chromosomes segregate to midcell positions, where the cell will
eventually divide (Bohm et al. 2017). At fast growth rates DNA replication can be
over-initiated, a characteristic feature shared with many other bacteria including
Mpycobacterium (Bohm et al. 2017; Trojanowski et al. 2017). Despite many
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similarities, there are several distinct features that are different between
C. glutamicum and Mycobacterium species, indicating that even closely related
species use different strategies for subcellular organization (Trojanowski et al.
2018). C. glutamicum is supposed to be a soil bacterium (Kinoshita et al. 1957),
but many members of the genus are human commensals found as main components
of the human skin microbiome (Cundell 2018). Several species, such as C. ulcerans,
C. striatum, or C. jeikeium are emerging opportunistic pathogens (Bernard 2012).
Therefore, a more detailed understanding of the cell biology of Corynebacterium is
of broad interest.

2 Chromosome Structure

Bacterial chromosomes are dynamically folded into highly compacted nucleoids,
which refold in the course of each cell cycle in order to allow for processes like gene
expression, replication and segregation. Nucleoids are further shaped by
DNA-supercoiling, condensin complexes and by an interactive system of nucleoid
associated proteins. A variety of chromosome-folding strategies exist across differ-
ent model organisms that differ in composition of DNA-binding proteins and in
spatial domain organizations.

C. glutamicum harbors, similar to most bacteria, a circular chromosome sized
3.28 megabases, where replication is initiated at one single origin of replication
(oriC) and proceeds bidirectionally towards the opposing terminus of replication
(terC) (Kalinowski et al. 2003). Here, the oriC domain appears to be the hub of
chromosome organization in C. glutamicum, being organized by the partition protein
ParB (cg3426) that binds oriC-proximal parS sites sequence-specific (Donovan et al.
2010). ParB further interacts with several kilo bases of non-specific DNA surround-
ing parS by spreading along the DNA after nucleating at the parS sites (Breier and
Grossman 2007; Murray et al. 2006; Rodionov et al. 1999). Spreading, in combina-
tion with 3D-bridging events between ParB dimers, induces oriC-domain conden-
sation, eventually leading to large nucleoprotein complexes formation (Broedersz
et al. 2014; Graham et al. 2014; Sanchez et al. 2015).

Further, C. glutamicum stably tethers oriCs to the cell poles, similarly to the
related actinobacteria Mycobacterium smegmatis and Streptomyces coelicolor
(Ditkowski et al. 2013; Donovan et al. 2012; Ginda et al. 2013). To this end,
C. glutamicum ParB-parS complexes are recruited to polar positions via ParB-
interactions with the coiled-coil landmark protein DivIVA (cg2361) (Donovan
et al. 2012; Letek et al. 2008b). Notably, different to classical model species,
C. glutamicum is diploid at various growth rates, where at least two fully replicated
genome copies are maintained throughout generations (Bohm et al. 2017). Therefore,
both cell poles are permanently occupied by ParB-oriC complexes, while chromo-
somal terC domains position at midcell, indicating a longitudinal ori-ter-ter-ori
chromosome configuration (Bohm et al. 2017).
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In addition to ParB, C. glutamicum harbors a SMC/ScpAB (structural mainte-
nance of chromosomes) complex (cg2265, smc; cgl611, scpA; cgl614, scpB), which
is ubiquitously present in all branches of life (Cobbe and Heck 2004). The mecha-
nism of DNA condensation is strongly conserved amongst these complexes, where
ATP-dependent conformational changes drive binding as well as translocation along
DNA by extrusion of DNA loops (Minnen et al. 2016; Wilhelm et al. 2015).
Different to B. subtilis, SMC is not an essential factor for DNA segregation in
C. glutamicum, but localizes ParB-proximal within cells (Britton et al. 1998,
unpublished data), therefore, it likely mediates pairing of chromosomal arms by
establishing inter-arm contacts starting from loading sites at ParB-parS complexes,
as described in B. subtilis and C. crescentus (Le et al. 2013; Wang et al. 2015).
Interestingly, unlike in most other model bacteria, the C. glutamicum SMC/ScpAB
coexists with the distantly related MksBEFG condensin complex (MukB-like SMC,
cg3103-cg3106) (Bohm et al. 2019), yet its precise function in genome organization
remains to be characterized. Moreover, nucleoid associated proteins, like MrgA, Lrp
and Lsr2 (cg3327, cg0313, cgl1966), presumably contribute to chromosomal con-
tacts in C. glutamicum, as shown for E. coli transcriptional regulators FIS, H-NS and
HU (Lioy et al. 2018) or for the mycobacterial HupB (Holowka et al. 2017).

Notably, many corynebacterial genomes contain prophages. This holds true also
for the C. glutamicum chromosome, which harbors three cryptic prophage regions:
CGP1-3 (Kalinowski et al. 2003). Here, CGP3 alone accounts for roughly 6% of the
genome size. Viral DNA of this prophage region has been shown to spontaneously
excise from its host genome in 1-3% of cells within a population (Frunzke et al.
2008; Nanda et al. 2014). Furthermore, CGP3 encodes its own system for spatio-
temporal organization of viral DNA, that comprises actin-like AlpC (cg1890) and
the viral DNA-binding adapter protein AlpA (cg1891), which act independently of
C. glutamicum chromosome organizing proteins. AlpC polymerization is regulated
by AlpA, establishing a diffusion-capture mechanism of viral DNA segregation
(Donovan et al. 2015; Forde et al. 2017).

3 Cell Cycle

Chromosome replication and cell division are interdependent processes, which are
prerequisites for cell growth (Arjes et al. 2014; Bates and Kleckner 2005). Both
define cell cycle parameters and, in turn, are timely regulated by the bacterial
metabolism (reviewed in Willis and Huang 2017). The bacterial cell cycle com-
monly consists of three phases, which are coupled to nutrient-availability. The time
frame of chromosome replication is defined as C-period, while the subsequent
D-period covers the interval between replication termination and completion of
cell division (Cooper and Helmstetter 1968). In general, the length of C- and
D-periods remains relatively constant amongst different nutrient-rich growth condi-
tions, however, they can be prolonged in nutrient-poor media. Particularly at slow
growth, replication is not synchronized with cell birth and is instead preceded by an
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Table 1 Overview of species-specific cell cycle parameters at distinct growth rates

Doubling Genome Repl. speed®

Organism® | time (T}) size (Mb) (bases/s) C D References

Cgb 63 min 3.21 340 78 min |20 min | Béhm et al. (2017)

Cgb 130 min 3.21 280 97 min |26 min | Béhm et al. (2017)

Mtu 24 h 4.42 55 11h <13 h | Nair et al. (2009)

Msm 180 min 6.98 400 110 25 min | Santi et al. (2013)

min

Eco 20 min 4.64 820 47 min |25 min | Kubitschek and
Freedman (1971)

Bsu 30 min 4.22 700 52 min |21 min | Sharpe et al. (1998)

4Cgb C. glutamicum RES167; Mtu M. tuberculosis; Msm M. smegmatis; Bco E. coli; Bsu B. subtilis
PRepl. speed replication speed

additional B-period that precedes replication initiation (Wang and Levin 2009). At
high growth rates overlapping C-periods abolish the B-period.

C. glutamicum performs one single round of replication per cell cycle at slow
growth rates (lower than 0.3 h™"), similar to Mycobacterium tuberculosis (for cell
cycle parameters, see Table 1). However, C. glutamicum cells can adapt their cell
cycles to fast growth conditions (0.66 h™') by overlapping C-periods, thereby
reducing generation times. To this end, new rounds of replication are initiated before
the termination of previous ones, leading to multiply nested replication forks (Bohm
et al. 2017). Brain-heart-infusion (BHI)-grown C. glutamicum cells can for instance
double almost every 60 min, even though a C-period takes roughly one third longer.
Subsequent D-periods range in C. glutamicum from 20 to 26 min, equally depending
on growth rates (Table 1).

C. glutamicum harbors high DNA contents (Neumeyer et al. 2013), due to di- and
polyploidy, where at least two fully replicated genome copies per cell are maintained
throughout generations (Bohm et al. 2017). Several evolutionary advantages, like
reduced mutation rates, desiccation resistance or growth ability in phosphorous-
depleted environments, have been attributed to this growth strategy (reviewed in
Soppa 2014). Growth rate-dependent cell cycle models of C. glutamicum illustrate
DNA contents per cell, where mainly four up to eight fully replicated chromosomes
are present per cell prior to cell division (Fig. 2). Accordingly, many replication
events are ongoing throughout the C. glutamicum life cycle, where fast growth in
BHI medium allows for up to six replisomes per cell (Bohm et al. 2017). However, at
any cell cycle mode, even in the presence of overlapping C-periods, only one round
of genome replication is completed per life cycle (Bremer and Churchward 1977).
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Slow growth Fast growth

B-period
mEmmm  C-period
BN D-period

500-0-0-¢

Fig. 2 Spatiotemporal chromosome organization of C. glutamicum. Cell cycle modes for short and
long generation times. Chromosomes are depicted as black lines with oriCs as green circles.
Notably, stages with single chromosomes per cell are absent at any growth rate and replication
cycles of at least two sister chromosomes take place simultaneously. Left: Cell cycle of slow
growing cells in MMI medium supplemented with 4% glucose (T4 = 130 min). A short B-period
precedes replication initiation, where C-periods are completed within one generation. Right: Life
cycle of BHI-grown cells (T4 = 63 min). Multifork replication takes place with C-periods starting
around 15 min prior to termination of the previous one

4 Chromosome Segregation

Within every cell cycle, duplicated genomes must segregate to opposing cell halves,
which will eventually turn into two separate daughter cells. Bacteria evolved differ-
ent strategies to segregate chromosomes. E. coli and related species separate dupli-
cated chromosomes by a self-organizing process involving entropic forces of DNA
polymers (Jun and Mulder 2006). However, the vast majority of bacteria including
C. glutamicum additionally possess a mitotic-like type I ParABS system, which
actively segregates duplicated sister chromosomes (Bohm et al. 2017; Donovan et al.
2010; Livny et al. 2007).

In C. glutamicum ten chromosomal parS sequences contribute to ParB recruit-
ment and nucleoprotein complex formation close to oriC (Donovan et al. 2010). The
partner protein of ParB is the P-loop ATPase ParA (cg3427), which belongs to the
diverse ParA/MinD family (Leipe et al. 2002). ParA binds upon ATP-dependent
dimerization via conserved arginine residues nonspecifically to the bacterial nucle-
oid, which fills large parts of the cell volume (Hester and Lutkenhaus 2007; Leonard
et al. 2005). In the course of chromosome segregation, ParAB act together as a self-
organizing Brownian ratchet (Hwang et al. 2013; Vecchiarelli et al. 2013; Zhang and
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Schumacher 2017). Here, dynamic diffusion of ParB-parS complexes drives inter-
actions with surrounding ParA that result in ATP-hydrolysis of ParA and its release
from DNA. Delayed DNA-rebinding of ParA creates a ParA depletion zone that
trails behind the moving ParB-parS complexes (Vecchiarelli et al. 2013) mediating a
directed movement of oriCs away from each other. Accordingly, ParA deletion
abolishes reliable segregation of ParB-oriC clusters in C. glutamicum (Bohm et al.
2017; Donovan et al. 2010), while ParA-gradients do not form along nucleoids in
absence of ParB (own unpublished data).

In particular, C. glutamicum-specific features of DNA separation derive from its
genetic complexity. Firstly, newborn cells localize one ParB-oriC complex to each
of their cell poles. Upon replication initiation one out of each replicated oriC pair
segregates toward the midcell position along a ParA gradient, while the other sister
remains tethered to polar DivIVA (Bohm et al. 2017). Different to M. smegmatis,
C. glutamicum oriCs remain within their original cell half due to initial occupancy of
the opposing pole by a second oriC complex (Santi and McKinney 2015;
Trojanowski et al. 2015). To this end, ParA likely establishes separate dynamic
gradients within each cell half and a fraction is particularly retained at cell poles
interacting with ParB (Donovan et al. 2010). Since the majority of cells at fast
growth reinitiate replication, new rounds of chromosome replication can occur at
polar, as well as at midcell positions. Notably, sister oriC cohesion periods appear to
be long and highly variable in C. glutamicum. Since diploidy postpones the separa-
tion of replicated chromosomes in sister cells for one generation (Bohm et al. 2017),
DNA-separation processes may be very flexible in this organism, lacking a tight
regulation with the cell cycle. After polar oriC splitting, chromosome segregation
continues behind replication forks that passively translocate towards mid-cell posi-
tions in the course of polar cell elongation (Bohm et al. 2017). Replicated oriC
regions are segregated across the existing nucleoid towards the cell center (Bohm
et al. 2019). Disturbing chromosome segregation in C. glutamicum by ParAB
deletions causes DNA mis-segregation defects that lead to the formation of up to
16 % of DNA-free cells, underlining the essentiality of the ParABS system in
chromosome homeostasis (Donovan et al. 2010). Monoploid Mycobacteria, on the
other hand, localize their oriC domains via an interaction between ParA and the
DivIVA homologue Wag31 to one cell pole, similar to Streptomyces (Ditkowski
et al. 2013; Ginda et al. 2013). Despite mechanistic differences and deviant genetic
features, fundamental principles of oriC tethering to cell poles and of ParABS-
mediated chromosome segregation processes are conserved amongst those
actinobacteria members (Trojanowski et al. 2018).

In addition to ParABS, C. glutamicum harbors the ubiquitous recombinases
XerCD (cg2224, cgl608) that mediate decatenation of sister chromosomes at
terC-proximal dif sites after replication termination (Blakely et al. 1993). Further,
a homologue of the DNA translocase FtsK exists in C. glutamicum (cg2158), which
aids in the final step of chromosome partitioning to daughter cells by directly
pumping chromosomal DNA across the closing septum shortly before completion
of cell division. FtsK-powered DNA transport is directed by distinct DNA motifs
(KOPS) (Aussel et al. 2002; Bigot et al. 2005; Massey et al. 2006).
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5 Division Site Selection

Defects in the ParABS-mediated chromosome partitioning process of C. glutamicum
are, apart from chromosome mis-segregation, further associated with cell division
phenotypes, supporting the notion that both cellular processes are tightly linked
(Donovan et al. 2013). In general, division site selection is relatively flexible in
C. glutamicum and related actinobacteria, where septum-placement may slightly
deviate from midcell positions (Donovan et al. 2013; Santi et al. 2013). However,
ParAB mutants exhibit strongly aberrant septum positioning and cell elongation
rates (Donovan et al. 2013). Here, septa often form at polar positions and frequently
constrict over chromosomes, yielding high numbers of non-viable cells that are to
large part anucleoid. Consequently, spatiotemporal division site selection is
governed in C. glutamicum by chromosome organization.

The huge impact of DNA segregation on cell division may, in part, explain why
C. glutamicum and related actinobacteria lack common Min systems that mediate
precise Z-ring positioning at midcell and accessory nucleoid occlusion systems
(Donovan and Bramkamp 2014). Consequently, bacteria like C. glutamicum, in
which these protein machineries are absent, needed to evolve alternative regulators
dedicated to placing their Z-rings. Examples of alternative regulators that use the
chromosome as topological factor for division site selection include the ParA family
member MipZ in C. crescentus (Thanbichler and Shapiro 2006). In C. glutamicum,
another ParA-like ATPase, termed PIdP (ParA-like division protein, cg1610), has
been implicated in division site selection (Donovan et al. 2010). P1dP localizes to the
site of future cell division, while its deletion causes altered placement of division
septa. However, the underlying mechanism has not yet been investigated.

6 Cytokinesis

C. glutamicum cells divide by binary fission and similar to most bacterial cells, the
first protein known to assemble at the nascent division site is the bacterial tubulin
homologue FtsZ (cg2366) (Adams and Errington 2009). FtsZ assembles into poly-
meric structures that subsequently recruit other proteins to the division site. The fully
assembled multi-enzyme complex is termed divisome. The FtsZ polymers have been
shown to be highly dynamic and recent super resolution studies have shown
treadmilling of FtsZ that seems to power the direction of cytokinetic cell wall
synthesis (Bisson-Filho et al. 2017; Yang et al. 2017). The level of FtsZ is differently
regulated in various bacteria. Overexpression of FtsZ is causing division phenotypes
and artificially increased FtsZ levels lead to severe phenotypic consequences in
C. glutamicum (Letek et al. 2007; Ramos et al. 2005). Localization of FtsZ in
C. glutamicum was shown by immunofluorescence and revealed that FtsZ not only
localizes as a ring-like structure at the future division site, but also assembles close to
the cell poles (Ramos et al. 2005). It was speculated that these polar FtsZ assemblies
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FtsZ-mCherry

log

stat

log (TEM)

Fig. 3 Division septum formation in C. glutamicum. Localization of FtsZ-mCherry in the loga-
rithmic (a) and in the stationary growth phase (b). In the stationarity phase FtsZ-mCherry shows
additional polar localized patches. Transmission electron micrograph of the septal invagination in
the logarithmic phase (c). Scale-bar: 1 pm

are remnants of previous division machineries. Using a FtsZ-mCherry fusion these
polar localizations have been confirmed (own, unpublished Data) (Fig. 3a, b).
However, polar FtsZ assemblies are mainly observed in stationary phase cells.
Divisome assembly seems to follow a two-step process (Gamba et al. 2009). First,
a proto-ring is assembled on the cytoplasmic site. In B. subtilis this complex includes
the accessory proteins FtsA, ZapA, EzrA, SepF and ClpX. C. glutamicum lacks
genes encoding FtsA and ZapA, but encodes a SepF (cg2363) homolog. The so far
uncharacterized protein Cg3203 contains a domain associated with cytokinesis
(PFAM ID: PF13845) (Slayden et al. 2006), but this protein lacks a transmembrane
domain and, hence, might be an unlikely candidate to tether the Z-ring to the cell
membrane. Likely, the enzyme complex synthesizing the cell wall precursor lipid II
composed of Mra and Mur proteins is also localized at the division site. In a second,
timely distinct step, the membrane components of the divisome are assembled. The
membrane integral proteins include division specific penicillin binding proteins. The
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division-specific transpeptidase FtsI (cg2375) and the regulatory proteins FtsL
(cg2376) and FtsQ (cg2367) are essential for division. Recently, it was shown that
the SEDS (shape, elongation, division and sporulation) proteins RodA (cg0061) and
FtsW (cg2370) act as major cell wall transglycosidases (Meeske et al. 2016; Taguchi
et al. 2019). Before, it was speculated that RodA and FtsW proteins might rather act
as lipid II flippase, a function that has now be assigned to MurJ (Ruiz 2008; Sham
et al. 2014). The SEDS transglycosidases seem to act only in intimate cooperation
with their cognate PBP (penicillin binding protein). FtsW (cg2370) is essential for
cytokinesis and localizes specifically at the division site (Sieger et al. 2013).

The corynebacterial peptidoglycan (PG) belongs to the peptidoglycan type Aly
with meso-diaminopimelic acid (mDpm) in position 3 and a linkage between
positions 3 and 4, similar to PG crosslinks found in many Gram-negative bacteria
(Schleifer and Kandler 1972). The single building blocks are synthesized in the
cytosol. Subsequent reactions, carried out by homologues of the Mur and Mra family
result in the coupling of a PG precursor to the membrane-integrated carrier molecule
decaprenylphosphate (DP) (Scheffers and Tol 2015). The resulting lipid II is subse-
quently translocated across the cell membrane by the flippase MurJ (Ruiz 2008,
2015; Sham et al. 2014). C. glutamicum encodes a homolog of the putative lipid II
flippase MurJ (cg3419). The gene product has not been characterized in detail, but
localization of MurJ to the cell poles and septa in C. glutamicum is in line with the
predicted function (own, unpublished data).

On the extracellular site of the membrane, transglycosylases release the PG
precursor from the DP molecule and integrate it via the GIlcNAc-residue into a
growing strand of PG (Typas et al. 2011). The liberated DP is recycled by back-
flipping. In order to integrate the linear polymer into the three-dimensional PG mesh,
the cross-linking of the existing sacculus must be degraded in a confined area (Typas
et al. 2011).

Despite encoding a core set of conserved cytokinetic genes, C. glutamicum lacks
several associated factors found in other bacteria (Donovan and Bramkamp 2014).
Furthermore, little is known about the stabilization of the Z-ring and the mechanism
by which FtsZ is tethered to the membrane. SepF, which is supposed to function in
Z-ring tethering in B. subtilis (Hamoen et al. 2006), is not essential in C. glutamicum
(Honrubia et al. 2001), however, a described protein-protein interaction between
FtsW and FtsZ might serve this function (Valbuena et al. 2007).

Septal PG cross-walls can be visualized in transmission electron micrographs and
reveal an unusual emergence of a Il-shaped invagination that is flanked by the
de-novo synthesized PG (Zhou et al. 2019) (Fig. 3c). On top of the opposing PG
surfaces a new arabino-galactan (AG) layer starts to form. This new AG-layer is
connected to the AG/mycolic membrane (MM)-complex of the mother cell. After
division, cell wall hydrolases cleave the connecting cell wall between the daughter
cells and the turgor creates a force pushing the daughter cells apart. Before reaching
the limits of the tensile strength, the connecting outer layers become leaky and allow
the MM to propagate along the newly formed poles. The turgor further inflates the
new poles until a breaking point in the MM/AG-complex that quickly rips apart
along the division plane, leaving behind a minimal connecting hinge. This
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characteristic V-snapping occurs within 10 ms and was shown to be sensitive to
osmotic changes (Zhou et al. 2016, 2019). Hence, the ring-like surface structures
discovered by scanning electron microscopy derive from the primary MM/AG-
complex and are birth scars rather than excess cell wall material synthesized at the
onset of cytokinesis. After completion of cytokinesis, daughter cell separation is
governed by the activity of cell wall hydrolases. The major peptidoglycan
DL-endopeptidase RipA (cgl735; cgR_1596 in C. glutamicum R) was shown to
be essential for V-snapping (Zhou et al. 2019). C. glutamicum encodes three cell
wall-associated hydrolases (cg0784, cg2401, and NIpC (cg2402)). However, these
have not been analyzed in detail. The homolog of NIpC in C. glutamicum R,
cgR_2070, has been shown to be involved in cell separation (Tsuge et al. 2008),
but there seems to be redundancy between the PG hydrolases. In E. coli the cell wall
hydrolase EnvC is controlled by action of an ABC-transporter-like protein pair,
FtsEX (Yang et al. 2011). Similarly, in B. subtilis FtsEX regulate the activity of the
murein hydrolase CwlO (Meisner et al. 2013). Given the fact that FtsE (cg0914) and
FtsX (cg0915) are conserved also in C. glutamicum, it seems likely that cell wall
hydrolases are, also in this actinobacterium, regulated similar to B. subtilis and
E. coli. For C. glutamicum R it has been shown that RNAse III regulates MraZ
and RipA transcript levels, thereby increasing ftsEX transcription. Consequently,
deletion of RNAse III leads to cell separation defects (Maeda et al. 2016).

7 Apical Growth

Cell elongation machineries in bacteria can be spatially localized differently. Spatial
localization of cell elongation in bacteria can be divided roughly into two
sub-categories: those that are mainly FtsZ-dependent and occur at midcell
(as found in cocci) and those that are elsewhere in the cell. It is important to make
this distinction, because those organisms that do not rely on FtsZ for their elongasome
localization still rely on it for the placement of the machinery responsible for cell wall
synthesis during septation as discussed above. The first category can be further
divided between bacteria showing septal (i.e.: Staphylococcus aureus) (Monteiro
et al. 2015; Pinho and Errington 2003) and unipolar (i.e.: Agrobacterium
tumefaciens) (Brown et al. 2012; Cameron et al. 2014) cell wall synthesis, while
the second group includes bacteria that place their elongation machineries at the
lateral site (i.e.: B. subtilis, E. coli, C. crescentus) (Defeu Soufo and Graumann 2005;
Doi et al. 1988; Figge et al. 2004) and those that rely on apical cell growth (i.e.:
C. glutamicum) (Daniel and Errington 2003; Flardh 2003b; Letek et al. 2008b). The
different elongasome localizations observed amongst bacteria depend on the molec-
ular scaffold used for PG synthesis. Actin-like MreB-homologues support lateral
elongation in many rod-shape bacteria while DivIVA mediates apical growth in
actinobacteria.

The latter PG synthesis mechanism was originally proposed for Corynebacterium
diphteriae (Umeda and Amako 1983) and later visualized via fluorescently labelled
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- EMB + EMB

Fig. 4 Importance of the apical elongation machinery in C. glutamicum. Comparison of untreated
C. glutamicum cells (— EMB; a, b) and cells treated with the antituberculosis drug ethambutol (+
EMB; ¢, d). The upper panel shows scanning electron micrographs. In the lower panel, fluorescent
micrographs show localization of DivIVA-mCherry (DmC) and the sites of de novo PG synthesis
(dnPG), visualized by biorthogonal labelling with azido-D-alanine. The comparison shows the
impaired function of the apical synthesis machinery upon treatment with EMB. Scale-bar: 1 pm

vancomycin in three members of the Actinobacteria phylum (S. coelicolor,
M. smegmatis, C. glutamicum) (Daniel and Errington 2003; Fliardh 2003a; Letek
et al. 2008b; Nguyen et al. 2007). In these organisms, DivIVA monomers polymer-
ise via a mechanism known as molecular bridging, forming a relatively uniform
superstructure that is able to autonomously recognise membrane characterized by a
high degree of negative curvature such as the one found at the poles and the septum
(Lenarcic et al. 2009). Here, DivIV A works as a scaffold for a multitude of processes
that often differ depending on the organism. Members of the DivIVA super-family
share a conserved short N-terminal domain responsible for membrane interaction,
and at least two coiled-coil regions essential for the protein oligomerization (Letek
et al. 2009; Muchova et al. 2002). The protein-protein interaction regions that allow
for DivIVA to interact with different partners are not conserved and are the reason
why members of this family differ in function across different Gram-positive
bacteria (Lin and Thanbichler 2013).

The hypothesis that DivIVA is involved in cell elongation in C. glutamicum is
further supported by the analysis of cells that are partially depleted in DivIVA. This
mutant exhibits a lack of polar PG synthesis and adopts a spherical cell shape (Letek
et al. 2008b) similar to what happens in presence of ethambutol (EMB), an antibiotic
that has been shown to specifically inhibit apical growth in Corynebacterium and
Mycobacterium (Schubert et al. 2017) (Fig. 4). In contrast, over-expression of
DivIVA results in accumulation of protein at one cell pole, which in turn leads to
enhanced PG synthesis at this position and aberrant rod shapes in C. glutamicum and
M. tuberculosis (Letek et al. 2008b; Nguyen et al. 2007), or massively enlarged
hyphae in filamentous bacteria such as S. coelicolor (Flirdh 2003a). This



16 K. Bohm et al.

interdependence between pole size and DivIVA amount has been proposed to be a
reason for the typical C. glutamicum club shape (Schubert et al. 2017). In
C. glutamicum, DivIVA has been found to interact with the cell elongation machin-
ery via the putative glycosyltransferase RodA (cg0061) (Sieger and Bramkamp
2014) and the high-molecular-weight penicillin-binding protein (HMW-PBP)
PBPla (cg0336) (Valbuena et al. 2007). Notably, viable rodA deletion mutants
have been described for many model organisms including B. subtilis, E. coli, but
also in C. glutamicum. C. glutamicum cells that lack RodA still exhibit elongation
growth (Sieger and Bramkamp 2014), suggesting that there is redundancy of RodA
with bifunctional PBPs with respect to the transglycosylation reaction.

Genes encoding RodA and its cognate PBP, PbpA (cg0060), are not encoded in
the dew cluster (division cell wall gene cluster), but in a separate genome island that
also encodes two Hanks-type serine/threonine kinases (STPK), PknA (cg0059) and
PknB (cg0057) (Fiuza et al. 2008). Both protein kinases have been implicated with
posttranslational modification of cell division proteins such as FtsZ (Fiuza et al.
2008; Kang et al. 2005; Schultz et al. 2009). PknB contains four PASTA domains
that are involved in binding of PG components (Shah et al. 2008; Yeats et al. 2002).
C. glutamicum encodes a third STPK, PknL (cg2388) that also contains five PASTA
domains and also plays a role in regulation of cell growth and division (Schultz et al.
2009). Clean genetic deletions of PknA, PknB, or PknL show that single deletions
lead to a mild cell elongation phenotype. However, there seems to be redundancy
and a complete knock-out of PknABL has not been achieved, suggesting synthetic
lethality. C. glutamicum encodes only a single protein phosphatase Ppp (cg0062)
and deletion of the corresponding gene leads to a severe growth and division
phenotype with short, bulged cells and occasional filamentation (Schultz et al.
2009). The existence of PASTA domains in PknB strongly hints that the signal
perceived by PknB and PknL might be coupled with cell wall synthesis or turn over,
linking growth to genetic regulation. However, detailed analyses describing the
control of cytokinesis in C. glutamicum are so far lacking. The osmo-sensitive two
component system MtrAB (cg0862, cg0864) was shown to be involved in the
process of cell elongation (Moker et al. 2004, 2007a, b). Upon osmotic stress the
response-regulator MtrA downregulates the putative cell wall peptidase MepA
(cg2747), the putative secreted cell wall peptidases MepB (cg0980) and NIpC
(cg2402), as well as the putative membrane-bound protease modulator PpmA
(cg3138). In M. tuberculosis, the homologues of MtrAB (TBMG_03294,
TBMG_03293) were shown to be essential (Fol et al. 2006), whereas in
C. glutamicum deletions lead to cell-length phenotypes. For M. tuberculosis it was
reported that MtrA also regulates the expression of DnaA, which could explain
essentiality in this organism (Fol et al. 2006).

Divisome and elongasome complexes use different subsets of enzymes in a
spatio-temporal regulation to generate the three connected structural elements of
the cell envelope. These structures are built through different metabolic pathways
(Alderwick et al. 2006; Gande et al. 2004; Letek et al. 2008a). To maintain structural
integrity of their cell envelope, Corynebacterineae couple PG synthesis, the assem-
bly of the connecting arabinogalactan (AG) and the synthesis of the mycolic acid
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layer (MM) during cell elongation. So far little is known about the spatial organiza-
tion of the complex that synthesizes the AG and MM layer. For M. smegmatis a
copurification of DivIVA with two enzymes involved in the early mycolate synthesis
(AccA3 and AccDS5) was shown, indicating a putative spatial association of
MM-precursor synthesis with sites of cell elongation (Meniche et al. 2014). In
M. tuberculosis a crucial protein for arabinose production, DprE (cg0238), has
been shown to localize to the cell pole, suggesting that the AG synthesis is part of
the elongasome. This is further supported by the localization of LcpA (cg0847) to
the cell poles and late septa in C. glutamicum. LcpA was shown to act as
transglycosylase connecting the AG layer to the PG polymer (Baumgart et al.
2016). LcpB (cg3210) was also shown to localize to sites of nascent cell wall
synthesis, but a null allele had only a mild phenotype (Baumgart et al. 2016).

8 Outlook

In recent years quite some progress was made in the understanding of the cell
biology of C. glutamicum and its closest relatives. Several labs started to address
questions about cytokinesis, cell growth and chromosome organization in this
organism, making it arguably one of the better understood actinobacteria. However,
there are still many open questions and often new data show that molecular details,
even between closely related bacteria, can be quite different. Several important
aspects of the C. glutamicum cell organization will be revealed in near future. The
function of bacterial condensin in C. glutamicum is currently investigated and there
is accumulating evidence that the two condensin complexes (SMC-ScpAB and
MksBEFG) might function in non-related pathways. While SMC likely governs
chromosome organization, MksBEFG is assumingly involved in plasmid defense
(Bohm et al. 2019; Doron et al. 2018). Although, evidence for this in C. glutamicum
is still lacking, results from M. tuberculosis using a loss-of-function mutation eptC,
encoding a MksB homolog, show that this condensin restricts plasmid maintenance
(Panas et al. 2014).

Future research will also need to address again the regulation of cytokinesis by
the two component system MtrAB and the STKPs PknABL. Further, the mode of
growth is still unclear and while several reports exist describing an adder-like growth
behavior of many bacteria including M. tuberculosis, apically growing, pleomorphic
cells still remain a challenge for a very clean growth analysis that can be addressed
with mathematical modelling. Earlier observation with C. glutamicum revealed that
growth does not follow sizer or timer regimes (Donovan et al. 2013), but more
accurate growth descriptions are needed.

In summary, C. glutamicum has developed into a new model system to under-
stand bacterial apical growth and subcellular organization, and despite the lack of
sophisticated cell differentiation, C. glutamicum remains a fascinating bacterium
with many surprises.
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Abstract Corynebacteriales cells are surrounded by a multilayered cell envelope
with unique architecture and composition. Corynebacterium glutamicum has
become an increasingly used model to understand both biosynthesis and assembly
of this complex compartment of the cell. The specific core of this envelope consists
of a huge mycoloyl-arabinogalactan-peptidoglycan (mAGP) complex that consti-
tutes the building support for an outer hydrophobic barrier mainly composed of
mycolates containing glycolipids. Besides this basic specific core, the envelope
contains other polymers such as lipomannan (LM) and lipoarabinomannan (LAM)
but their localization and their functional role is still elusive. Finally, the more
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external layers encompass some strains of C. glutamicum: the outer layer and the
S-layer which may have important roles in specific environments. The biosynthetic
pathways involved in the synthesis of peptidoglycan, arabinogalactan and mycolates
have been quite well characterized and are exhaustively described. In the frame of
this review, we focused exclusively on what has been clearly demonstrated in
Corynebaterium glutamicum and, when relevant, we compare to what is known in
Mycobacterium species. The precise assembly of the whole envelope as a function of
time and space is still to be discovered and represent an exciting challenge for the
next decade.

1 Introduction: The General Features of the Bacterial Cell
Envelope of C. glutamicum

The bacterial cell envelope represents all the structures that enclose the cytoplasm,
from the plasma membrane to the most peripheral surface layers (Silhavy et al.
2010). These structures are chemically complex and essential for interactions and
adaptation of bacteria to their specific environment. It is a cell compartment as its
own, containing up to 30% of total bacterial proteins, many saccharidic polymers
and most cellular lipids. Its biogenesis represents a major challenge with consider-
able energy costs. The study of bacterial envelopes has implications in different
fields of biology, for the study of fundamental mechanisms of life (translocation of
proteins through membranes, cell division, morphology), the study of interactions
between bacteria and their hosts (notably interaction with cells of the immune
system) and finally in several domains of biotechnology (research of new targets
for antibiotics, production and secretion of metabolites of interest . . .).

Lots of bacteria are non-cultivable and therefore biochemical analysis of their
envelope is impossible. Despite this, the experimental data coming from studies of a
limited number of bacterial genera highlight the considerable diversity and molec-
ular complexity of bacterial cell envelopes. These findings were greatly improved
the last decade thanks to the use of efficient analytical techniques. This includes the
routine use of (i) mass-spectrometry coupled with HPLC, (ii) up to date microscopy
techniques (cryo-electron microscopy techniques and super-resolution microscopy)
or (iii) the systematic use of bio-orthogonal chemistry approaches. Although
extremely diverse, the overall architecture of bacterial envelopes is surprisingly
well preserved. The minimal configuration consists of a phospholipidic cytoplasmic
membrane surrounded by a large peptidoglycan exoskeleton, as found for most
genera in Firmicutes and Actinobacteria phyla, which therefore have a monoderm
organization. In other phyla (mostly Cyanobacteria and Proteobacteria), this pep-
tidoglycan polymer is often thinner but covalently associated with a second lipid
barrier (the outer membrane) of very specific lipid and protein composition (porins
and lipo-polysaccharide (LPS)). This diderm-LPS organization seems to be the most
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largely represented in the bacterial kingdom as suggested by the study of Sutcliffe in
his survey of genes encoding key specific outer membrane biosynthetic enzymes in
all metagenomic sequences available (Sutcliffe 2010). In most bacteria, several
additional structures can also be superimposed on these basic elements that form
the core of the bacterial shell such as secondary polymers, capsules, S-layer and
other various optional elements.

C. glutamicum is a non-pathogenic species, widely used for biotechnology
applications. It belongs to Corynebacteriales order of the Actinobacteria phylum
(Goodfellow and Jones 2015), an order of paramount importance in human health
since it includes numerous pathogens, such as the agents of tuberculosis, leprosy,
diphtheria, as well as emergent pathogens causing opportunistic diseases (Mycobac-
terium abscessus, Corynebacterium jeikeium ...). Although sharing very peculiar
cell wall properties such as the presence of specific cell wall complex polysaccha-
rides and a large variety of non-conventional lipids, all members of this bacterial
order have long been considered to have, like all Actinobacteria, a monoderm cell
wall architecture. With the improvement of biochemical and microscopy analysis, it
has become progressively clear that they rather had an atypical diderm organization:
a phospholipidic cytoplasmic membrane surrounded by a complex unusual exoskel-
eton, itself covalently linked to a mycolic acid-containing outer membrane (the
so-called mycomembrane) (Hoffmann et al. 2008; Zuber et al. 2008). These mycolic
acids, the hallmark of Corynebacteriales, are unique long chain (C33—Cyg)
a-branched f-hydroxylated fatty acids esterifying trehalose or arabinose moieties
of a polymer of arabinose and galactose (the arabinogalactan or AG) (Lanéelle et al.
2013; Marrakchi et al. 2014). Most of our knowledge on this very intriguing
architecture comes from numerous studies performed on a limited set of species,
namely M. tuberculosis, Mycobacterium smegmatis and C. glutamicum (Puech et al.
2001; Bayan et al. 2003; Dover et al. 2004; Daffe 2005; Burkovski 2013; Angala
et al. 2014; Alderwick et al. 2015), the latter having proven to be an increasingly
important model to depict the intimate organization of the Corynebacteriales cell
envelope. An updated speculative model organization of C. glutamicum cell enve-
lope is shown in Fig. 1. The specific core of this envelope consists of a thick
peptidoglycan network on which a rather limited number of mycolate-esterified
arabinogalactan chains are associated by a covalent rhamnose-glucosamine linker.
In turn, these lipo-polysaccharidic chains provide basic platforms for the insertion of
trehalose mycolates (trehalose mono- or di-mycolate) together with conventional
phospholipids to assemble into the mycomembrane. Other complex glycolipids are
found in mycobacterial outer membrane but are absent in C. glutamicum (Layre et al.
2014; Jackson 2014; Klatt et al. 2018). Secondary polymers such as lipoglycans are
essential in this structure although their exact function is unknown. Most of them are
anchored in the cytoplasmic membrane and may stabilize the overall structure as
proposed for teichoic acids in monoderm architectures (Swoboda et al. 2010).
Although proteomic analysis of different fractions of the cell envelope has identified
a wide range of proteins present in this compartment (Hansmeier et al. 2006b), only a
few of them, namely porins, were functionally characterized in vivo or in vitro by
their ability to form hydrophilic pores in lipid bilayers (Costa-Riu et al. 2003a, b;
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Architecture and Biogenesis of the Cell Envelope of Corynebacterium glutamicum
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Hiinten et al. 2005). More recently, thanks to improved cell fractionation methods,
more than 40 different proteins (including predicted lipoproteins) have been shown
to specifically localize in the mycomembrane of C. glutamicum (Marchand et al.
2012). Their function remains to be determined. Corynebacteriales envelope,
because of its specific organization and the presence of long chain mycolic acids,
is predicted to be highly impermeable to small hydrophilic solutes and antimicrobial
compounds. This has been clearly demonstrated in M. smegmatis (Mailaender et al.
2004), but is not necessarily true for all members of Corynebacteriales. In that
respect, it may be important to note that engineered C. glutamicum cells are highly
effective in secreting a wide range of metabolites and proteins pointing that its
envelope may have evolved with its own specificities and could be much more
permeable than the envelope of other Corynebacteriales genera (Lee et al. 2016).
In this chapter we review current knowledge on the composition, architecture and
biosynthesis of C. glutamicum envelope components and their assembly. The names
of the proteins and/or the genes (or their locus tags) involved in these processes are
systematically given either in the text or in the figures and refer to those of the
reference strain ATCC13032 (Kalinowski et al. 2003) (RefSeq: NC_006958).

2 The PG-AG Complex: A Specific Rigid Cocoon

2.1 Peptidoglycan

The peptidoglycan is an essential polymer involved in cell morphology and cell
protection against osmotic stress. In C. glutamicum its general structure and biosyn-
thesis is quite similar to that of other bacteria since most biosynthetic genes are
conserved. Still, several peculiar specificities were identified and are reported below.
They are important to understand the general architecture of the cell envelope but
also its susceptibility to different anti-bacterial agents.

2.1.1 Peptidoglycan Structure and Properties

C. glutamicum peptidoglycan (PG) belongs to the Aly-type, in which m-DAP and
D-Ala (at position 4) from adjacent stems are directly cross-linked (Schleifer and
Kandler 1972). As conserved in all PG, glycan strands are composed of alternating
B-(1—4)-linked N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc)
units and are cross-linked via short MurNAc-linked peptides that are initially synthe-
sized as L-Ala-y-D-isoGlu-m-DAP-D-Ala-D-Ala (DAP, diaminopimelic acid). Mea-
surement of the overall peptide cross-linking for the PG of the ATCC13032 strain in
exponential growth phase, gave a value of 32.5%, very close to that determined in
parallel for the PG of E. coli (29%) (Levefaudes et al. 2015). The precise structure of the
C. glutamicum PG in terms of inter-peptide linkage is not available. However, results
obtained on C. jeikeium PG, showed that, in addition to the regular 4—3 linkages, 38%
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of the cross-links are of the non-classical 3—3 type (m-DAP—m-DAP crosslink)
(Lavollay et al. 2009), suggesting that C. glutamicum PG could also contain a signif-
icant part of 3—3 crosslinks.

One major modification of the C. glutamicum PG, which is a unique feature of
Corynebacteriales, is the covalent attachment to some muramyl units of a large
heteropolysaccharide, the arabinogalactan. Structure of AG and its linker will be
discussed later in the text. Two other modifications were identified in the stem
peptides of the C. glutamicum PG: amidation of the a-carboxyl group of D-Glu
and of the e-carboxyl group of m-DAP (100% and 80% in ATCC13032 strain
respectively) (Levefaudes et al. 2015). A total absence of m-DAP amidation leads
to a PG that exhibits a huge decrease in lysozyme resistance both in vivo and in vitro,
providing evidence that DAP amidation is an essential mechanism for
C. glutamicum adaptation to lytic enzymes (Hirasawa et al. 2000; Levefaudes
et al. 2015). It should be noted that the use of a mutant strain unable to amidate
DAP (AltsA, see below) can provide a particularly interesting tool in protein or DNA
purification processes because the hydrolysis of the very resistant C. glutamicum cell
wall becomes much easier to achieve in this mutant (Hirasawa et al. 2000;
Levefaudes et al. 2015). It has also been shown that mutations or disruption of the
ItsA gene in the C. glutamicum KY9611 and ATCC13032 strains lead to
overproduction of L-glutamate specially at 37 °C (Hirasawa et al. 2000, 2001).
Another property conferred by DAP amidation is a significant increase in the
resistance of the bacteria towards p-lactam antibiotics (Levefaudes et al. 2015).

2.1.2 Peptidoglycan Biosynthesis

As compared to mycobacteria, only very few studies have been carried out on
corynebacterial PG biosynthesis. Nevertheless, the biosynthetic pathway of PG is
well conserved along evolution and in fact C. glutamicum possesses most of the
orthologous genes known to code PG biosynthetic enzymes in E. coli, B. subtilis or
M. tuberculosis (Barreteau et al. 2008; Vollmer and Bertsche 2008; Pavelka et al.
2014; Raghavendra et al. 2018). Classically, PG synthesis is divided in three stages:
(i) synthesis of a nucleotide sugar-pentapeptide precursor in the cytoplasm;
(ii) transfer of this precursor to a polyprenyl-phosphate (Pol-P) on the inner face of
the cytoplasmic membrane to form the membrane-bound precursors Lipid I and then
Lipid II; (iii) after translocation of the lipid II to the periplasmic side of the
membrane, incorporation of the PG-precursor into the expanding cell-wall by
transglycosylation and transpeptidation reactions. A schematic view of PG biosyn-
thesis in C. glutamicum is shown in Fig. 2.

Synthesis of the nucleotide sugar-pentapeptide precursor (UDP-MurNAc/L-
Ala-y-D-isoGlu-m-DAP-D-Ala-D-Ala also named the Park’s nucleotide) begins
with the formation of UDP-GIcNAc from fructose-6-phosphate (F6-P) which is
subsequently converted to glucosamine-6-phosphate then, glucosamine-1-phosphate
and finally uridine-diphospho-N-acetylglucosamine (UDP-GIcNAc) by GImS
(cg2492), GImM (cg0675) and GImU (cgl076) respectively. UDP-GIcNAc is then
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converted to UDP-MurNAc by MurA and B, on which the different aminoacids
residues of the pentapeptide are added sequentially through a series of
ATP-dependent reactions (by MurC for L-Ala, MurD for D-isoGlu, MurE for m-
DAP and MurF for D-Ala-D-Ala). This step requires the previous conversion of
L-Ala and L-Glu into their corresponding isomer D-Ala and D-isoGlu (by Alr and
Murl respectively) as well as the ligation of two D-Ala (by DdIA) and the synthesis of
m-DAP which, in C. glutamicum, can result from tetrahydrodipicolinate either by the
succinylase or by the dehydrogenase pathways (Wehrmann et al. 1998).

The MurNAc-pentapeptide is then transferred onto a polyprenyl-phosphate (Pol-P)
from the Park’s nucleotide on the inner side of the cytoplasmic membrane by MraY to
form the lipid precursor Lipid I. In Corynebacteriales, Pol-P is a decaprenyl-phosphate
(Cs0-P) which is obtained after dephosphorylation of a decaprenyl-diphosphate (Cso-PP)
by an unknown phosphatase. Cso-PP is produced by UppS2 (a Z-decaprenyl-diphos-
phate synthase encoding by the ¢g2508 gene) from isopentenyl-diphosphate precursors
which are synthetized by the non-mevalonate pathway (Kaur et al. 2004; Heider et al.
2014; Grover et al. 2014). The subsequent attachment of a GIcNAc (from
UDP-GIcNAc) to the MurNAc carbohydrate of Lipid I through a $-(1—4) bond is
catalyzed by MurG to form the peptidoglycan precursor Lipid II.

Modifications of the stem peptides are most likely to occur at the level of these
membrane precursors in the cytoplasmic compartment. In C. glutamicum, a gluta-
mine amidotransferase (LtsA) was shown to catalyze the transfer of an amine group
from glutamine to the e-carboxyl group of m-DAP in Lipid I or Lipid II (Levefaudes
et al. 2015). In Staphylococcus aureus (Miinch et al. 2012) and Streptococcus
pneumoniae (Zapun et al. 2013), glutamate amidation of Lipid II is catalyzed by a
two-protein complex composed of a glutamine amidotransferase-like protein (GatD)
and a Muramyl (Mur) ligase homologue (MurT). The murT and gatD genes are
conserved in many gram positives including C. glutamicum (Figueiredo et al. 2012),
suggesting that the complex is also responsible for the D-Glu amidation in this
species.

The mechanism responsible for the flipping of Lipid II across the cytoplasmic
membrane is still a matter of debate (Ruiz 2015). In C. glutamicum, two proteins that
belong to the SEDS (Shape, Elongation, Division and Sporulation) protein family,
FtsW and RodA, have been reported to play a role in growth and division and
proposed to translocate Lipid II (Sieger et al. 2013; Sieger and Bramkamp 2015).
FtsW was shown to be essential, located at the septum and assumed to be responsible
for the transport of lipid II during the cytokinesis, while RodA was shown to localize
exclusively to the cell poles where it interacts with DivIVA. Although not essential,
it has been proposed that RodA should ensure the transport of lipid precursors during
apical growth of C. glutamicum (Sieger et al. 2013). Recent evidences obtained in
E. coli and B. subtilis, suggest that SEDS family members could not act as flippases
but rather have a PG glycosyltransferase activity and that the translocation of lipid II
would be ensured by proteins of another family (Mur]J-like proteins) (Sham et al.
2014; Meeske et al. 2015, 2016). A search for a MurJ orthologue in C. glutamicum
ATCC13032 retrieves one gene: cg3419; the corresponding protein has not been
studied so far.
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Incorporation of PG precursors from lipid II to pre-existing cell wall is catalyzed
by membrane bound enzymes called Penicillin-Binding Proteins (PBPs) that elon-
gate the glycan strands and cross link the peptide stems together (4—3 linkage).
Analysis of the genome sequence of C. glutamicum indicates nine putative proteins
with a domain characteristic of PBPs, five of which being High Molecular Weight
(HMW)-PBPs and four Low Molecular Weight (LMW)-PBPs (Valbuena et al.
2007). Of the five HMW-PBPs, two are class A PBPs, i.e. possessing both
transglycosidase (TGase) and D,D-transpeptidase (TPase) domains (PBPla
(cg0336) and PBP1b (cg3313)) while three are class B PBPs, i.e. possessing only
a TPase domain (FtsI/PBP3 (cg2375), PBP2a (c¢g2199) and PBP2b (cg0060)). Ftsl,
as in other bacteria is required for cell division and is the only essential PBP
(Valbuena et al. 2006). In their study of the characterization of HMW-PBPs of
C. glutamicum, Valbuena et al. (2007) showed that except for a PBP2b mutant which
presented division and morphological defects, loss of individual PBP1a, PBP1b and
PBP2a did not lead to any particular phenotype. They proposed that bifunctional
PBPla and PBP1b would be involved in polar elongation while monofunctional
FtsI, PBP2a and PBP2b would rather be involved in cell division. None of the four
putative LMW-PBPs (PBP4, PBP4b, PBP5 and PBP6) have been characterized so
far, but PBP4 and PBP4b are probably D,D carboxypeptidases while PBPS (cg2649)
and PBP6 (cg2478) are most likely p-lactamases (Valbuena et al. 2007). In addition
to these PBPs, the C. glutamicum genome encodes two L,D transpeptidases (Cg0650
and LppS, (3—3 linkage)). Although enzymatic activity of these proteins has not
been investigated in C. glutamicum, it has been shown that [ppS deletion confers a
strong lysozyme sensitivity to the bacterial cell, while its overexpression enhances
lysozyme resistance (Toyoda and Inui 2018). A study of the activity of recombinant
C. jeikeium orthologues (Ldt.j; and Ldt.j,) showed that only the LppS orthologue
(Ldtgjx1) has a PG cross-linking activity in vitro and, unlike PBPs, is not inhibited by
ampicillin (Lavollay et al. 2009). In the same study Lavollay et al. identified an
ampicillin-sensitive D,D carboxypeptidase (Pbp4;y) that catalyzes the hydrolysis of
the C-terminal D-Ala which is a prerequisite for Ldt.y; cross-linking reaction to
occur. The corresponding C. glutamicum orthologue is PBP4b.

2.1.3 Peptidoglycan Hydrolases

PG degrading enzymes are mainly composed of glycosidases that cleave the glycan
backbone and peptidases that cleave the peptide side-chain (Frirdich and Gaynor
2013). It has been reported that C. glutamicum produces a [-N-
acetylglucosaminidase encoded by the nagA2 gene (Matano et al. 2016). Although
the NagA2 lipoprotein is the orthologue of the E. coli enzyme NagZ that acts in PG
recycling by cleaving the GlcNAc-(1—4)-MurNAc bonds, the exact role of NagA2
in vivo is not known. Based on the analysis of the repertoire of PG hydrolases
in mycobacteria (Machowski et al. 2014), search for other putative PG
glycosidase encoding genes in the C. glutamicum genome, retrieves three genes
possessing a lytic transglycosylase domain (that are predicted to cleave the
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MurNAc-(1—4)-GIcNAc bond): rpfl (cg0936), rpf2 (cg1037) and cgl110. rpfl and
rpf2 are not essential neither individually nor collectively and encode proteins that
belong to the Resuscitation-Promoting Factor family (Hartmann et al. 2004; Sexton
et al. 2015). The absence of clear phenotype associated with mutants in which these
genes have been deleted did not allow a specific function to be assigned to the Rpfl
and Rpf2 proteins (Hartmann et al. 2004). Concerning peptidases enzymes: in
addition to the putative D,D carboxypeptidases PBP4b and PBP4 (removal of
D-Ala at position 5 of the stem peptide), four genes encoding putative NIpC/P60-
type PG endopeptidases (cleavage within the stem peptide) are also found in the
C. glutamicum genome (cg0784, cgl1735, cg2401 and cg2402). Of these four genes,
two have been inactivated in the R strain: cgR_1596 and cgR_2070 (the cgl735 and
cg2402 orthologues respectively). Single disruption of cgR_1596, but not that of
cgR_2070 caused cell elongation with multiple septa and morphological changes.
These defects were more pronounced in a double cgR_1596-cgR_2070 disruptant,
suggesting that both enzymes are involved in cell division and cell elongation (Tsuge
et al. 2008). Finally, one gene encoding a putative N-acetylmuramoyl-L-alanine
amidase activity is also present in C. glutamicum (cg3424). Cg3424 is the
orthologue of M. tuberculosis CwIM protein, the PG hydrolyzing activity of which
has been demonstrated (Deng et al. 2005). However, recent results showed that the
function of CwIM is much more complex and that the protein is rather an essential
regulator of PG synthesis in M. tuberculosis (Boutte et al. 2016; Turapov et al.
2018). The role of Cg3424 has not been investigated in C. glutamicum.

2.2 Arabinogalactan

Arabinogalactan chains represent the main specific modification of PG in
Corynebacteriales and disclosure of their biosynthetic pathway is an attractive
approach to find new targets for antibiotics. Because C. glutamicum is a very
accommodating model of Corynebacteriales, a lot of studies were performed on
this bacterium and led to a quite exhaustive knowledge of AG biosynthesis which is
described below.

2.2.1 Arabinogalactan and Linker Structures

C. glutamicum AG is mainly composed, as in all Corynebacteriales, of galactose and
arabinose residues in their furanoid ring form (p-D-Galf and a-D-Araf’), organized in
two separated but linked domains (Daffe et al. 1990, 1993; Daffe 2005).
C. glutamicum AG also contains a large amount of rthamnose (Rhap) (Alderwick
et al. 2005; Birch et al. 2009). No complete structure of the C. glutamicum AG has
been determined to date. However, detailed glycosyl-linkage composition analysis
of arabinogalactans from C. glutamicum indicated the presence of t-Galf, 5-Galf,
6-Galf, 5,6-Galf, t-Araf, 2-Araf, 5-Araf and 3,5-Araf as in M. tuberculosis but also of
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2,5-Araf and t-Rhap that are only found in C. glutamicum (Alderwick et al. 2005,
2018). The galactan domain is a linear chain made of alternating B(1—5) and
B(1—6) linked Galf residues, which is probably shorter in C. glutamicum than the
2040 sugar units found in the galactan domain of mycobacterial AG (Wesener et al.
2017). Galactan polymers are anchored to the PG through a a-L-Rhap-(1—3)-a-D-
GIcNAc-1-phosphate linkage unit. This linker is connected on one side to the first
Galf of the galactan chain by a f(1—4) bond with the Rha and on the other side, the
GlcNAc is esterified to position 6 of some of the Mur residues of the PG (McNeil
etal. 1990). Three arabinan domains are linked to each galactan chain at the 8th, 10th
and 12th Galf residues. They are made of linear a(1—5) linked Araf residues with
branching introduced by 3,5-Araf residues (Alderwick et al. 2005). The number of
Araf residues constituting an arabinan domain is not known in C. glutamicum but it
was determined to be 23 in M. tuberculosis (Besra et al. 1995). One particular feature
of C. glutamicum AG is the presence of a large quantity of t-Rhap (approximately
7 t-Rhap for 23 Araf’) which are attached to the C2 position of a-(1—5)-linked Araf
forming branched 2,5-linked Araf motifs (Birch et al. 2009). The presence of
galactosamine (GalN) residues in the AG of C. glutamicum has also been reported
but their exact position within the polymer remains unknown (Marchand et al. 2012).
It should be noted that in AG of slow-growing mycobacteria a single GalN residue
was identified on the C2 position of 3,5-Araf residues (Lee et al. 2006; Peng et al.
2012). Based on '>C-NMR analyses of purified AG, the structure of the
non-reducing termini of C. glutamicum AG was proposed to be a
tri-arabinofuranosyl instead of the classical penta-arabinosyl termini of mycobacte-
rial AG (Daffe 2005). Importantly, the terminal p(1—2)-Araf was shown to be
esterified by mycolic acids, although it is not the only attachment site since in its
absence a significant amount of corynomycolic acids are still found covalently
linked to AG, most likely to the 5-OH of the 2-Araf (Seidel et al. 2007). In
mycobacteria, approximately two-thirds of the pentasaccharide terminal units are
esterified with mycolic acids (McNeil et al. 1991). Given the amount of bound
mycolates in C. glutamicum, which represent only a small percentage of dried
corynebacterial mass (about 1%) compared to mycobacteria (about 10%), it is
reasonable to think that only a fraction of the AG termini are esterified by these
lipids in this species (Puech et al. 2001; Meniche et al. 2008).

2.2.2 Biosynthesis of Arabinogalactan

The biosynthesis of AG has been the subject of intense research over the past decade
and C. glutamicum has proven to be an excellent model for studying this biosyn-
thetic pathway. Indeed, while AG is essential for mycobacteria, C. glutamicum can
tolerate large modifications of its AG as important as the absence of the arabinan
domain or the loss of some links between AG and PG (Alderwick et al. 2005;
Baumgart et al. 2016; Grzegorzewicz et al. 2016; Jankute et al. 2018). A scheme of
the biosynthesis of AG and its precursors is given in Fig. 2.
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The first step of AG biosynthesis is the synthesis of the linker unit which is
initiated on the lipid carrier Cso-P by the transfer of GlcNac from UDP-GlcNac to
form Cso-P-P-GlcNac. The enzyme catalyzing this reaction was shown to be
GlcNAc-1-phosphate transferase WecA in M. tuberculosis (Ishizaki et al. 2013),
the orthologue of which is Cg1359 in C. glutamicum. A Rhamnose unit is then
attached to Cso-P-P-GlcNac from dTDP-Rha by the a-3-L-rhamnosyltransferase
WbbL (Mikusova et al. 1996; Mills et al. 2004). dTDP-Rha is synthetized from
Glcl-P by a series of reactions catalyzed by RmlA, RmIB1 and RmICD in
mycobacteria (Ma et al. 1997, 2001), the orthologous genes of which form an operon
in C. glutamicum.

The galactan domain is polymerized on the linker unit by two
galactofuranosyltransferases GIfT1 and GIfT2, using UDP-Galf as precursor.
GIfT1 is a bifunctional p-(1—4) and B-(1—5) galactofuranosyl transferase that
initiates galactan synthesis by adding one or two Galf on the Csy-P-P-GlcNac-Rha
(Mikusova et al. 2006; Belanova et al. 2008; Wesener et al. 2017). GIfT2 is also a
bifunctional enzyme that sequentially adds pf-(1—35) and p-(1—6) Galf, generating
the galactan polymer and probably controlling its length (Kremer et al. 2001;
Belanova et al. 2008; May et al. 2009; Wesener et al. 2017). Unlike the arabinan
domain of AG, which is dispensable for C. glutamicum viability, the galactan
domain is not. Indeed, inhibition of GIf (the enzyme UDP-galactopyranose mutase,
see Fig. 2) prevents the cell growth (Wesener et al. 2017). Because Galf additions
take place in the cytosolic compartment, the lipid-linked galactan chain must be
translocated to the periplasmic side of the plasma membrane where subsequent
arabinosylation steps take place. The protein responsible for this transport is not
known.

The synthesis of the arabinan domain results from the sequential addition of Araf
residues to the galactan domain by specialized arabinosyltransferases that act on the
periplasmic face of the inner membrane and therefore use the decaprenylphosphoryl-D-
arabinose (DPA) as a substrate (Alderwick et al. 2005). DPA is synthesized from
phosphoribose-diphosphate (pRpp) through an unusual series of three successive
reactions on the inner face of the plasma membrane (Mikusova et al. 2005; Meniche
et al. 2008). The first one is the transfer of ribose 5-P from pRpp to Cs5¢-P to form
decaprenylphosphoryl-5-phosphoribose (DPPR) catalyzed by UbiA. While the protein
is essential in M. tuberculosis, the ubiA gene can be inactivated in C. glutamicum
resulting in a slow growing but viable mutant totally devoid of arabinan (Alderwick
et al. 2005). DPPR is then dephosphorylated to decaprenylphosphoryl-ribose (DPR) by
a phosphatase, probably Cg3190, the mycobacterial Rv3807c orthologue (Cai et al.
2014). The third step is epimerization of DPR to DPA which in C. glutamicum involves
three enzymes that catalyze two distinct steps, each being essential for the viability of
the cell (Meniche et al. 2008). Firstly, DPR is oxidized to decaprenylphosphoryl-2-
keto-p-D-erythro-pentofuranose by Cg0238 (DprEl in mycobacteria) which is subse-
quently reduced to DPA by Cg0237 (DprE2 in mycobacteria) or a protein with
redundant function, Cg1680. DPA is then translocated from the cytoplasmic to the
periplasmic side of the inner membrane by a flippase whose identity is not clearly
established. Rv3789 was first proposed to fulfill this role in mycobacteria, but this
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hypothesis was recently challenged by another study suggesting that Rv3789 would
rather be involved in the recruitment of the priming arabinosyltransferase AftA
(Larrouy-Maumus et al. 2012; Kolly et al. 2015). In C. glutamicum, the role of
Cg0243 (the orthologue of Rv3789) has not yet been investigated. A set of five
arabinofuranosyltransferases (AraTs) is needed to synthesize the entire arabinan
domain of AG in C. glutamicum. These AraTs are large membrane proteins belonging
to the GT-C family of glycosyltransferases that use polyprenylphospho-sugars as
substrates (Berg et al. 2007; Alderwick et al. 2015). None of them are essential. The
priming AraT that link the first Araf with the C5-OH of a B-(1—6) Galfin the galactan
domain is Cg-AftA (Alderwick et al. 2006b). This single Arafis further elongated in a
processive manner by Cg-Emb resulting in a a-(1—15) arabinan chain (Alderwick et al.
2005). a-(1—3) branching are introduced in this linear chain by Cg-AftC (Birch et al.
2008). The a-(1—3) primed bifurcation is then elongated by AftD, another o-(1—35)
AraT (Alderwick et al. 2018). Finally, non-reducing ends of AG are formed by the
linkage of B-(1—2) Araf onto a-(1—5) Araf (or a-(1—3) Arafin mycobacteria) by the
capping enzyme Cg-AftB (Seidel et al. 2007; Bou Raad et al. 2010). Transfer of Rhap
onto the AG is catalyzed by another non-essential glycosyltransferase of the GT-C
family: the rhamnopyranosyltransferase A (RptA), which uses decaprenyl-
monophosphorylrhamnose as a substrate (Birch et al. 2009). A recent study using
bacterial two-hybrid system identified an important network of interactions between
most of the proteins involved in AG assembly in C. glutamicum (Jankute et al. 2014)
probably enhancing the overall efficiency of biosynthesis of this polymer.

2.2.3 AG Attachment to PG

The ligation of AG to PG involves the trans-phosphorylation of the GlcNac-1P of the
linker unit onto the C-6 hydroxyl group of a MurNac in the PG. One membrane
protein, belonging to the LCP (LytR, CpsA, Psr) family, named LcpA, was recently
identified to carry out this function in C. glutamicum (Baumgart et al. 2016;
Grzegorzewicz et al. 2016). LcpA (cg0847) is essential and its depletion leads to
bacteria with many growth and morphological defects, part of them displaying a
disrupted mycomembrane with large fragments detaching from the cell surface
(Grzegorzewicz et al. 2016). C. glutamicum possesses a second non-essential LCP
protein (LcpB, ¢g3210), the inactivation of which, in contrast to LcpA, does not
produce any particular phenotype. Nevertheless LcpB like LepA has been shown to
localize at regions of nascent cell wall synthesis (Baumgart et al. 2016). The
biosynthetic stage at which this ligation occurs is not known. However, previous
experiments on C. glutamicum mutants deficient in AG synthesis seems to indicate
that neither the arabinosylation of AG nor its mycoloylation are prerequisites for its
attachment to PG (Alderwick et al. 2005, 2006a).
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3 Mycolic Acids and Mycomembrane: Original Glycolipids
for an Intriguing Membrane

The presence of mycolic acids is the hallmark of Corynebateriales. These lipids are
first synthetized in the cytoplasm and further exported in the envelope where they are
used to build the outer membrane. In this part, we focus on all these essential steps
but also on recent advances concerning the regulation of their synthesis.

3.1 Mycolic Acids Structure and Composition

Mycolic acids (MAs) are a-branched and p-hydroxylated fatty acids that are only
found in Corynebacteriales envelopes. Although all MAs have a common pattern
(the mycolic acid motif, see Fig. 1), their chain length and the structure of the p-chain
(also known as the meromycolate chain) vary with genus and species, the shortest
and the simplest (absence of specific functions as cyclopropanes or oxygenated
groups) being found in corynebacteria (Lanéelle et al. 2013). MAs mainly exist in
two forms in the envelope (Fig. 1): either bound to AG-PG and forming the
mycoloyl-arabinogalactan-peptidoglycan core of the cell wall or attached to treha-
lose forming trehalose mono- (TMM) and di-mycolates (TDM), these later species
being generally referred as “free mycolates”. C. glutamicum contains
corynomycolates with chain lengths ranging from Cy;.o to C3g.3 with a majority of
C35.0, C34.1 and Csg.», the relative proportion of which depends on the strain but also
on the culture medium and growth temperature (Yang et al. 2012; Klatt et al. 2018).
In a very recent detailed study of the lipid composition of the ATCC13032 strain
grown in exponential phase in a BHI medium, Klatt et al. showed that trehalose
mono- and di-corynomycolates (TMCM and TDCM) are the most abundant lipids in
this bacteria (Klatt et al. 2018). They were able to identify 125 molecular species
associated with corynomycolates, the majority of which containing saturated and
mono-unsaturated chains. These species were divided into subclasses, the major one
containing the classical hydroxylated mature TMCM and TDCM. Among the minor
subclasses were keto-TMCM (non-reduced form of TMCM), acetylated TMCM
(AcTMCM) or TDCM (AcTDCM), acylated TMCM (Acyl-TMCM, acylation of
the non mycoloylated glucose moiety of the trehalose) and acylated AcTMCM
(Acyl-AcTMCM). They also found some glucosylmonocorynomycolate (GMCM)
associated with the outer membrane.

3.2  Mycolic Acids Biosynthesis

Because all Corynebacteriales synthetize their mycolic acids by a common cyto-
plasmic pathway and because, unlike mycobacteria, corynebacteria can grow
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without mycolates, C. glutamicum has proven to be a model of choice for elucidating
the different steps of MA biosynthesis (Fig. 3). MAs are synthetized from two fatty
acids which in C. glutamicum are produced by two non-redundant type I fatty acid
synthases: FAS-IA is the main one, is essential and produces stearic acid (C;g.g) and
oleic acid (C;g.;) with a small amount of palmitic acid (Ci¢.9), while FAS-IB is
secondary, non-essential and synthetizes primarily C;¢.o (Radmacher et al. 2005). It
should be noted that FAS-IB is also involved in the biosynthesis of octanoic acid, the
precursor of lipoic acid (Ikeda et al. 2017). Activation of fatty acids is necessary
prior to their future condensation and this is achieved on one hand by the fatty acyl-
AMP ligase Cg-FadD2 (the orthologue of the mycobacterial FadD32) for the
meromycolic chain and on the other hand by the acyl-CoA carboxylase complex
for the a-chain (Gande et al. 2004; Portevin et al. 2005). This latter complex consists
of the biotinylated a-subunit AccBC, the p-subunits AccD2/AccD3 and the small
peptide AccE (Gande et al. 2007). The activated fatty acid precursors are used by the
Cg-Pks polyketide synthase (the orthologue of the mycobacterial Pks13) that cata-
lyzes their condensation by a Claisen reaction, forming an a-alkyl p-ketoester
(Portevin et al. 2004; Gande et al. 2004). For this, Cg-Pks has to be previously
activated (attachment of a 4’-phosphopantetheine (P-pant) group) by the specific
enzyme PptT (Chalut et al. 2006). The final step of MA synthesis is the reduction of
the p-ketoester by CmrA to yield the final mycolic motif, a reduction that proved to
be significant with regard to the subsequent transfer of MA to the AG but not for the
formation of TMCM or TDCM (Lea-Smith et al. 2007).

Subsequent steps that follow MAs synthesis and leading to the production of
TMCM in the cell envelope are much less understood in C. glutamicum. In
mycobacteria, most if not all the TMM, is synthesized on the inner leaflet of the
cytoplasmic membrane by Pks13, that in addition to the condensation reaction,
catalyzes the transfer of the MA onto a trehalose by its thio-esterase domain before
its reduction (Gavalda et al. 2014). Whether Cg-Pks, like mycobacterial Pks13, is
responsible for the synthesis of TMM in vivo is still to demonstrate. Indeed, in
apparent contradiction to this hypothesis, by using mutants unable to synthesize
trehalose, Tropis et al. proposed that the transfer of a mycoloyl residue onto a
trehalose (or another a-glucosyl-containing sugar present in the medium) occurs in
the envelope compartment (Tropis et al. 2005). In mycobacteria, cytoplasmic TMM
is transported to the periplasmic side of the membrane by MmpL3 (for Mycobacte-
rial membrane protein Large 3), an essential protein of the RND transporter family
(Grzegorzewicz et al. 2012; Varela et al. 2012; Xu et al. 2017). A low expression of
MmpL3 or its inhibition by a specific drug leads to a decrease in TDM and
AG-bound mycolate content concomitant with TMM accumulation. Inactivation of
its orthologue in C. glutamicum (Cg3174, also named CmpL1 for Corynebacterial
membrane protein Large 1) had no effect on the level of bound or free mycolates
(Varela et al. 2012; Yang et al. 2014). In fact, Varela et al. identified three other
genes in addition to cmpLl: cgl054, cg0722 and cg0284 (also named respectively
cmpL2, cmpL3 and cmpl4) (Varela et al. 2012). By a single and double gene
deletion approach, they showed that transport of mycolates in C. glutamicum is
achieved by two fully redundant CmpLs: CmpL1 and CmpL4. Surprisingly, loss of
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these two CmpL proteins led to a complete abrogation of any form of
corynomycolates, a result that suggests the possibility of a tight coupling between
the Cg-Pks biosynthesis complex and the transporters that could regulate the
mycolate synthesis. In a recent study, Yamaryo-Botte et al. provided evidences
that the mycolate species recognized and transported by the CmpL1/CmpL4 com-
plex could be an acetylated form of TMCM (AcTMCM). The enzyme responsible
for this modification is the acetyltransferase TmaT (for TMCM mycolyl
acetyltransferase), essential in mycobacteria but not in C. glutamicum (Yamaryo-
Botte et al. 2015). Once in the periplasm, AcTMCM would be deacetylated by an
unknown enzyme to form mature TMCM which is the periplasmic donor of
mycolates to final cell wall acceptors. These steps which are crucial for the con-
struction of the mycomembrane are performed by a family of enzymes named
mycoloyltransferases (Myts) (Dautin et al. 2017).

3.3 Assembly and Composition of the Mycomembrane

C. glutamicum possesses six Myts (cMyts A-F, (Table 1)) that display 26-42%
sequence identity between each other except for cMytE and F, which are almost
identical. All proteins are between 341 and 483 aa-long, with the notable exception
of cMytA which possesses a C-terminal domain containing four 54 amino acids-long
LGFP tandem repeats. These repeats have been proposed to mediate interactions
with the cell wall (either AG or PG) (Adindla et al. 2004a, b). cmyt genes are
dispersed on the chromosome, except for cmytA and cmytB, which are only separated
by one open reading frame of unknown function but very likely unrelated to the Myt
activity (Kacem et al. 2004).

All cMyts proteins have a signal sequence and are predicted, by in silico analysis,
to be exported across the cytoplasmic membrane. All have been found experimen-
tally associated to the cell wall or secreted in the culture medium by proteomic
analysis (Hansmeier et al. 2006b). Interestingly, in C. glutamicum R, of the six
putative Myts, one (CgR_1023) is predicted to contain an atypical Twin-Arginine
Translocation system (TAT) signal (lacking one of the two characteristic arginines)
instead of a classical Sec signal. When this N-terminal signal is fused to a-amylase,
secretion of the recombinant enzyme is abolished in a AfafC mutant, strongly

Table 1 Mycoloyl transferases of C. glutamicum reference strain ATCC13032

Protein name Gene name Locus tag aa number
cMytA/PS1 cmytAlesplicopl cg3182 657
cMytB/Cmt2 cmytBlemt2 cg3186 341
cMytC/Cmtl cmytClcmtl cg0413 365
cMytD/Cmt5 cmytDlemt5 cgl170 411
cMytE/Cmt3 cmytElcmt3 cgl052 483
cMytF/Cmt4 cmytFlemtd cg2394 483
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suggesting that at least CgR_1023 could follow the TAT pathway (Watanabe et al.
2009). Similarly, in M. tuberculosis, mycoloyltransferases FbpA and FbpC are
proposed to use the TAT machinery while FbpB would rather use the Sec pathway
(McDonough et al. 2008; Marrichi et al. 2008). The reason for the coexistence of two
distinct mechanisms of translocation for the transport of Myts in the cell envelope is
not clear but may be related to their folding properties and/or their ability to bind a
substrate before translocation.

The apparent redundancy of Myts in C. glutamicum is not completely understood
but each enzyme could have in vivo its own specific function. Gene inactivation and
overexpression studies indicated that, except for cMytC, all the other cMyts (A-F) may
contribute to the transfer of mycoloyl residues onto TMCM and/or onto cell wall AG
to build the backbone of the mycomembrane with mycoloylated ends of the AG
constituting the internal leaflet and TMCM/TDCM the outer leaflet (Figs. 1 and 3)
(Brand et al. 2003; De Sousa-D’Auria et al. 2003; Kacem et al. 2004). cMytA and
cMytB are the main contributors for TDCM synthesis and can compensate for each
other. cMytD and cMytF (which are weakly expressed in C. glutamicum ATCC13032
reference strain) can replace cMytA to produce TDCM but not mycoloylated-AG
(De Sousa-D’Auria et al. 2003). A C. glutamicum mutant lacking all
mycoloyltransferases has not been constructed yet but, in Mycobacterium species,
the use of specific Myt inhibitors has proved to be very effective to inhibit in vitro
growth (Rose et al. 2002; Wang et al. 2004; Annamala et al. 2007; Warrier et al. 2012).

Due to the difficulty to biochemically fractionate the cell envelope of
Corynebacteriales, the exact lipid composition of the mycomembrane has long
been unknown. In 2011, Bansal-Mutalik adapted the use of reverse surfactant
micelles for specifically extracting the lipids of the mycomembrane of
C. glutamicum (Bansal-Mutalik and Nikaido 2011). By this way, the authors
suggested that, in minimal medium, the outer leaflet of the mycomembrane is mainly
composed of TDCM and to a lesser extent of TMCM. No significative amounts of
phospholipids were found in the mycomembrane except for the presence of
non-extractable cardiolipin which may be anchored to the PG-AG complex. In
another study, Marchand et al. (2012) purified the mycomembrane-linked
heteropolymer of PG and AG from the cytoplasmic membrane and observed a
very sharp segregation of lipids between both membranes: phospholipids being
mainly associated with the cytoplasmic membrane while glycolipids (TDCM and
TMCM) were totally associated with the mycomembrane. In terms of proteins, this
latter study allowed the identification of more than 50 proteins proposed to be
associated with the mycomembrane. These include some characterized porins,
mycoloyltransferases, but also a long list of unknown proteins. Among them, several
putative lipoproteins (typified by their lipobox) are thus predicted to be anchored in
the mycomembrane. A functional acylation machinery has indeed been identified in
C. glutamicum (composed of Lgt: Cg2292 and Lnt also named Ppm2: Cgl673)
allowing tri-acylation of a set of exported proteins as found in other species
(Mohiman et al. 2012). Besides this classical acylation, a specific post-translational
O-mycoloylation has also been discovered in C. glutamicum (Fig. 3). Indeed, small
proteins PorA, PorH, PorB, PorC and ProtX have been shown to be mycoloylated on
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serine residues (Huc et al. 2013; Issa et al. 2017). This very unique modification
which is absent in a mytC gene-disrupted mutant (Huc et al. 2013) is important for
anchoring PorB and PorC in the mycomembrane (Carel et al. 2017; Issa et al. 2017)
(and, in the case of the porins PorAH, essential for their in vitro activity (Rath et al.
2011)). Whether this modification is also involved in folding, oligomerization,
insertion or sorting is still to discover. In any case, the coexistence of acylated and
mycoloylated proteins in the mycomembrane is intriguing and may reflect specific
functions or subcellular localization of both family of lipidated proteins.

3.4 Regulation of Mycolic Acid Metabolism

The presence of a mycolate barrier confers a unique protection for corynebacteria and
mycobacteria and is probably submitted to a tight regulation according to environ-
mental stress. Two different regulators of the mycolate biosynthesis pathway have
been identified in C. glutamicum. First, the envelope lipids regulation factor (EIrF)
which is involved in the reorganization of outer membrane lipid composition follow-
ing heat stress, by affecting the balance between corynomycolate lipids and phos-
pholipids (Meniche et al. 2009). In vitro, EIrF has an esterase/thioesterase activity but
the mechanism by which it increases MA synthesis when bacteria are exposed to a
moderate heat shock is still unknown. The second is the Extra Cytoplasmic Function
(ECF) sigma factor 6° (Cg0696) which has been shown to be a key regulator of the
mycolate synthesis and transfer (Taniguchi et al. 2017; Toyoda and Inui 2018).
Indeed, the o" regulon includes five genes of the corynomycolate metabolism:
accD2, accD3, accE (acyl-CoA carboxylase subunits), fadD2 (acyl-AMP ligase)
and cg-pks (condensase), four of the cmyt genes (cmytA, cmytB, cmytC and cmytE),
as well as elrF. Other genes encoding mycoloylated proteins are also found in the 6°
regulon, such as porA, porH and cg2875 encoding ProtX. This very specific pattern of
genes suggests a role of ¢” on the mycomembrane synthesis (mycolic acids and
mycoproteins) but probably more broadly on the cell envelope biosynthesis as
indicated by the presence of an L,D-Transpeptidase encoding gene in the regulon
(Toyoda and Inui 2018). The cognate anti-sigma factor has been identified as RsdA, a
membrane protein with one transmembrane segment (Cg0697). The 6°-RsdA sig-
naling pathway including the environmental signals that allowed c® regulon induc-
tion are not currently known.
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4 Lipoglycans: Phosphatidyl-myo-Inositol Mannosides
(PIM) and LM/LAM

In addition to the core AG-PG polymer, C. glutamicum envelope contains other
important glycans whose structure has been elucidated in the last decade. PIM, LM
and LAM are all composed of mannan chains and their biosynthetic pathways very
well characterized. However, their localization and function are still elusive.

4.1 Composition and Structure of PIM and Lipoglycans

As in all Corynebacteriales, the cell wall of C. glutamicum contains an array of
non-covalently associated glycolipids of the phosphatidyl-myo-inositol mannosides
(PIM) type and lipoglycans of the lipomannan (LM) and lipoarabinomannan (LAM)
types (Crellin et al. 2013). Different PIMs have been found in C. glutamicum,
essentially in the inner membrane: phosphatidylinositol mono and di-mannosides
(PIM; and PIM,) and acylated di-, tri- and tetramannosides (AcPIM,4) with
AcPIM, being the most important in term of quantity and diversity (Klatt et al.
2018). A recent LC/MS-ESI-TOF analysis of the LM/LAM content of ATCC13032
strain, showed that this bacterium contains 117 clearly resolved LM species with
masses ranging from 2712 to 9190 Da (Cashmore et al. 2017). C. glutamicum LMs
(Cg-LM) can be separated in two distinct populations according to their lipid anchor
but sharing a similar mannan backbone. Cg-LM-A, is derived from PIM and is
similar to mycobacterial LM, while the other, termed Cg-LM-B, is specific to the
species and has a a-D-glucopyranosyluronic acid-(1—3)-glycerol (GlcAGroAc?2)
based anchor (Tatituri et al. 2007a, b; Lea-Smith et al. 2008; Mishra et al. 2008b).
The mannan domain of both Cg-LM-A and B is composed of 10-50
mannopyranosyl (Manp) residues organized in an a(l—6)-Manp backbone with
a(1—2)-Manp branching, a number which appears to be reduced in Cg-LM-A as
compared to Cg-LM-B (Tatituri et al. 2007b). Cg-LM-B constitutes the major part of
the Cg-LM pool (about 95%) but only Cg-LM-A is elaborated to Cg-LAM (Tatituri
et al. 2007a, b). Although Cg-LAM is reminiscent to mycobacterial LAM, its
structure and composition are much simpler as the arabinan domain is reduced to
t-Arafresidues capping some Manp residues (Tatituri et al. 2007a, b). Cell envelope
fractionation experiments performed on bacteria in stationary phase, have shown
that Cg-LM/LAM localize essentially in the inner membrane, with small amounts of
LM (but not LAM) found in the mycomembrane (Marchand et al. 2012). However, it
cannot be excluded that content and localization of the lipoglycans may vary in
function of the growth phase. Although the precise function of Cg-LM/LAM is not
known, it should be noted that like other actinobacterial lipoglycans, both Cg-LM-A
and Cg-LM-B display pro-inflammatory properties (Mishra et al. 2008b).
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4.2 Biosynthesis of Lipoglycans

The biosynthetic pathway of Cg-AcPIM, (Fig. 4a) is similar to that found in
mycobacteria and involves two GDP-Manp-dependent mannopyranosyltransferases
that act sequentially and an acyltransferase (Sancho-Vaello et al. 2017). The first step
is catalyzed by PimA and corresponds to the transfer of a Manp residue from
GDP-Manp to the O-2 position of the inositol ring of PI to give a phosphatidylinositol
monomannoside (PIM;) (Korduldkova et al. 2002). PIM; is then acylated on the
6-position of the Manp residue to give Ac;PIM;. In mycobacteria the acyltransferase
involved in this process is PatA (Rv2611c) the orthologue of which is Cg1877 in
C. glutamicum (Korduldkova et al. 2003). The second Manp is transferred by PimB’
on the O-6 of the inositol ring to give Ac,PIM, (Lea-Smith et al. 2008; Mishra et al.
2008Db; Batt et al. 2010). After being translocated across the inner membrane by an
unknown flippase, Ac{PIM, serves as a precursor for the biosynthesis of Cg-LM-A
(Fig. 4a). LM-A is synthetized by the action of four non-essential polyprenol-
monophosphomannose (PPM)-dependent mannosyltransferases of the GT-C family,
MptA-D (Mishra et al. 2007, 2008a, 2011). PPM is the periplasmic mannosyl donor
for both lipoglycan biosynthesis and protein glycosylation and is synthetized
in the cytosol from GDP-mannose by Cg-Ppml (Cgl672) a polyprenol-
monophosphomannose synthase (Gibson et al. 2003; Mohiman et al. 2012). After
being translocated to the periplasmic face of the inner membrane, PPM serves as a
substrate for MptB and MptA that respectively add proximal and distal a(1—6)-
Manp as well as for MptC and MptD that catalyse a(1—2)-Manp branching. Two
proteins with regulatory functions are also involved in the biosynthesis of mannan
domain: LpgW, a lipoprotein that was proposed to activate MptB (Rainczuk et al.
2012) and Cg3164 a membrane protein with unknown function but whose inactiva-
tion results in truncated Cg-LM/LAM (Cashmore et al. 2017). Further transfer of
single t-Araf residues from DPA (which is also the AG arabinose donor) onto the
mannan backbone of Cg-LM-A leads to Cg-LAM (Fig. 4a) (Tatituri et al. 2007a). The
AraT responsible for this transfer in C. glutamicum has not been identified so far but
does not appear to be neither Emb nor AftA, since mutants that no longer express
either glycosyltransferase still produce LM/LAM identical to those of the WT strain
(Tatituri et al. 2007a). Surprisingly it has been reported that a C. glutamicum::ubiA
mutant, unable to synthetize DPA, produces a LAM that still contains small amounts
of arabinose. This result suggests that in contrast to AG biosynthesis where DPA is
the only Araf donor, another source or Araf could exist for Cg-LAM synthesis
(Tatituri et al. 2007a).

The second pathway of Cg-LM biosynthesis (Fig. 4b) begins with the synthesis of
1,2-di-O-C;¢/C5.1-(a-D-glucopyranosyluronic acid)-(1—3)-glycerol (GlcAGroAc,
also termed GI-A) that originated from the transfer of glucuronic acid (GlcA) from
CDP-GIcA onto a diacylglycerol (GroAc,) (Tatituri et al. 2007b). A Manp residue is
then transferred on GI-A by an a-mannosyl-glucopyranosyluronic acid-transferase A
(MgtA, previously named PimB) to give 1,2-di-O-(a-D-mannopyranosyl)-(1—4)-
(a-D-glucopyranosyluronic acid)-(1—3)-glycerol (ManGlcAGroAc, also termed
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GI-X) (Tatituri et al. 2007b; Mishra et al. 2009). After translocation of G1-X from the
cytoplasmic face of the inner membrane to the periplasmic one, elongation with
Manp residues is performed in the same way as for Cg-LM-A to give the mature Cg-
LM-B (Mishra et al. 2007, 2008a, 201 1; Rainczuk et al. 2012; Cashmore et al. 2017).

5 Other Peripheral Components of the Envelope

The general organization of the cell envelope of C. glutamicum is highly conserved
but an important variability may be observed among different strains. It may concern
specific modifications of the core AG-PG or alternatively correspond to the presence
of additional layers at the surface of the bacterium. The presence of these specific
components is probably related to specific niches and may therefore reflect a
localized evolution driven by the environment. Two important surface structures
are described below.

5.1 The Outer Layer

Ultrastructural analysis of the cell envelope of C. glutamicum by electron micro-
scopic observation of ultrathin sections reveals the presence of a non-ordered diffuse
outer layer (OL) around the cell, covering the mycomembrane (Marienfeld et al.
1997; Puech et al. 2001). The thickness of this OL is not known. Its apparent value
range between 2 and 40 nm according to the technique used to visualize the envelope
(freeze-substitution, conventional fixation with or without ruthenium red staining).
Chemical analysis of this outermost material showed that it is almost entirely
composed of carbohydrate containing mainly Glc but also some Ara and Man
which probably derived from LAM (Puech et al. 2001). It is very likely that Glc
comes from a high molecular mass glucan (>100 kDa) as it has been described at the
cell surface of Corynebacterium xerosis or in the capsule of some pathogenic
mycobacteria (Puech et al. 2001; Dinadayala et al. 2008; Sambou et al. 2008). The
structure of this glucan has not been resolved to date.

5.2 The Surface Layer

Most of the C. glutamicum strains (but not the reference strain ATCC13032) possess
an S-layer formed by a single protein named PS2 encoded by the cspB gene (Peyret
et al. 1993; Chami et al. 1995; Hansmeier et al. 2004). This protein assembles into a
highly stable two-dimensional crystalline array that covered the cell surface. The
layer is resistant to proteases and detergent and could only be dissociated at high
temperature (up to 80 °C), indicating uncommon strong interactions between PS2
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subunits (Chami et al. 1997; Scheuring et al. 2002). A systematic comparison of PS2
proteins from 28 C. glutamicum isolates showed apparent molecular masses ranging
from 55 to 66 kDa. Their sequences display highly conserved and highly variable
regions and a percent of identity varying between 69 and 98% (Hansmeier et al.
2004). Among the best conserved region is the C-terminal end of the protein which
contains a stretch of 21 hydrophobic amino acids that anchors PS2 in the
mycomembrane (Chami et al. 1997). Based principally on atomic force microscopy
analysis, it was shown that the overall structure of the S-layer is well conserved
among the different PS2 and exhibits an hexameric organization within an hexago-
nal lattice with the C-terminal domains of the hexamer forming a hydrophobic ring
structure that might constitute a pore (Chami et al. 1995; Scheuring et al. 2002;
Hansmeier et al. 2004). Each protein of an hexamer is connected to two other
protomers from two other hexamers giving a M¢Cs layer in the classification
established by Saxton and Baumeister for the assembly of S-layer proteins into
massive cores (M) and connecting structures (C) (Saxton and Baumeister 1986).

What is the precise function of the S-layer in the natural biotope of the bacterium
(i.e. the soil) is a question currently unanswered but it is obvious that given the
energy expenditure required to produce the huge amount of PS2 necessary to cover
the cell (about 100,000 copies per cell), an accurate regulation of the protein
expression related to the physiological status of the bacteria is expected. Indeed, it
has been shown that PS2 expression depends on the nature of the carbon source
suggesting a relationship between carbohydrate metabolism and S-layer formation
(Soual-Hoebeke et al. 1999). As a confirmation of such hypothesis, a LuxR-type
transcriptional activator that binds to the cspB promoter region and regulates the
gene expression was identified (Hansmeier et al. 2006a). This regulator is RamA
(Cg2831), a global regulator of carbon metabolism (Shah et al. 2018).

6 Conclusion

The cell envelope of Corynebacteriales is remarkably unique in the bacterial
kingdom with a strong original heteropolysaccharidic cell wall and an atypical
mycolate-containing outer membrane. To date, very important milestones have
been achieved concerning the identification of specific individual components but
the elucidation of the complete choreography of cell envelope biosynthetic enzymes
remains an exciting challenge for the next decades. The evolutionary origin of this
peculiar architecture is not known but the very specific composition of the
mycomembrane suggests that the LPS-outer membrane and the mycolate-outer
membrane diderm species may have evolved independently from a common
monoderm ancestor. Indeed, recent analysis of the distribution of the major genes
involved in the synthesis of the mycomembrane-linked heteropolymer of PG and
AG (Vincent et al. 2018) supports a scenario in which Corynebacteriales species
evolved from an actinobacterial ancestor by a stepwise cell envelope remodeling
involving gradual acquisition of new enzymatic functions. In this scenario, one can
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imagine that final evolution of corynebacteria and mycobacteria may differ
according to their very different habitat. In fact, both groups of bacteria do not
strictly have the same envelope composition and organization. Particularly notewor-
thy, mycolates are essential for M. tuberculosis and dispensable for C. glutamicum, a
characteristic that makes C. glutamicum a very suitable model to study the envelope
of Corynebacteriales and also a very versatile cell for biotechnological applications.
Indeed, C. glutamicum has long been used as an industrial workhorse for the
production of amino acids and more recently as a protein expression cell and a
protein platform display (Lee and Kim 2018). The precise knowledge of the archi-
tecture of the cell envelope is important to guide biotechnological experiments. In
that respect, the presence of an outer membrane in C. glutamicum raises several
interesting questions and may help to resolve specific constrains regarding protein
secretion. In LPS-diderm bacteria numerous secretion systems have been described
so far but none of them are found in Corynebacteriales. 1dentification of such
specific mycomembrane machineries involved in protein secretion is thus an inter-
esting research direction for the future.
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Abstract The production of glutamic acid as well as amino acids of the aspartic
acid family from carbohydrates is carried out industrially by a group of bacteria
represented by Corynebacterium glutamicum. C. glutamicum is a Gram-positive
facultative aerobe with a thick cell wall comprising, besides the peptidoglycan layer,
a layer of mycolic acid and arabinogalactan. Industrially, glutamic acid production is
induced by various stresses such as biotin limitation or the addition of surfactants or
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antibiotics, which may alter the cell membrane tension or opening of the mechano-
sensitive channel as well as lead to the reduction of 2-oxoglutarate dehydrogenase
activity that in turn affects the flow of the TCA cycle. Albeit the molecular events
associated with these phenotypes are not fully understood, glutamate production in
C. glutamicum is related to the cell surface structure (cell membrane) and the
metabolic flux (especially through the TCA cycle) since these are deeply involved
in cellular energetics. In the aerobic respiratory chain of C. glutamicum, several
primary dehydrogenases, including type II NADH dehydrogenase, and malate:
quinone oxidoreductase- and lactate dehydrogenase-dependent NADH reoxidizing
systems, function donating electrons from each substrates to menaquinone, and the
resulting menaquinol is oxidized by cytochrome bcc-aaz supercomplex and cyto-
chrome bd oxidase. The bcc-aas supercomplex and bd oxidase generate proton-
motive force, H"/O ratio of 6 and 2, respectively. In this chapter, molecular charac-
ters and energetics of these respiratory components are summarized and also some
metabolic engineering of C. glutamicum to produce valuable chemicals are
described related to the respiratory chain.

1 Menaquinone Reduction in the Respiratory Chain
of C. glutamicum

The respiratory chain of C. glutamicum consists of many primary dehydrogenases
and four cytochrome complexes, cytochrome bc;c (bee) complex (uniquely this bey
complex contains an additional heme c, so that it is called as bc,c or bcc separately
from reference to reference. In this chapter, bcc is used only for general description),
cytochrome aaj; oxidase, cytochrome bd oxidase, and nitrate reductase. The primary
dehydrogenases transfer the reducing equivalents obtained by the oxidation of
various substrates to menaquinone (MQ) to produce menaquinol (MQH,). MQH,
is further oxidized by three terminal branches, two oxygen reductases and one nitrate
reductase, which couple the electron transfer to the generation of an electrochemical
proton gradient, namely, a proton motive force (Ap), across the cytoplasmic mem-
brane (Fig. 1).

1.1 Primary Dehydrogenases of the Respiratory Chain

Biochemical analyses, together with information obtained from the genome sequence,
have shown that C. glutamicum possesses at least eight different primary dehydroge-
nases in the entry (primary) site of the respiratory chain (Bott and Neibisch 2005), of
which six enzymes relatively well characterized are shown in Fig. 1. These primary
dehydrogenases are single subunit peripheral flavoproteins located at the inner surface
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Fig. 1 Known respiratory components of the respiratory chain of C. glutamicum. Abbreviation:
DH dehydrogenase, Q quinone, OR oxido-reductase

of the cytoplasmic membrane, except for succinate dehydrogenase or succinate:
menaquinone oxidoreductase (SDH or SQR) consisting of three subunits, SdhA,
SdhB, and SdhC. Five of these primary dehydrogenases have been purified and
characterized (Table 1), of which SDH, type II NADH dehydrogenase (NDH-2),
D-lactate dehydrogenase, and L-lactate dehydrogenase (LIdD) have been solubilized
and purified with detergents, such as dodecylmaltoside, Triton X-100, or N,N-
dimethyldodecylamine N-oxide. The need to use strong detergents to solubilize these
proteins indicates that these enzymes are tightly bound to the membrane. However,
malate:quinone oxidoreductase (MQO) and pyruvate:quinone oxidoreductase (PQO)
seem to be only weakly attached to the membrane since they are released into the
supernatant by, respectively, the mere addition of some chelators or by mechanical cell
disruption without solubilization. Of these dehydrogenases, SDH is unique in having an
anchoring subunit, SdhC, which is a cytochrome b having five transmembrane helices
(Fig. 2). However, the exact membrane-anchoring sites have not been identified in any
other single subunit flavoproteins, of which only NDH-2 is suggested to be a membrane
protein by the secondary structure prediction, or by information with the crystal
structures from other microbes, as described later. All other enzymes, including loosely
attached MQO and PQO, are not expected to be membrane proteins by such the
prediction as HHMTOP (http://www.enzim.hu/hmmtop/index.php), SOSUI (http://har
rier.nagahama-i-bio.ac.jp/sosui/), or TMHMM (http://www.cbs.dtu.dk/services/
TMHMM)).

Nevertheless, all these dehydrogenases seem to donate electrons directly to
membranous MQ since the reactivity to quinone analogues has been shown with
purified preparations of these peripheral flavoproteins. SDH has been demonstrated
to reduce dichlorophenolindophenol (DCPIP) in a reaction mediated by
decylquinone (DQ) as well as phenazine methosulfate (Kurokawa and Sakamoto
2005). Likewise, MQO has been shown to reduce DCPIP via ubiquinone-1 (Q;) or
menadione (MD) (Molenaar et al. 1998). In NDH-2, quinone reduction has been
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Table 1 Primary dehydrogenases and cytochrome oxidases in the C. glutamicum respiratory chain
that have been characterized at least partly

Electron
Enzymes (gene Solubilization acceptors or
name) with Subunit (cofactors) donors References
Type I NADH Triton X-100 |55 kDa (FAD) MQ,, MD, Matsushita
dehydrogenase; Q1, Q,, FR, [etal. (2001)
NDH-2 (ndh) O, Nantapong
et al. (2005)
Malate:quinone oxi- | EDTA/ 56-57 kDa (FAD?") DCPIP Molenaar
doreductase (mqo) EGTA/ (+Qo, Q1 et al. (1998)
glycerol MD, DQ)
Succinate: Dodecyl 67, 29, 23 kDa DCPIP Kurokawa
menaquinone oxido- | maltoside (2 Heme B, FAD", (+PMS, DQ) | and
reductase or Succi- FeSb) Sakamoto
nate dehydrogenase (2005)
(sdhABC)
Pyruvate:quinone Soluble 62 kDa (tetramer) DCPIP, MD, | Schreiner and
oxidoreductase (FAD, TPP?, divalent INT Eikmanns
(pqo) cation®) (2005)
D-Lactate dehydro- | 1) LDAO 66 kDa (FADY) DCPIP, Bott and
genase (dld) DCPIP Niebisch
(+PMS) (2003)
2) Triton - DCPIP Kato et al.
X-100/ (2010)
300 mM NaCl
L-Lactate dehydro- | Triton X-100/ |46 kDa (FMNP®) DCPIP, Matsushita
genase (lldD)° glycerol DCPIP et al.
(+PMS) (unpublished)
Cytochrome aas Dodecyl 64.3, 40.5, 21 kDa TMPD, Sakamoto
maltoside (geranyl-geranyl yeastcytc, |etal (2001)
Heme A, Cu) horse-heart
cytc
Cytochrome bcc/ Dodecyl 60, 45, 30 kDa/65, DMNQH,, Niebisch and
cytochrome aas maltoside/ 40, 22, 16 kDa/P29, TMPD, Bott (2003)
supercomplex 100 mM NaCl | P24, P20, P17 bovine-heart | Bott and
(gcrCAB, ctaCDEF) (Heme A, Heme B, cyt ¢, yeast Niebisch
Heme C, Cu) cytce (2005)
Kao et al.
(2016)
Cytochrome bd MEGA 9+10 56.4, 41.5 kDa DMNQH, Kusumoto
(cydAB) (Heme B, Heme D) (+ MQ,, et al. (2000)
MQ,, MQ3)

MQ,, menaquinone-n, MD menadione, DMNQH, dimethylnaphthoquinol, Q, ubiquinone-n, DQ

decylquinone,

FR ferricyanide,

DCPIP 2,6-dichlorophenolindophenol,

PMS phenazine

methosulfate, INT p-indonitrotetrazolium violet, TMPD N,N,N',N'-tetramethyl phenylene diamine,
cyt ¢ cytochrome ¢, LDAO lauryldimethylamine oxide, MEGA alkyl-N-methylglucamides

#Activated by the addition
"Not determined in this sample but detected in other sources

“Not purified yet
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Fig. 2 Succinate dehydrogenase and Ap-dependent reaction. Schematic representation of the
electron transfer route model in the succinate dehydrogenase complex (SDH) of C. glutamicum.
The electrons from succinate are transferred to MQ via FAD, three iron-sulfur clusters (Fe/S), and
low and high potential heme B (b and by, respectively). During the electron transfer from succinate
to MQ, 2H" are released inside and taken up outside, and an inside positive membrane potential
(local Ap) is generated. Type I NADH dehydrogenase (NDH-2) is also shown as a Ap-independent
control. Global Ap is generated by MQH, oxidation systems of cytochrome bcc-aa; oxidase or
cytochrome bd oxidase, and used to drive the electron transfer in SDH from succinate to MQ

shown to occur more directly, as described later. Thus, all primary dehydrogenases
present in C. glutamicum respiratory chain seems to donate electrons directly to MQ.

1.2 NADH Dehydrogenase

None of these primary dehydrogenases as described above should contribute to Ap
generation, except for SDH as described below. A single subunit NDH-2 is a non-
energy-generating NADH dehydrogenase that is different from type I NADH dehy-
drogenase (Complex I or NDH-1) (Matsushita et al. 1987). NDH-1 is a large
molecular complex consisting of 14 conserved core subunits from bacteria to
mammals, and has been proposed to pumps 4H* per one molecule of NADH
oxidation on the basis of the X-ray crystal structures from bacteria (Efremov et al.
2010; Baradaran et al. 2013) to eukaryotic mitochondria (Zickermann et al. 2015;
Zhu et al. 2016; Fiedorczuk et al. 2016), and also by biochemical evidence (Jones
et al. 2017). NDH-1 is present in almost all of eukaryotic mitochondria, while its
occurrence is limited in bacteria, of which 52% equip the enzyme (Spero et al. 2015).
More than half of Actinobacteria, including the genus Mycobacterium, also have
NDH-1 (Spero et al. 2015), but the genus Corynebacterium, one of Actinobacteria,
has no NDH-1 except for some minor strains of this genus (unpublished data).
Whereas, NDH-2 is predicted to be present in 61% of the microbial genomes, and
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89% of Actinobacteria, including genus Corynebacterium, contain at least one gene
encoding NDH-2 (Marreiros et al. 2016). Thus, though closely related genus Myco-
bacterium has both NDH-1 and NDH-2, Corynebacterium including C. glutamicum
has only NDH-2 as NADH dehydrogenase. The enzyme of C. glutamicum is
phylogenetically classified into D, clade of eight clades (A, B, C, Dy, D,, D3, Dy
and Ds) of NDH-2 (Marreiros et al. 2016). The D, clade consists of the enzymes
from Actinobacteria, Bacteroidetes, part of Cyanobacteria, and minor numbers of
Proteobacteria. Almost all Firmicutes NDH-2 and proteobacterial enzymes are
classified into D; and D, clades, respectively. Thus, NDH-2 phylogeny is not
congruent with the taxonomic tree, and interestingly the D, clade is more phyloge-
netically close to D5 clade consisting of NDH-2 from Fungi and Protists, including
Saccharomyces cerevisiae or Neurospora crassa.

As described above, C. glutamicum NDH-2 has been purified from the mem-
branes of the over-producing strain (Nantapong et al. 2005). The enzyme is tightly
bound to the membranes so that it is solubilized with Triton X-100 (Table 1).
Actually, the secondary structure prediction of NDH-2 suggests that it exhibits a
single putative transmembrane helix in the C-terminal (the residue numbers from
386 to 405 by HHMTOP, 383 to 405 by TMHMM, or 384 to 406 by SOSUI). In
Escherichia coli NDH-2, it has been shown that C-terminal domain including the
same transmembrane helix as the C. glutamicum one (considered as an amphipathic
helix in E. coli) is indispensable for the membrane binding (Villegas et al. 2011).
Later, the structure of NDH-2 was determined in two different enzymes from
S. cerevisiae (Ndil: Feng et al. 2012) and Caldoalkalibacillus thermarum (Heikal
et al. 2014) that conferred more substantial information for the membrane binding or
anchoring role of the C-terminal domain. The domain has a -sheet structure (three
anti-parallel B-strands; p19~p21 in Ndil) and two amphipathic a-helices (15 and
al6 in Ndil) (Fig. 3b), which seem not to be transmembraneous, instead anchoring
to the membrane surface. When C. glutamicum enzyme is aligned with these known
enzymes of S. cerevisiae, C. thermarum, Mycobacterium tuberculosis, E. coli,
similar conserved domains were detected (Fig. 3b). Furthermore, the modeling
structure of C. glutamicum enzyme also shows a similarly oriented p-sheet structure
and two amphipathic a-helicies (Fig. 3a). Thus, C. glutamicum NDH-2 seems to be
anchored into the membrane surface based on the similar C-terminal a (3-sheet and
two a-helicies like NDH-2s of C. thermarum or S. cerevisiae (Fig. 3a).

This enzyme, like other NDH-2, is able to donate electrons to quinone, ubiqui-
none (UQ) or MQ. It has been shown to be able to reduce Q, ubiquinone-2 (Q,), and
MD directly, and also ferricyanide via menaquinone-2 (MQ,) (Nantapong et al.
2005). The reactivity with these quinone analogues is likely to be physiologically
relevant because it has been shown to have a high affinity (Km values are 41, 32,
31, and 5 pM for Qy, Q,, MD, and MQ,, respectively) and a high reactivity (Vmax
values of 82~841 units/mg protein) in vitro at pH 7.0. Thus, it can be inferred that
NDH-2 in C. glutamicum is likely to oxidize NADH in a process that is tightly
coupled with the natural electron acceptor MQ located within the membrane. The
quinone binding portion has been found near the same C terminal domain in yeast
Ndil structure (Feng et al. 2012), where one UQ was located around the p-sheet and
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C. 365 KGSMATISRFSAVVKM------— GKVEV---TGFIGWVLWLA-VHIMFLVGFRNRFVS---AISWGLNALSR 422
S. 444 LGALAYLGSERAIATIRS----GKRTFYTGGGLMTFYLWRI-LYLSMILSARSRLKV---FFDWIKLAFFK 506
C. thermarum 347 RGTVASLGRNDAIGIV------— GGRKVY--GHAASWLKKLIDMRYLYLIG-----—-——————— GLSLVLKK 396
M. tuberculosis 367 KGSMATVSRFSAVAKI------ GPVEF---SGFIAWLIWLV-LHLAYLIGFKTKITT---LLSWTVTFLST 424
E. coli 362 HGSLVSLSNFSTVGSLMGNLTRGSMMI---EGRIARFVYIS-LYRMHQIALHGYFKTGLMMLVGSINRVIR 428

Fig. 3 Membrane anchoring domain of NDH-2. (a) Comparative modeling structure of Ndh
protein from C. glutamicum. Model was constructed by the SWISS-MODEL (PMID: 29788355;
Waterhouse et al. 2018). Crystal structure of NADH dehydrogenase from Plasmodium falciparum
(PDB code: 5jwa.1A) was used as a template structure. (b) Amino acid sequence alignment of the
membrane anchoring domains of NDH-2s from C. glutamicum, Saccharomyces cerevisiae,
Caldalkalibacillus thermarum, Mycobacterium tuberculosis, and E. coli. Sequence alignment was
performed by using MUSCLE v.3.8.31 (PMID: 15034147; Edgar 2004). Sequence data from NCBI
GenBank and Reference Sequence databases, C. glutamicum ATCC 13032 (NP_600682.1),
S. cerevisiae S288C (NP_013586.1), C. thermarum TA2.A1 (EGL84165.1), M. tuberculosis
H37Rv (NP_216370.1), and E. coli K-12 (NP_415627.1), were used for the sequence alignment
construction. Bold orange and blue colors indicate B-sheet and a-helix, respectively. Secondary
structure of C. glutamicum was calculated from the modeling structure as shown in (a). Secondary
structures of C. thermarum and S. cerevisiae, were calculated from their crystal structures, PDB
accession No. 4NWZ and 4G6G, respectively, by using DSSP program (PMID: 6667333; Kabsch
and Sander 1983). Secondary structure of two sequences, M. tuberculosis, and E. coli, were
predicted using PredictProtein (Yachdav et al. 2014). The three arrows (cyan) for p-strands in the
B-sheet ($19, p20, B21) and the two arrows (purple) for a-helices (15, a16) exhibit the sequences
of C. glutamicum Ndh modeling structure (a)

one o-helix (xl5). Almost the same quinone location has been expected in
C. thermarum enzyme (Heikal et al. 2014), where two conserved glutamine residues
(Q394 and Q398 in Ndil) occupy near UQ site, and “AQXAXQ motif” is proposed
as the quinone binding site. Later, Marreiros et al. (2016) indicated that the AQ(P)
xAxQ(R) motif is widely spread in many NDH-2s. C. glutamicum enzyme also have
the same motif AQVAIQ (A340 to Q346).

In the catalytic site, NDH-2 has two conserved nucleotide binding domains;
flavin adenine dinucleotide (FAD) binding domains with a glycine-rich consensus
sequence (GXGXXG) along with an NADH binding domain containing a negatively
charged residue (D or E) or neutral residue (Q or N) at the end of the second p-sheet,



68 N. Kataoka et al.

which determines the preference for NADH or NADPH, respectively (Desplats et al.
2007). These domains correspond to GAGPTG (G175 to G180) and LLDGA (L211
to A215) in C. glutamicum NDH-2. Komati et al. (2015) have found suppressor
mutants that are able to oxidize NADPH better and thus grow faster than a parental
(mutant) strain having NADPH-generating glycolytic pathway. The suppressor
mutants had a single point mutation leading to the amino acid change D213G in
NDH-2, and did NADPH oxidation activity even at pH 7.5. They also constructed
the mutants, D213N and D213Q, to show similar NADPH oxidation activity with
the reactivity of 36-64% of the NADH oxidation, and with relatively high affinity
for NADPH from 103 to 180 uM. Thus, C. glutamicum enzyme is a typical NADH-
oxidizing enzyme having the negatively charged residue (D213) and thus has a
preference for NADH. However, besides the NADH oxidation, the NDH-2 of
C. glutamicum has a relatively high NADPH oxidation (Q; reduction) activity at
acidic pH but not at neutral pH (20.5 and ~0 units/mg protein for NADPH; 95 and
120 units/mg for NADH, at pH 5.0 and 7.0, respectively), although the affinity for
the nucleotides is 40 times lower in NADPH than NADH (Km values of 394 uM for
NADPH at pH 5.0, and 11.6 pM for NADH at pH 7.0) (Nantapong et al. 2005).
Actually, D213G mutant also shows ~6 times higher NADPH oxidation activity at
pH 5.5 than the wild-type enzyme (Komati et al. 2015).

1.3 Other Aspects of NADH Dehydrogenase:
Cyanide-Resistant Oxidase Activity and Superoxide
Generation

As described above, the respiratory chain of C. glutamicum has branched terminal
oxidases, which show different cyanide sensitivities that depend on growth phase
(Kusumoto et al. 2000) and respiratory substrate (Matsushita et al. 1998). In the
stationary phase cells, NADH oxidase activity in the membrane exhibits three
different cyanide sensitivities corresponding to three distinct enzymes: the first
sensitivity level is observed at low cyanide concentrations (~0.5 pM), the second
at intermediate concentrations (~3 mM), and the third at concentrations up to 30 mM
(Kusumoto et al. 2000). The former two oxidase activities could be respectively
assigned to cytochrome aa; oxidase and cytochrome bd oxidase as described below,
but the most cyanide-resistant oxidase activity seems to be attributed to a primary
(flavoprotein) dehydrogenase-dependent activity (electron leak), where the flavin
moiety in the proximity of the substrate binding site is expected to easily react with
oxygen by subtle change of the substrate-binding site conformation, as shown in
L-aspartate oxidase (Tedeschi et al. 1997) or carbohydrate oxidase (Xu et al. 2001).
It has been widely known that aerobic respiration generates reactive oxygen species
(ROS) as byproducts, mainly via flavoproteins, especially NADH dehydrogenase,
that react directly with oxygen to generate superoxide (O,") or hydrogen peroxide
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(H,05), as shown in many microbes, such as yeast (Davidson and Schiestl 2001),
and E. coli (Messner and Imlay 1999, 2002).

In C. glutamicum, the cyanide-resistant oxidase activity was observed in the
membranes with all the substrate oxidations examined, more critical in NADPH
and L-lactate oxidations than in NADH and succinate oxidations (Matsushita et al.
1998). Furthermore, NDH-2 purified from C. glutamicum has been shown to react
directly with oxygen to generate primarily O,  then H,0,, especially when it
oxidizes NADPH (Nantapong et al. 2005). The C. glutamicum NDH-2 may thus
mainly function as the primary dehydrogenase of the NADH oxidase respiratory
chain, but partly function as an NADH oxidase or an NADPH oxidase in a process
that is not coupled with the respiratory chain to release oxides (Fig. 1), which in turn
could be detoxified by SOD, catalase, and/or several different types of peroxidase. In
C. glutamicum, Mn-SOD and catalase, has been shown to function to reduce ROS;
either SOD or catalase-disruption increased the ROS level, and inversely their
overexpression dramatically decreased ROS level (Nantapong et al. 2019). When
the growth temperature was increased in C. glutamicum, endogenous ROS level was
very much increased concomitant with the defect in cell growth (Nantapong et al.
2019). Thus, ROS is probably generated from the respiratory enzymes including
NDH-2 by increasing membrane fluidity when grown at higher temperature.

1.4 Succinate Dehydrogenase and Ap-Dependent MQ
Reduction

SDH or SQR, including QFR (quinol:fumarate oxidoreductase), have been classified
into five different types based on the structural information (subunit composition and
number of heme B) (Ohnishi et al. 2000). The C. glutamicum SDH falls in the group
of Bacillus dehydrogenase enzymes that have a single transmembrane cytochrome
b subunit equipped with two hemes B: namely, high potential (by) and low potential
(br) hemes; notably, this classification is also supported by phylogenetic analyses
(Kurokawa and Sakamoto 2005). The two hemes B moieties are expected to be
localized close to each other but on opposite sides of the membrane (Fig. 2). This
location of the electron carriers prompts us to speculate about the generation of Ap
with the electron transfer reaction, which has been shown clearly in the cytochrome
b subunit of the cytochrome bc; complex (see Fig. 4 and a review: Brandt and
Trumpower 1994). Bacillus SDH has been proposed to generate Ap in the opposite
direction from that of cytochrome b in the bc; complex (compare Figs. 2 and 4).
Specifically, it has been shown in Bacillus subtilis cells and derived membrane
vesicles that the electron transfer from succinate to MQ is inhibited by
protonophores and that the reverse electron transfer from MQH, to fumarate gener-
ates Ap (Schirawski and Unden 1998; Schnorpfeil et al. 2001). More unequivocally,
it has been shown in proteoliposomes with purified Bacillus licheniformis SDH
(Madej et al. 2006) that succinate oxidation by quinone is Ap (inside negative)-
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Fig. 4 Schematic representation of H" translocation mechanism in cytochrome bcce-cytochrome
aas oxidase supercomplex and cytochrome bd oxidase. H* translocation due to quinone (Q)-cycle is
shown by light green arrows, Pump-dependent H* translocation by red dashed arrow. Other scalar
reactions of H* translocation are shown by blue solid arrows. Q" represents semiquinone tightly
bound to enzymes

dependent and a reverse electron flow occurs from quinol to fumarate that generates
Ap (inside negative). This endergonic reaction with Bacillus or Corynebacterium
enzyme is thermodynamically possible because the redox potential (—80 mV) of the
electron acceptor MQ is more negative than that of the electron donor succinate
(+31 mV) (Fig. 5), which is in contrast to the exergonic succinate oxidation by UQ
(+90 mV) carried out by the typical SDH of mitochondrial Complex II or by the
E. coli SDH. These latter enzymes comprise a single heme B and, unlike the
C. glutamicum SDH, do not have two hemes B transmembranously separated.
Thus, the molecular function of the C. glutamicum SDH is likely to be similar to
that of the Bacillus system, since the corynebacterial SDH is structurally classified as
being of the Bacillus-type and functions in a respiratory chain that contains MQ as
the natural quinone, as observed in Bacillus. This view is further promoted by the
observation that the succinate oxidation in C. glutamicum cells is sensitive to a
protonophore, CCCP, similarly to what is observed in B. subtilis and
B. licheniformis (Schirawski and Unden 1998). In order to describe this phenomenon
more clearly, the Ap-dependent electron transfer of SDH in succinate oxidase system
was examined with inside-out membrane (ISO) vesicles prepared from
C. glutamicum KY9714 (Matsushita 2013). In the presence of 15 mM MgCl, and
100 pM DCCD (for repressing the leakiness), ISO vesicles generated a sufficiently
high membrane potential (inside positive) by the addition of succinate or NADH as
the respiratory substrate. Both the succinate- and NADH-dependent membrane
potential generations are completely abolished by CCCP less than 1 pM. While,
succinate oxidase activity was inhibited completely with 5 pM CCCP but NADH
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Fig. 5 Redox potential-based schematic representation of NAD oxidation systems, succinate
dehydrogenase, and cytochrome bcc-aaz supercomplex. Enzymes represented by their names
with colored background are MQ-linked respiratory enzymes, NDH-2, malate-quinone oxidore-
ductase (MQO), L-lactate dehydrogenase (LIdD), and succinate dehydrogenase (SDH), while
enzymes represented by their names without any colored background are NAD(P)-dependent
enzymes, lactate dehydrogenase (LdhA) and malate dehydrogenase (MDH). This figure also
includes the prosthetic groups and their redox potentials (Kao et al. 2016) of cytochrome bcc and
cytochrome aa; oxidase to oxidize MQH,

oxidase activity not at all up to the 10 pM. Thus, like the Bacillus enzyme, the
C. glutamicum SDH is expected to generate an opposite Ap (inside positive) (Fig. 2),
which could be dissipated by the much higher Ap (inside negative) generated by the
quinol oxidase portion or cytochrome bc;c/cytochrome ¢ oxidase as described later
(see Fig. 4). Thus, in C. glutamicum, electron transfer occurs from succinate to MQ
or further to oxygen. At the same time, the opposite electron transfer from fumarate
to succinate (fumarate reduction) could occur to generate Ap (inside negative),
which have been shown to possibly occur in a mutant strain having a defect of
bciaaz respiratory chain or a ndh-overproduced pyruvate producer strain, as
described later.

2 Menaquinol Oxidation in the Respiratory Chain
of C. glutamicum

In the respiratory chain of C. glutamicum, MQH, generated by the several primary
dehydrogenases described in the previous section is further oxidized by two oxygen
reductases, cytochrome bcc-aaz supercomplex or cytochrome bd ubiquinol oxidase,
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and also by an additional terminal oxidase, nitrate reductase, when nitrate is present
in the culture medium under anoxic condition. These terminal oxidases couple the
electron transfer to generate an electrochemical proton gradient with the different
efficiency between the supercomplex and bd oxidase or nitrate reductase. The
difference in their energetics would affect the cell physiology and thus their expres-
sion is tightly linked to the energetic state of the cells.

2.1 Cytochrome bc;c (bee)-aaz Supercomplex

Downstream of the aerobic respiratory chain of C. glutamicum, the electrons from
MQH, are passed to oxygen either directly to the bd-type ubiquinol oxidase or via
the cytochrome bcic complex to the aas-type cytochrome ¢ oxidase (Fig. 1). The
latter branch has been purified as a cytochrome aa; oxidase complex (Cua,
2 heme A, and Cug) and also as a supercomplex with bci;c complex (2 heme B,
Fe-S, 2 heme C) that is unique in having an additional heme C besides the heme for
cytochrome c; (Sone et al. 2001), and cytochrome aas oxidase. The aaz oxidase was
first purified as a three-subunit cytochrome aas oxidase consisting of CtaD, CtaC,
and CtaE, and shown to have a unique heme A moiety having a geranyl-geranyl side
chain instead of the normal farnesyl group, and also to have an extra-charged amino
acid cluster in CtaC expected to have a role in the interaction of the diheme
cytochrome ¢ subunit of bcic complex to the oxidase (Sakamoto et al. 2001).
Later, a four-subunits aa; oxidase complex (CtaD, CtaC, CtaE, and CtaF) and a
super complex, consisting of a total of 11 subunits (of which 4 subunits come from
cytochrome aa; oxidase, 3 from cytochrome bc;c complex: QcrB, QcrA, and QcrC,
and an additional 4 subunits: P29, P24, P20, and P17) were subsequently separately
isolated by affinity chromatography (Niebisch and Bott 2003). Since the three-
subunit oxidase and the four-subunit oxidase exhibit in vitro similar turnover
numbers for the oxidation of TMPD or horse heart cytochrome ¢, CtaF may not be
essential for enzymatic activity despite of being essential for the formation of the
active complex (Niebisch and Bott 2003). Recently, the bcc-aaz supercomplex (now
called as bcc instead of bcc) were shown to be a stable dimeric (bcc),-(aas), having
a whole molecular weight of ~1100 kDa estimated in Blue-Native gel (Kao et al.
2016). Additionally, more recently, it has been reported that the supercomplex
formation is impaired when CtiP (Cg2699) or CopC (Cg1884), possible chaperone
for copper insertion into Cu, or Cug sites of the aas, was deleted, suggesting these
copper centers in aasz complex are necessary for the formation of a stable
supercomplex (Morosov et al. 2018). Furthermore, only recently, the structure of
mycobacterial bcc-aas supercomplex that is homologous to the corynebacterial bcc-
aaj supercomplex, was determined by cryo-electron microscopy (Gong et al. 2018).
This structure shows aaz-(bcc)r,-aaz dimer as expected in corynebacterial
supercomplex (Kao et al. 2016), but surprisingly an additional component, SOD,
is located at the periplasmic side in the center of the complex. The SOD was
expected to work for scavenging O, generated from the bcc complex.
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The corynebacterial supercomplex has all the prosthetic groups for cytochromes
bcc and aas (Fig. 4), of which the redox potentials (see Fig. 5) were estimated to be
—163, —291, +160, +100, +150, and +143/+317 mV, respectively, for heme by,
heme by, Fe/S, dihemes ¢, Cuy, and heme a/a; (Kao et al. 2016). These redox
potentials are much lower than the mitochondrial counterpart to which UQH,
(+90 mV) donates electrons instead of MQH, (—80 mV); highest difference at the
heme b (by/b;: 280 mV lower), medium difference at the Fe/S to Cu, (110-160 mV
lower), and minimum difference at the aas (77 and 43 mV lower). Thus, coryne-
bacterial supercomplex is a low or mixed potential complex having the lowest
potential bcc complex reacting with low potential MQ and the relatively high
potential aaz binuclear center reacting with oxygen. Thus, the bcc-aaz supercomplex
exhibits quinol oxidase activity able to transfer electrons from MQH,
(2,3-dimethylnaphthoquinol: DMNQH,) directly to oxygen (Niebisch and Bott
2003). The electron transfer rate in the complex from DMNQH, was determined
to be ~210 e /s/aaz, while soluble cytochrome ¢ (cyt. c)-dependent activity (with
TMPD + cyt. c: 130 e /s/aas) was lower than the MQH, oxidase activity (Graf et al.
2016). Since the isolated cytochrome aaj exhibited much higher cyt. ¢ oxidase
activity (440 e /s/aas), soluble cyt. ¢ may not be easily accessible to the electron
entry (near Cuy,) site by tight binding of the cytochrome bcc to the aasz in the
supercomplex.

2.2 Cytochrome bd Oxidase and Nitrate Reductase

Cytochrome bd oxidase, widely spread in Bacteria and Archaea, is another branch
for the MQH, oxidation to transfer electrons to oxygen in C. glutamicum. There is
one more another branch for MQH, oxidation in this organism, which is nitrate
reductase transferring electrons to nitrate instead of oxygen (Fig. 1). The bd oxidase
has been purified and shown to consist of large and small subunits, corresponding to
CydA and CydB, respectively (Kusumoto et al. 2000). The purified enzyme exhibits
a redox difference spectrum having peaks at 560, 595, and 627 nm, typical of
cytochrome bd such as in E. coli enzyme (a multisubunit enzyme comprising
2 heme B, bssg and bsos, and 1 heme D) (Miller and Gennis 1983; Kita et al.
1984). The bd oxidase has MQH, oxidase activity, which could be measured as
MQ,-dependent DMNQH, oxidation activity, via the quinone MQ bound to the
enzyme (Kusumoto et al. 2000). This is similar to what is observed in E. coli where
the cytochrome bo; oxidase is associated with a bound quinone, Qg, which functions
for bulk Q reduction (Sato-Watanabe et al. 1994). The bd oxidase has a relatively
high Ki value to cyanide of 5.3 mM (Kusumoto et al. 2000). The structure of this
enzyme was reported from Geobacillus thermodenitrificans (Safarian et al. 2016),
and only recently from E. coli (Safarian et al. 2019). Both the structures showed the
presence of an additional third subunit of ~4 kDa, and also a unique arrangement of
the three heme groups, where low spin (hexacoordinated) bssg, and two high-spin
bsos and d form a triangular arrangement and the bssg is located in close to the Q loop
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(quinone-binding domain). However, the position of d and bsos of Geobacillus
enzyme was shown to be interchanged in E. coli one. C. glutamicum bd oxidase
was expected to be E. coli-type enzyme (Safarian et al. 2019).

C. glutamicum has been shown to grow anaerobically in the presence of nitrate,
and to consume nitrate to produce nitrite as the reaction product (Nishimura et al.
2007; Takeno et al. 2007). The nitrate-dependent growth seems to be due to one of
the anaerobic respirations, nitrate respiration, where nitrate acts as the terminal
electron acceptor for the respiratory chain to generate Ap, instead of oxygen as is
the case in the aerobic respiration. The nitrate reduction occurs via a membrane-
bound respiratory nitrate reductase, called NAR, as demonstrated by the abolition of
nitrate-dependent growth upon disruption of the narG or narH genes of the
C. glutamicum nar operon (Nishimura et al. 2007), or of the narG or narJ genes
of the same operon (Takeno et al. 2007). The C. glutamicum genome has a single
narKGHJI operon that is very similar to the narK gene and narGHJI operon of
E. coli, which is different from the periplasmic nitrate reductase called NAP (see
Zumft 1997 for a review). Notably, nitrate may not be utilized as an electron acceptor
for nitrate respiration as long as oxygen is available because the nar operon
expression is repressed by the transcriptional regulator ArnR under aerobic condi-
tions (Nishimura et al. 2008).

2.3 Energetics of the Aerobic Menaquinol Oxidations

As shown in Figs. 1 and 4, the energy coupling efficiencies of the cytochrome bcc-
aas supercomplex and cytochrome bd oxidase (that is, the H* translocation ability),
are expected to be a H*/O ratio of 6 and 2, or a H*/e ™ ratio of 3 and 1, respectively.
For a two-electron transfer (O reduction), in the bcc-aas supercomplex, 2H* are
translocated by a Q cycle mechanism (light green arrows in Fig. 4) of the bcc
complex that does not include H* pumping but rather a pure scalar reaction: 2H*
are translocated by the H* pumping (red broken arrow in Fig. 4) of aas oxidase.
Additional scalar 2H" translocation (blue arrows in Fig. 4) can be performed by 2H*
release outside from MQH, generated in the substrate oxidation by primary dehy-
drogenase (MQH, — MQ + 2H*,,) and 2H" uptake inside with O, reduction to
water by aas oxidase (0O, + 2H*;, — H,0). Whereas, MQH, oxidation with
cytochrome bd oxidase could result in only the scalar 2H" translocation (blue arrows
in Fig. 4) by releasing H" outside from MQH, (MQH, — MQ + 2H",,,) and H*
uptake from inside to reduce oxygen to produce water (O, + 2H";, — H,0) during
the two-electron transfer. In nitrate reductase (not shown in Fig. 4), the same scalar
reaction generates Ap, inside negative potential and alkaline pH, as in the case of bd
oxidase. Only the difference is the nitrate reduction to produce nitrite (NO3~ + 2H™;,
— NO,~ + H,0), instead of O, reduction to H,O.

Phenotypic evidence attained with several C. glutamicum mutants exhibiting
various respiratory component defects supports the energy coupling efficiency
described above (Sone et al. 2004). Particularly, the growth phenotype of gcrCAB-
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or ctaD-deficient mutant (AgcrCAB or ActaD) has revealed that the bcc-aas branch
is of major importance for energy generation in this organism (Niebisch and Bott
2003; Koch-Koerfges et al. 2013). However, the defective mutant of another branch,
that of cytochrome bd oxidase, exhibits a normal cell growth during the exponential
growth phase, but a relatively large defect in the late growth phase (Bott and
Niebisch 2005; Kabus et al. 2007). This growth defect is presumably due to the
requirement of bd oxidase in the late growth phase where the dissolved oxygen
concentration is typically lower. What is more, relatively high expression of bd
oxidase has previously been evidenced in C. glutamicum cells at the stationary phase
of growth (Kusumoto et al. 2000). However, the overexpression of bd oxidase leads
to reduced cell growth that is concomitant with increased absorption spectra at
560 nm and 630 nm corresponding to cytochromes b and d, respectively, and also
with an increased respiration rate (Kabus et al. 2007). The same growth defect has
been shown more recently to occur by the upregulation of cydABCD operon which is
caused by a transcriptional regulator sigC overexpression (Toyoda and Inui 2016).
These observations are in agreement with expectations because the bd oxidase
branch has an overall energy coupling efficiency that is much lower than that of
the bcc-aas oxidase branch described below.

Kabashima et al. (2009) have analyzed the H*/O ratio of C. glutamicum respira-
tory chain using bd oxidase- and aa; oxidase-deficient mutants (AcydAB and
ActaD). In these experiments, AcydAB exhibited a H*/O ratio of 5.23, which is
close to the expected value when only the bcc-aaz branch functions in the respiratory
chain. Although the ActaD showed a H*/O ratio of 2.76, which is higher than the
expected value when only bd oxidase functions in the respiratory chain, the H*/O
ratio decreases from 2.76 to 2.29, which is close to the expected value of 2, when the
bd oxidase is overexpressed in the ActaD mutant. Thus, the H* translocation ability
(H*/O ratio of 2 and 6) expected for both terminal oxidase branches appear congru-
ent with experimental data, and both branches function at least in the growth
conditions tested, since the proton translocation ability of the wild-type strain (that
has both branches) in the exponential phase reaches a H'/O ratio of 3.94. Later,
Koch-Koerfges et al. (2013) have done more detailed analysis of Ap with AgcrCAB,
AcydAB, and also with double mutant (called as DOOR strain). AcydAB shows
almost the same Ap of —228 mV as the wild strain (—224 mV) at pH 7.0, while
AgcrCAB does 12% lower Ap (—197 mV). The Ap value is decreased in DOOR
strain by 31% (—154 mV). Thus, it is likely that cytochrome bd oxidase has a minor
role and essentially complements the cytochrome bcc-aas supercomplex activity
under conditions where this enzymatic complex does not work properly (Kabus et al.
2007), although it remains important, according to the nutrients, for growth even
under aerobic conditions (Kabashima et al. 2009).
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3 Physiological and Biotechnological Aspects
of Respiratory Chain Enzymes of C. glutamicum

C. glutamicum synthesizes ATP both by substrate-level phosphorylation, typified by
glycolysis, and by oxidative phosphorylation in respiratory chain which directly
links to TCA cycle. In the respiratory chain of C. glutamicum, NADH formed
through the central carbon metabolism is re-oxidized mainly by NDH-2, reducing
MQ to MQH,. Subsequently, the electrons from MQH, are passed to oxygen
molecules either via the cytochrome bcc-aas supercomplex or by cytochrome bd
oxidase, unless nitrate is added to the culture medium. The Ap generated by this
process is used to drive F|F,-ATPase to synthesize ATP.

3.1 Metabolic Changes Caused by Overproduction of NDH-2

Numerous kinds of valuable compounds have been produced from sugar substrates
by microbial fermentation. In these studies, the development of host strains that can
rapidly consume sugar substrate is important. Sugar substrate is commonly metab-
olized through the central carbon metabolism, which is tightly subjected to regula-
tion responsive to the redox state. The redox state is deeply depending on aeration
level of the culture. For a robust metabolism, NADH generated by the central carbon
metabolism has to be re-oxidized to NAD" for maintaining the intracellular redox
balance. Re-oxidation of NADH is carried out either by NDH-2 of the respiratory
chain or by reductive coupling reactions from pyruvate or oxaloacetate to L-lactate
or malate, respectively, in C. glutamicum (Figs. 5 and 6).

Tsuge et al. (2015) investigated the effects of ndh overexpression on glucose
consumption rate as well as intracellular NADH/NAD" ratio in C. glutamicum strain
R cultured under oxygen-deprived conditions, and found that glucose consumption
rate is increased by 14-26%, while NADH/NAD™ ratio is decreased by 44-59%
compared to the control strain. Additionally, applicability of the ndh overexpression
for metabolic engineering was examined in the several mutants derived from
C. glutamicum strain R. Among them, the Appc (encoding phosphoenolpyruvate
carboxylase; PEPC in Fig. 6) and Amdh (encoding NAD-dependent malate dehy-
drogenase) mutants, both of which are useful production host strains with the ability
to accumulate less succinate, and the engineered D-lactate producer strain, which
lacks ppc and ldhA (encoding NAD-dependent lactate dehydrogenase) but expresses
D-ldhA from Lactobacillus delbrueckii, showed similar results with the wild-type
strain, i.e., increased glucose consumption rate and decreased NADH/NAD™ ratio
compared to the control strain. Since NADH is mainly generated by glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) in the glycolysis due to the decreased activity
of TCA cycle under oxygen-deprived conditions and the GAPDH activity has
already been shown to be inhibited under higher NADH/NAD" ratio (Dominguez
et al. 1998), these results can be explained that overproduction of NDH-2 decreases
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NADH/NAD? ratio, relieving the inhibition of GAPDH activity, and consequently
enhances the glucose consumption.

However, in the AldhA mutant with a higher NADH/NAD" ratio than other
strains, overexpression of ndh does not affect glucose consumption rate despite
resulting in decreased NADH/NAD™ ratio, suggesting that the NADH/NAD™ ratio
in AldhA is still too high and thus the NADH/NAD™ ratio is not decreased enough to
the level that relieves the inhibition of GAPDH activity and can enhance the glucose
consumption rate.

The potential of enhanced glucose consumption, triggered by NDH-2
overproduction, for metabolic engineering was further investigated in the culture
under aerobic growth conditions. In the engineered pyruvate producer strain (AramA
AldhA Apgo Acat Apta-ackA), the ndh overexpression increased the biomass
formation but had no positive effect on glucose consumption rate under aerobic
growth conditions compared to the control strain (Kataoka et al. unpublished data),
which already exhibited increased glucose consumption rate as explained below.
The pyruvate producer strain was derived from the strain ATCC 13032 lacking all
known L-lactate- and acetate-pathways by inactivating RamA, a global regulator
responsible for activating the oxidative TCA cycle (Kataoka et al. 2019). The ramA-
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deficient strain has been shown to perform fermentative metabolism even under
aerobic growth conditions and thus consume glucose rapidly (Kataoka et al. 2019).
In this ndh-overexpressed pyruvate producer strain, the NADH/NAD™ ratio was low
enough to maintain the GAPDH activity under aerobic growth conditions, but more
succinate and fumarate, and less 2-oxoglutarate were produced than in the control
strain, the reason of which could be explained as described below (Fig. 6).
C. glutamicum possesses MQO and LIdD in the respiratory chain, which catalyze
the highly exergonic one-way oxidation of malate to oxaloacetate, and of L-lactate to
pyruvate, respectively, and transfer electrons to MQ (Figs. 5 and 6). Whereas MDH or
LdhA catalyzes a reversible oxido-reduction reaction, in which the reaction favors
reduction of oxaloacetate or of pyruvate, respectively. Thus, MQO and LIdD have
been shown to function as alternative NADH oxidation systems by coupling with the
reverse reactions catalyzed by MDH and LdhA, respectively (Molenaar et al. 2000;
Nantapong et al. 2004; Sawada et al. 2012) (Figs. 5 and 6). The LdhA/LIdD system
was previously reported to compensate for the ability of re-oxidation of NADH in the
ndh-disrupted mutant (Nantapong et al. 2004). Additionally, the increased MQO
activity was observed in the ndh-disrupted mutant (Nantapong et al. 2004), indicating
the involvement of the MDH/MQO system for the completion of weakened NADH
re-oxidation system. The metabolic change observed in the ndh-overexpressed pyru-
vate producer, i.e., increased production of fumarate and succinate and decreased
2-oxoglutarate accumulation, could be explained by the activation of reductive TCA
cycle. Overproduction of NDH-2 accelerates the re-oxidation of NADH and results in
over-accumulation of MQH,, which is used to drive the fumarate reduction by SDH
as mentioned in the Sect. 1.4.

3.2 Effects of Alteration of Menaquinol-Oxidizing Enzymes
on Glucose Consumption Rate and Amino and Organic
Acids Production

A mutant lacking the cydAB genes (encoding subunits I and II of cytochrome bd
oxidase) of C. glutamicum strain ATCC 13032 shows similar growth to that of the
wild type during the logarithmic growth phase, but strongly impairs growth there-
after, in which the dissolved oxygen levels are almost 0% of air saturation, indicating
the importance of cytochrome bd oxidase under oxygen-limited conditions (Kabus
et al. 2007; Koch-Koerfges et al. 2013). Meanwhile, the cydABDC-overexpressed
strain exhibits a strongly reduced growth rate and biomass formation (Kabus et al.
2007). This result might be explained by the difference in bioenergetic efficiency
between the cytochrome bcc-aas supercomplex and cytochrome bd oxidase. The
shift of the terminal oxidase from the bcc-aas supercomplex to bd oxidase in the
menaquinol oxidation system reduces Ap, and results in reduced ATP synthesis by
F,F,-ATPase. To compensate this reduced ATP generation by oxidative phosphor-
ylation, glucose required for catabolism is increased while the amount of glucose for
biomass formation (glucose assimilation) is decreased.
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The effects of absence or overproduction of cytochrome bd oxidase on amino
acid production were also analyzed in the lysine producer, strain MH20-22B. The
deletion of cydAB in strain MH20-22B increases the lysine production but does not
affect the growth and glucose consumption (Kabus et al. 2007), which may reflect
the less ability to flow the carbon into biomass formation in strain MH20-22B than in
strain ATCC 13032. As discussed above, this result also can be explained by the
difference in bioenergetic efficiency between two MQH,-oxidizing enzymes, i.e.,
the inactivation of the bd oxidase increased the dependency on the bcc-aas
supercomplex to produce more Ap and thus increased ATP synthesis, and resulted
in the glucose availability for lysine synthesis. On the other hand, overproduction of
the bd oxidase decreased the production of lysine, growth rate and biomass forma-
tion (Kabus et al. 2007), showing a consistency with the profile of the cydABDC-
overexpressed strain derived from ATCC 13032.

The strategy to alter the bd oxidase was also applied for the pyruvate producer
strain because pyruvate is the end product of glucose catabolism, glycolysis, which
will be enhanced by the reduced Ap. Overexpression of cydABDC in the pyruvate
producer strain (AramA AldhA Apgo Acat Apta-ackA) expectedly further enhanced
the pyruvate production and glucose consumption during the stationary phase,
exhibiting the decreased biomass formation as observed in other strains (Kataoka
et al. unpublished data). Interestingly, the cydABDC-overexpressed pyruvate pro-
ducer strain accumulated less fumarate, succinate, and 2-oxoglutarate compared to
the control strain (Fig. 6). Although the reason for the decreased production of
2-oxoglurate is still uncertain, the reduced accumulation of fumarate and succinate
could be explained by the decreased carbon flow to the reductive TCA cycle.
Overproduction of bd oxidase accelerates the re-oxidation of MQH, and results in
decreased MQH, availability to drive the fumarate reduction by SDH, which is an
adverse phenomenon observed in the ndh-overexpressed pyruvate producer strain.

As described in the Sect. 2.3, both AgcrCAB (encoding bee complex) and ActaD
(encoding subunit I of cytochrome aa; oxidase) mutants show impaired growth in
glucose minimal medium (Koch-Koerfges et al. 2013). When the AgcrCAB and
ActaD mutants were cultured in a biotin-limited glutamic acid fermentation medium,
interestingly, both mutants showed 36-59% increased glucose consumption rate per
cell but no glutamic acid production (Kataoka et al. unpublished data). Instead of
glutamic acid, both the mutants accumulated more pyruvate and pyruvate-derived
metabolites than wild type. Although the reason for this fermentation profile of
mutants of cytochrome bcc-aas supercomplex is still unclear, this would be due to
the deficiency of the oxidative phosphorylation by respiration.
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3.3 Effects of Decreased F ;F ,-ATPase Activity on Glucose
Consumption, Respiration, and Amino Acid Production

The Ap generated by the function of primary dehydrogenases and MQH,-oxidizing
enzymes is finally converted to ATP by F,F,-ATPase in C. glutamicum.

A mutant of C. glutamicum strain ATCC 14067 with a 75% reduced FF,-
ATPase activity, strain F172-8, was firstly reported by Sekine et al. (2001). This
mutant shows a 70% enhanced glucose consumption per cell and two-times higher
respiration rate but much less glutamic acid production compared to the wild type
when cultured in a standard biotin-limited glutamic acid fermentation medium. In
the metabolic point of view, the formation of lactate and pyruvate-family amino
acids such as alanine and valine is increased in strain F172-8, whereas the accumu-
lation of 2-oxoglutarate and glutamate-family amino acids such as glutamate and
proline is inhibited. The increased glucose catabolism in strain F172-8 might be due
to a response of the cells to compensate the shortage of intracellular ATP caused by
the defect in F|F,-ATPase. This change consequently leads to high intracellular
pyruvate concentration, and results in the enhanced production of pyruvate-derived
compounds. Later, the mechanism of increased respiration rate in the F,F,-ATPase-
defective mutants was examined by proteomic and transcriptional analyses and
enzyme activity measurement. It was found that the MDH/MQO and LdhA/LIdD
systems, SDH, and cytochrome bd oxidase were up-regulated and enhanced in the
mutants compared to the wild-type strains, but NDH-2 and cytochrome bcc-aas
supercomplex were not (Li et al. 2007; Sawada et al. 2012).

A strain A-1, which is derived from strain ATCC 13032 and possesses the same
mutation as strain F172-8, was engineered to improve the production of valine, a
pyruvate-family amino acid, by overexpressing the genes for a feedback-insensitive
acetohydroxyacid synthase and acetohydroxyacid isomeroreductase from
C. glutamicum. The engineered strain produced 2.5-times higher amount of valine
than the control strain (Wada et al. 2008), indicating the superiority of F,F,-ATPase-
defective mutant as a host strain for the production of pyruvate-derived metabolites.
Additionally, even though the detailed mechanism has not been clarified so far, when
strain F172-8 is cultured under exhaustive biotin limitation with much smaller
inoculum size or under Tween 40-triggered production conditions, a 22-54%
increased glutamic acid production is observed compared with wild type, strain
ATCC 14067 (Aoki et al. 2005).

4 Conclusions and Future Directions

C. glutamicum has a rather simple respiratory chain in terms of the terminal
menaquinol oxidases, a higher energy-generating cytochrome bcc-aa;
supercomplex and a lower energy-generating cytochrome bd oxidase or nitrate
reductase, although these menaquinol oxidase systems could be regulated depending
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on the cellular situation, growth phase, nutrient sources, aeration and so on. On the
other hand, this bacterium has unique and rather sophisticated respiratory chain in
the menaquinone reduction part, comprising many different flavoprotein dehydro-
genases. Of these primary dehydrogenases, MQO and LIdD could participate in
NADH re-oxidation coupled with their respective cytoplasmic MDH and LdhA. The
unique NADH oxidation systems, together with NDH-2-dependent NADH oxidase,
seems to be critically regulated by the energetic state of the cells, which may be
related to the cellular NADH/NAD™ level. As a result, the energetic state of the
corynebacterial cell is deeply related to its metabolism; this could be exploited
further as critically linked to the amino acid production in this bacterium.

Since, as described herein, changes of the energetic efficiency and of the related
metabolic flux caused by qualitative changes of the respiratory chain or by a
defective F Fy-ATP synthase have strong effects on the metabolism and amino
acid production, the respiratory chain and the energy metabolism are an attractive
target for improving the amino acid productivity of C. glutamicum. The modulation
of the respiratory chain composition in favor of either an increased or decreased
bioenergetic efficiency, or of alternating NADH re-oxidation manner possibly relat-
ing to O, generation ability, could thus be implemented as a strategy to improve the
amino acid productivity of C. glutamicum-based processes.
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Abstract Corynebacterium glutamicum is an important biotechnological organism
as well as a model organism for other corynebacteria including pathogenic species.
C. glutamicum also seems suitable as a model organism for corynebacteria in respect
of studies of regulatory networks controlled by sigma factors of RNA polymerase,
because its sigma factors represent a common subset, which was found in most
Corynebacterium species. The C. glutamicum genome encodes seven ¢ factors: A
primary ¢, a primary-like 6® and five & factors of the extracytoplasmic function
(ECF) group (GC, o®, 6%, 6" and GM) that are involved in various stress responses.
Activities of 6, 6" and ' are controlled by the cognate anti-sigma factors.

Activities of ECF sigma factors in response to heat, cold, cell surface and oxidative
stresses, DNA damage, growth phases, nutritional limitations and chemostresses
caused by various harmful substances often overlap. Most of the consensus sequences
of different promoter classes recognized by individual sigma factors have been
defined. C. glutamicum sigma factors 6™ and ¢® initiate transcription from nearly
identical promoters and their recognition specificity probably depends largely on
physiological conditions. Comparison of consensus sequences of promoters recog-
nized by ECF sigma factors indicates that they are mutually similar to various extent
and recognition specificities of these sigma factors may also overlap.
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1 Introduction

The transcription of bacterial genes driven by DNA-dependent RNA polymerase
(RNAP) is the first step in gene expression. The RNAP core is a large complex
enzyme consisting of the subunits o,pp’'®. The RNAP core is sufficient for tran-
scription elongation and termination, however, an additional dissociable subunit,
sigma, is necessary for the initiation of specific transcription. The sigma subunit
(factor), which binds to the RNAP core to form the RNAP holoenzyme, is respon-
sible for promoter recognition and subsequent transcription initiation. Thus ¢ factors
are the regulators that are necessary for the transcription initiation of each bacterial
gene. Bacteria contain several different o factors. Most o factors belong to the ¢”°-
family and all eubacteria encode at least one such o factor, while not all of them
contain a ¢ factor of the 6”*-family. Only a single o factor was found in Mycoplasma
genitalium, whereas 7 ¢ factors were reported in Escherichia coli, 13 in Mycobac-
terium tuberculosis, 17 in Bacillus subtilis, 34 in Rhodococcus jostii and over 60 in
Streptomyces species. The o’’-type factors were classified into four groups (Gruber
and Gross 2003): Group 1, essential primary o factors (4 domains) that drive the
transcription of housekeeping genes; Group 2, the primary-like ¢ factors (4 domains)
that are not essential; Group 3, o factors (3 domains) which control the genes
involved in specific functions such as sporulation and the biosynthesis of flagella
and Group 4, o factors (called also extracytoplasmic function, ECF ¢; 2 domains)
which are mostly active in response to various stresses. Sigma factors thus function
as regulators which can switch the expression of gene groups (regulons) depending
on growth conditions and environmental stimuli. The o factors of the o’’-family
consist of two to four conserved domains. The domain structure of Corynebacterium
glutamicum o factors is shown in Fig. 1.

The activity of many ECF o factors is regulated by anti-c factors, which are
sensory proteins mostly encoded by genes located nearby the sig genes (Paget 2015).
The anti-c factors inhibit the function of the ¢ factors by direct protein-protein
interactions. In the absence of stress stimuli, the anti-c factors inactivate the ¢ factors
by binding and occluding their RNAP-binding determinants. Sigma factors become
active under inducing conditions when anti-c factors are degraded or released from ¢
factors in response to extracellular stimuli (Paget 2015). The mechanisms which
regulate the activity of ¢ factors by anti-c factors in C. glutamicum have not yet been
described.

2 Sigma Factors and Anti-sigma Factors in Corynebacteria

Searching for the genes encoding ¢ factors of RNA polymerase in the complete
genome sequences of corynebacterial strains deposited in the KEGG Genes Data-
base (in total 95 strains classified into 47 species) revealed that only sigma factors of
the o’°-family (and not of the 6°*-family) are present in corynebacteria. The essential



Sigma Factors of RNA Polymerase in Corynebacterium glutamicum 91

1 2 3 4
185 256 334 422
1 i o s
222 333 421 48
3 94 172 260
— i - s
64 171 259 319
26 123
B Sigc
96 175
23 127
—— - SigD
101 181
42 141
—im{1 SigE
114 198
18 127
T s
a9 184
27 119
—m{ e s
97 17€

Fig. 1 Domain structure of C. glutamicum ¢ factors. The boundaries of the domains are marked
with the numbers of amino acids within the proteins. Numbers assigned to the conserved regions
(domains) are shown on the top

primary sigma factor 6 (Group 1) as well as the primary-like sigma factor ¢®
(Group 2) were found to be present in each of the sequenced species of the genus
Corynebacterium. On the other hand, no ¢ factor of Group 3 has been found in
corynebacteria so far. As shown in Table 1, the number of ECF o factors (Group 4)
varies from four to nine in the individual species of the genus Corynebacterium.

Among actinobacteria, o factors were mostly studied in M. tuberculosis,
encoding 13 different ¢ factors. The nomenclature of the actinobacterial ¢ factors
is therefore based on their sequence similarity to the related well-characterized
M. tuberculosis o factors. A high level of identity (>45%) to the M. tuberculosis
ECF o factors was found in five corynebacterial ECF o factors (designated <, 6,
6", 6% and 6" according to their M. tuberculosis homologs). Sigma factors 6 and 6
are present in each of the 47 sequenced corynebacterial species. Sigma factor ™ is
missing in two species (Corynebacterium sphenisci and C. ureicelerivorans) and "
in three species (C. lactis, C. stationis and C. urealyticum). On the other hand, o¢
was only found in one species of the genus Corynebacterium (C. variabile).
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Table 1 Numbers of ECF sigma factors in 47 sequenced genomes of Corynebacterium species
(according to KEGG Genes Database)

Number of ECF sigma

factors Corynebacterium species

9 C. glyciniphilum

8 C. falsenii, C. mustelae, C. resistens

7 C. aurimucosum, C. diphtheriae, C. doosanense, C. epidermidicanis,
C. jeikeium, C. kutscheri, C. minutissimum, C. pseudotuberculosis,
C. ulcerans

6 C. ammoniagenes, C. casei, C. crudilactis, C. glaucum, C. halotolerans,
C. lactis, C. phocae, C. simulans, C. singulare, C. striatum,
C. testudinoris, C. variabile, C. vitaeruminis

5 C. glutamicum, C. aquilae, C. argentoratense, C. callunae,
C. camporealensis, C. efficiens, C. humireducens, C. imitans,
C. kroppenstedtii, C. marinum, C. maris, C. stationis,
C. terpenotabidum, C. uterequi

4 C. atypicum, C. deserti, C. flavescens, C. frankenforstense, C. sphenisci,
C. urealyticum, C. ureicelerivorans

As for other M. tuberculosis ECF o factors (GJ, of, of, GM), their putative
homologs in corynebacteria were found to exhibit lower levels of identity
(25-41%) to them when compared with GC, GD, GE, 6% and o', The most frequent
are the 6™-like factors found in 41 sequenced species of the genus Corynebacterium.
The o™-like factors seem to form a heterogenous group, since only a low level of
identity (<45%) of the sigma factors of this group was found, even between the
individual Corynebacterium species. The 6*-like factors were found in 15 sequenced
species, whereas the o’-like and c™-like factors are present in six corynebacterial
species each.

It was found that another "-like sigma factor is present in 14 species of the genus
Corynebacterium in addition to ¢". Even two different ¢"-like sigma factors were
found in C. resistens in addition to ", Similarly, a cP-like sigma factor was found in
five corynebacterial species in addition to c".

In M. tuberculosis, genes encoding anti-c factors were found downstream of the
genes encoding the corresponding ECF sigma factors 6°, o=, 6, 6, 6™ and o™.
Similarly, genes encoding anti-c factors pertinent to 6", 6", 6" and 6™ are present
downstream of the respective sig genes in the vast majority of corynebacterial
species. On the other hand, no genes encoding anti-c factors were found downstream
of the genes encoding ¢"-like and 6™-like factors in any of the sequenced species of
the genus Corynebacterium. Similarly, no genes encoding anti-c factors are present
downstream of the genes encoding accessory 6" -like and 6”-like sigma factors.

In conclusion, ¢ factors and anti-c factors in corynebacteria are very variable.
Sigma factors designated with the same letter (e.g. ™) are not necessarily highly
similar. On the other hand, similar homologous ¢ factors can fulfil different func-
tions e.g. in pathogenic and in non-pathogenic corynebacteria. Cells of the patho-
genic species are able to overcome stresses produced by the host, e.g. the influence
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of acid, bile, lysozyme or other antimicrobial agents. Since most of these damaging
substances endanger the integrity of the cell envelope, the pathogens may respond by
activating the same ¢ factor regulons which direct the response to cell envelope
disturbance by the action of detergents or toxic aromatic compounds in
non-pathogenic soil species. Some ¢ factors are directly involved in pathogenicity
functions, e.g. " and 6¥in C. pseudotuberculosis (Pacheco et al. 2012; Ruiz et al.
2011). C. glutamicum seems to be a suitable model organism for actinobacteria in
terms of ¢ factors, because its seven ¢ factors represent a common subset found in
most actinobacteria.

3 Sigma and Anti-sigma Factors in Corynebacterium
glutamicum

The C. glutamicum genome encodes seven o factors: A primary ¢, a primary-like
o® and five o factors of the ECF group (GC, GD, GE, o and GM) that are involved in
various stress responses. The activity of three of them is regulated by anti-sigma
factors: RshA (anti-c""), CseE (anti-c¥) and RsdA (anti-c”). The description of
C. glutamicum o factors is arranged here according to their supposed impact on

cell activities.

3.1 Sigma Factors of Group 1 and 2
3.1.1 ", a Primary Sigma Factor

The C. glutamicum sigA gene encodes a primary sigma factor 6™ (belonging to
Group 1 of o factors) that controls the expression of housekeeping genes
representing the majority of the genes of the genome. The sigA gene is essential,
considering the fact that all attempts to delete it failed. The amino acid sequences of
C. glutamicum o™ DNA-binding regions are highly similar to the corresponding
sequences of sigma factors of Group 1 in related actinobacteria and also in E. coli.
This suggests that the function of the major essential sigma factor is conserved in the
evolution of bacteria and the respective promoters might also be similar in various
bacteria. The C. glutamicum sigA gene is transcribed from two promoters, vegetative
P1 and stress responsive P2 (Toyoda et al. 2015). The sigA gene is expressed during
the exponential growth phase and the expression decreases at the beginning of the
transition phase (Larisch et al. 2007). During the transition period, the 6* is replaced
by the primary-like sigma ¢®. However, the sigA gene is still weakly expressed
during the stationary phase and also during certain stress responses, probably due to
recognition of its promoter P2 by the stress responsive " The 6”* level seems to be
high throughout the whole exponential phase, since the sigA transcript is almost
constantly present during the exponential growth phase in the cell (Larisch et al.
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2007). Overproduction of 6™ using an expression vector with cloned sigA in the
recombinant C. glutamicum producers of lycopene, [3-carotene or linear C50 carot-
enoid substantially increased production of the desired substances in all cases,
particularly in stationary phase (Taniguchi et al. 2017). Thus, sigA overexpression
may lead to increased transcription of some genes even in the stationary growth
phase. Determination of global gene expression changes due to sigA overexpression
showed that relatively small number of genes were up-regulated: 49 genes in
exponential phase and 64 genes in stationary phase. If we consider that probably
thousands of genes are under control of 6 in the cell, the proportion exhibiting
increased activity due to high level of 6™ is very low. In agreement with this finding,
a weak increase in activity of several 6”*-dependent promoters was observed in most
two-plasmid assays with overexpressed sigA (Dostilova et al. 2017). The perma-
nently high level of ¢” in the cell is probably the reason why the deliberate
overexpression of sigA does not further increase the activity of these tested o”-
dependent promoters.

Sequences of bacterial promoters of housekeeping genes were generally found to
be similar to the E. coli consensus, which is TTGACA (—35 region) and TATAAT
(—10 region) (Lisser and Margalit 1993). In the initial analysis of C. glutamicum
promoters (33 sequences), the —10 element sequence was defined as TANAAT,
whereas the sequences of the —35 element were much less conserved (Patek et al.
1996). The —35 element consensus sequence based on the analysis of
159 C. glutamicum promoter sequences was defined as TTGNCA. However, most
of the positions are conserved to a lower extent than those in the — 10 hexamer (Patek
and NeSvera 2011). An extensive analysis of the C. glutamicum transcriptome
obtained by RNA sequencing provided 2454 transcription start sites (T'SSs) which
are most likely under the control of 6”*-dependent promoters (Albersmeier et al.
2017). The analysis of all deduced promoter sequences resulted in the —10 con-
served motif GNTANNNTNG (—10 hexamer is underlined). The trimer TTG only
appeared with the highest frequency within the —35 region, but no clear consensus
sequence was detected as a —35 hexamer (Albersmeier et al. 2017).

The activity of promoters of bacterial housekeeping genes is also influenced by
some conserved nucleotides in the upstream regions of —10 and —35 hexamers. A
TG dimer located one base upstream of the —10 hexamer was found specifically in
C. glutamicum promoters with sequences less similar to the consensus. This motif is
a part of the extended —10 region in other bacteria, especially in Gram-positive
(e.g. B. subtilis), but also in E. coli (Burr et al. 2000). The TG dimer extending the
—10 region to TGNTATAATNG strongly increased promoter activity in
C. glutamicum in mutagenesis studies (Holatko et al. 2008; VaSicova et al. 1999).
Another feature of the o”-dependent promoters could be connected to the
AT-richness of the region upstream of the —35 element. The analysis of trimers
occurring at positions between —35 and —150 showed a preference for AAA and
TTT, particularly in short-leadered and leaderless transcripts (63 and 47%, respec-
tively) (Albersmeier et al. 2017). An AT-rich region called the UP-element, charac-
terized as a low-conserved consensus sequence, was defined in E. coli promoters
upstream of the —35 element (Gourse et al. 2000). Although the statistical analysis
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showed that the A + T content and particularly AAA and TTT trimers exhibit a
periodicity with maxima 11 nt apart (helical periodicity) within the region —20 to
—90 in C. glutamicum promoter sequences, no particular consensus of the UP
element could be defined (Albersmeier et al. 2017). The key sequences of the
strongest 6”*-dependent C. glutamicum promoters could be found in the synthetic
promoter libraries: —35 TTGACA and —10 TGTGTTATAATGG (Rytter et al.
2014) and —35 TTGACA and —10 TGAGATATAATGG (Zhang et al. 2018).
These libraries could serve as sources of promoters with the required activity levels
for the purposes of overproducing specific proteins or metabolic engineering in
C. glutamicum.

3.1.2 ", a Primary-like Sigma Factor

The C. glutamicum sigB gene encodes a primary-like sigma factor 6* (belonging to
Group 2 of ¢ factors) that mainly activates the genes in the transition period between
the exponential and stationary growth phase (Larisch et al. 2007). The expression of
sigB is also upregulated by ethanol, salt, heat and cold stress (Halgasova et al. 2002)
and during lactic acid adaptation (Jakob et al. 2007). In addition to the genes
expressed in the transition phase and in response to various stresses, 6> was found
to be involved in the transcription of several genes determining glucose utilization
under conditions of oxygen limitation as well as during exponential aerobic growth
(Ehira et al. 2008). However, 6> is non-essential and knocking out the sigB gene
only results in a slightly slower growth of the o®-deficient strain (Larisch et al.
2007). The sigB gene is transcribed from a promoter controlled alternatively by ¢
and ¢ (Dostalova et al. 2017). The o"-dependent sigB expression was found to be
stronger than its 6" '-dependent expression by in vitro transcription and particularly in
the stationary phase by two-plasmid in vivo assay. The control of sigB expression by
two ECF o factors involved in cell surface stress response (c=) and in heat and
oxidative stress response (¢ clearly classifies 6° as a stress response regulator.
Similarly, the M. tuberculosis sigB gene was found to be under the control of ¢* and
6™ (Rodrigue et al. 2006). In addition to the stress-responsive promoter just upstream
of sigB, a 6™~ and/or 6®-dependent promoter driving transcription of the cg2099-
cg2100-cg2101-sigB operon was detected by RNA sequencing (Pfeifer-Sancar et al.
2013). This might explain why some glucose metabolism genes which are under the
control of ¢® are also expressed during aerobic exponential growth (Ehira et al.
2008). Thus, ¢® fulfils several functions: it activates genes during the transition
growth phase, promotes the expression of various stress response genes and partic-
ipates in the regulation of cell energy management during exponential growth. ¢°
could therefore be considered to be a general stress response ¢ factor as well as
another vegetative ¢ factor.

The 6* and 6° domains 2.4, 3.0 and 4.2 that interact with promoter DNA, exhibit
a high amino acid sequence similarity (Fig. 2). This high degree of similarity
suggests that the structure of 6*- and 6®-controlled promoters may also be closely
similar. Indeed, the difference between the consensus sequences of the —35 and —10
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2.4
o* 251 RDGRKAKNHLLEANLRLVVSLAKRYTGRGMAFLDLIQEGNLGLIRAVEKFDYSKGYKFSTYATWWERQAITRAMADQARTIRIP
o® 88 KDGKKARSHLLEANLRLVVSLAKRYTGRGMPLLDLIQEGNLGLIRAMEKFDYSKGFKFSTYATWWIRQAITRGMADQSRTIRLP
3.0
VHMVEVINKLGRIQRELLQEHFREPTPQELSKEMDISEEKVLEIQQYAREPISLDQTIGDEGDSQLGDFIEDSEAVVAVDAVSFTLL
o VHLVEQVNKLSRIKRELYQHHFREATNEELAEESGIEESKIEMLLRQSRDPVSLDMPVGADEEAPLGDFIEDSEATDAESAVVASMR
4.2
o QDQLQDVLETLSEREAGVVKLRFGLTDGMPHTLDEIGQVYGVTRERIRQIESKTMSKLNHPSRSQVLRDYLD
o HSDIRAVLNTLEPREQDVIRLRYGLDDGVPHTLDQIGRRFGLSRERVRQIEREVMSKLNDGERASRLREYAQ

Fig. 2 " and 6® sequence similarities. Identical amino acids are shown in green, similar amino
acids in yellow. Domains 2.4, 3.0 and 4.2, that bind the —10 region, extended —10 region and —35
region of a promoter, respectively, are boxed

elements of these promoter classes has been difficult to reliably define. The
suggested motifs —35 cgGCaa and —10 tAnAAT based on 7 determined promoters
(Ehira et al. 2008) and the extended —10 region tgngnTAtaaTgg based on 6 pro-
moters (Larisch et al. 2007) are not reliable due to a low number of experimentally
proven promoter sequences.

The situation in C. glutamicum is reminiscent of the relationship between the
primary (vegetative) sigma factor 6’ and the general stress sigma factor 6°° (6°) in
E. coli. It is notoriously difficult to distinguish between the consensus sequences of
6%~ and o”*-controlled promoters (Weber et al. 2005). The genes which are depen-
dent on ¢’ in vivo can often be transcribed in vitro with ¢°° and vice versa.
Apparently, a number of genes can switch from to 6'° to o°° dependency under
specific physiological conditions (Weber et al. 2005). Such switching depends on the
physiological status of the cell and the activity of a number of regulatory elements in
E. coli cells. It was found that the recognition specificities of C. glutamicum ¢™ and
6” overlap in their transcription from several promoters. The promoters of two c"-
controlled genes (Ehira et al. 2008), fba (fructose 1,6-bisphosphate aldolase) which
is active mainly during exponential growth and pgo (pyruvate:quinone oxidoreduc-
tase) which is active mainly in the transition phase, were active with both 6™ and ¢®
when tested in vivo and in vitro (Dostalova et al. 2017, Silar et al. 2016). In addition,
the typical vegetative C. glutamicum promoter Pper (of the gene encoding positive
effector of replication from the plasmid pGA1; Nesvera et al. 1997) provided strong
signals with both ¢ and ¢® when analyzed by in vitro transcription (Silar et al.
2016). Another strong vegetative promoter, P2sigA, which drives transcription of the
sigA gene, also provided specific transcripts with both 6 and 6® in vitro. However,
when the sigA and sigB genes were alternatively overexpressed in a C. glutamicum
cell, only 6” induced a clear increase in P2sigA activity (Dostalov4 et al. 2017). It is
still not clear whether the different activity of P2sigA with ¢® in vitro and in vivo is
due to the absence of regulatory elements (e.g. repressors or activators) and/or the
less strict specificity of RNA polymerase in vitro.

The analysis of the C. glutamicum transcriptome by RNA sequencing
(Albersmeier et al. 2017) looking for differences in the consensus sequences of
6™- and o®-dependent promoters detected a conserved G located 2 nucleotides
(nt) downstream of the —10 region (position —5) in approximately 75% out of
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114 promoters located upstream of 82 6"-dependent genes. Besides this single G, the
whole G-content of the region between the TSS and —10 hexamer TANNNT was
found to be higher (43%) in the supposedly o®-dependent promoters than in other
analyzed promoters (less than 30%) (Albersmeier et al. 2017). To test the possible
importance of this G-rich spacer for sigma specificity, the whole spacer sequences
(=6 to +1 relative to the TSS) within several typical 6”*- and o®-dependent pro-
moters were replaced by mutagenesis and their sigma dependence was determined.
However, a shift from 6*- to 6®-dependency or vice versa could not be generally
demonstrated (Pitek, unpublished results). The G-rich spacer between the —10
element and the TSS thus probably only has a statistical significance and does not
define individual 6®-controlled promoters.

There is still insufficient data on the structure of C. glutamicum o®-dependent
promoters, the regulatory mechanisms controlling their function, the basis for 6**- and
6®-promoter selectivity and physiological principles for the possible overlap of their
recognition by o~ and 6®. We hypothesize that most 6™*- and o®-dependent pro-
moters could be recognized to some degree by both ¢ factors depending on the growth
phase, environmental conditions and physiological status of the C. glutamicum cells.

3.2 Sigma Factors of Group 4 (ECF)
3.2.1 Sequence Similarities of C. glutamicum ECF Sigma Factors

Amino acid sequences of C. glutamicum ECF sigma factors show significant levels
of overall mutual similarity (with the exception of 6"; Fig. 3). When only comparing
the regions of C. glutamicum ECF sigma factors which are supposed to interact with
the —35 and —10 promoter elements (Fig. 4), the level of their amino acid similarity
between all ECF o factors is still more obvious. This suggests that the different
C. glutamicum ECF o factors might recognize similar promoter sequences. The
subtle differences, especially in the amino acids that are supposed to interact directly
with the specific nucleotides within promoter sequences (Li et al. 2019), between the
individual ECF o© factors might result in recognition of individual promoters by
various combinations of the ECF o factors.

gig- 13 Sif_nﬂarigésF of SigH | SigE | SigM | SigC | SigD
- glutamicum ELE sigma SigH | - 38% | 25% | 26% | <25%
factors (% identity) -
SigE | | —- 31% | 31% | <25%
sigM | | | - 28% | <25%
siecc | | [ ] - <25%
Sigp | | | | ] e
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a) o region interacting with -35 element

SigH 151 DLAYKEIEEIMDVPLETVMSRLHRGRKOERGMLKEVAKE
SigE 162 GMSYDEIEETLGVKMETVRSRIHRERSOERASLEAAAMT
SigD 149 GLSAEETEEMVGSTPEAVRVAQHRALTTHERSTLEQOENK
SigC 145 GETYEEAEKIADVRVETIRSRVARARADETAATATGDSS
SigM 151 GE¥TVEDVEEIEGIKVEIVKSRRGRARKABRALLHADFFG

b) o region interacting with -10 element

SigH 38 NPADEEBLVEDTYIKAY(QAFASFKPGINLKAWL-FRIMTINTY INMYRKKQROPSOTSADE ITDYQLV
Sigk 60 NOHDEEBLTBETFMRVFRSLKS¥QPGT-FEGWL-HRITINLFLDMVRHRGKIRMEAEDYERVPGNDI
SigDh 45 R@PTEEBVABEICLAVATSIRNEVDOGRPFMAFVEGIASNKVADAHRAMSRDKSTPIEEVPEESPDT
SigC 45 GHEIEDBLTBETYLRVMSALPREAERSSARTWL-LSHARRVWVDNIRHDMARPRKSIVEYEDEGATD

SigM 47 KPE]Z'QIILIEAL FRASRNMHLYRAFAALGTWL-HKEVLNSGFDWATHRSQVEFPILNEPTIDLEKD

Fig. 4 Similarities of C. glutamicum ECF sigma factor regions interacting with the —35 (a) and
—10 (b) promoter elements. The AAs identical in all C. glutamicum ECF o factors are shown in
purple, those identical in 2, 3 or 4 ECF o factors are shown in cyan or green and similar amino acids
are in yellow. The AAs of o1, identical or similar with the AAs of M. uberculosis o whose direct
interactions with specific nucleotides within promoter sequences have been proven (Li et al. 2019),
are in bold and underlined

3.2.2 ¢", a Sigma Factor with a Function of Global Regulator of Stress
Responses

The C. glutamicum sigH gene encodes a Group 4 sigma factor ¢ that mainly
controls heat and oxidative stress responses (Engels et al. 2004; Kim et al. 2005).
The rshA gene, encoding an anti-c factor, is located immediately downstream of
sigH (Busche et al. 2012). The same gene organization was found in mycobacteria,
in which the genes sigH and rshA form an operon encoding analogous ¢ and anti-c
factors (Song et al. 2003). C. glutamicum c" was found to share 69% identity with
the 6" from M. tuberculosis, whereas the respective anti-c" factors only share 32%
identity. Both C. glutamicum sigH and rshA genes could be deleted and such
deletion strains (AsigH and ArshA) were used to discover the ol regulon (Busche
et al. 2012; Ehira et al. 2009).

The sigH gene is expressed from a c"-dependent promoter in many bacteria
(e.g. M. tuberculosis). In contrast, C. glutamicum sigH was found to be transcribed
from three vegetative promoters, which are under the control of c* and/or c®
(Busche et al. 2012). The measurement of activity of the ¢"'-dependent promoter
PtrxBI showed that 6™ is produced at a low level during exponential growth
(Dostalova et al. 2017), whereas its production and activity grow markedly after a
heat shock (Ehira et al. 2009).

The C. glutamicum anti-o-encoding rshA gene was found to be expressed from
two promoters: a 6" '-controlled promoter located closely upstream of rshA (Busche
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et al. 2012) and a vegetative promoter driving the expression of rshA from the TSS
that was located 113 nt upstream (Pfeifer-Sancar et al. 2013). The o~ and/or ¢®-
controlled rshA promoter probably ensures a sufficient level of anti-c™ in the cell to
keep o' inactive during exponential growth and under non-stressed conditions,
whereas the c"-controlled promoter ensures the production of anti-c" and the
rapid ending of the stress response when the stress conditions are over. The separate
control of anti-c gene expression in C. glutamicum differs from the situation in most
other actinobacteria, where anti-c genes are only transcribed as part of the operon
from the upstream sig promoters (Song et al. 2003). Similar arrangement was only
found in some actinobacteria carrying homologs of rsrA encoding an anti-sigma
factor (Kim et al. 2012).

Using sigH deletion or overexpression, 45 genes organized in 29 operons were
found to be members of the 6 regulon in C. glutamicum strain R (Ehira et al. 2009).
Another study which employed deletion of the anti-c* gene rshA revealed 85 genes
directly or indirectly regulated by ¢ (Busche et al. 2012). These genes belong to
various gene groups related among others to proteasome components, disulfide and
heat stress response and DNA repair. Using chromatin immunoprecipitation com-
bined with a microarray (ChIP-chip) technique, 74 genes directly regulated by ¢
were identified (Toyoda et al. 2015). This approach uncovered further 6"-regulated
genes which are involved in the pentose phosphate pathway, riboflavin synthesis and
Zn-uptake. The large 6" -regulon thus contains genes with highly diverse functions
including those necessary for NADPH and flavin cofactor synthesis under specific
conditions (Taniguchi and Wendisch 2015). Deliberate overexpression of sigH
resulted in an increased expression of riboflavin biosynthesis genes and conse-
quently, riboflavin and flavin mononucleotide production. The study showed that
graded overexpression of sigH (and generally any sigma factor) may switch the cell
metabolism to produce a useful compound and discovered still untapped biotechno-
logical potential of C. glutamicum (Taniguchi and Wendisch 2015).

6! was also found to drive the transcription of other sigma genes: sigh! (Nakunst
et al. 2007), sigB (Ehira et al. 2009) and sigA (Toyoda et al. 2015). Since o®isa
general stress sigma factor, 6" is indirectly involved in responses to a variety of other
environmental stimuli. Moreover, the genes encoding transcriptional regulators
ClgR, SufR and HspR were found to be c"-controlled (Busche et al. 2012).
Recently, a partially overlapping specificity of ¢ with ¢ was observed which
extends the influence of o' to also include maintenance of cell wall integrity
(Dostélova et al. 2019) In conclusion, a large group of ¢'-regulated genes form a
complex regulatory network (Fig. 5) that plays a key role in many kinds of stress
responses, and 6" can thus be considered to be a global transcriptional regulator
(Schroder and Tauch 2010; Toyoda and Inui 2016a).

Promoters active with o' have been well described: the consensus sequence
GGAA—(18-20 nt)—GTT is highly conserved (Busche et al. 2012; Ehira et al.
2009). The key elements are identical to the core sequences which were found in
M. tuberculosis and Streptomyces coelicolor ¢"'- and o®-controlled promoters,
respectively (Paget et al. 2001; Raman et al. 2001). Moreover, o' is able to run
transcription from 6" and to some degree from 6"-dependent promoters (Dostalova
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Fig. 5 Scheme of 6" regulatory network in C. glutamicum. o factors are in circles; anti-c'" (RshA)
is shown as a crescent (in its reduced or oxidized form); transcriptional regulators are in ovals;
processes affected by o factors and transcriptional regulators are in boxes; thin arrows depict a
positive effect on transcription; a negative regulation of 6™ activity is shown by a T-bar. Based on
Busche et al. (2012) and Toyoda and Inui (2016a)

et al. 2017, 2019; Silar et al. 2016). The genes which were defined as ™-dependent
(Nakunst et al. 2007) were found to also be active with o' (Busche et al. 2012).
These versatile activities of ¢' are in agreement with the finding that various ECF
sigma factors can recognize similar promoters (Gaballa et al. 2018; Helmann 2016).
The observation that promoters of genes belonging to the regulons of other ECF
sigma factors are also recognized by ¢' strengthens the idea that ¢ is a crucial
regulator of stress responses in C. glutamicum (Fig. 5). The overlapping specificities
of the ECF o factors form the basis of the complex regulatory network of ¢ factors
and contribute to the cell response to complex stresses. Toxic aromatic compounds
such as ferulic acid (Chen et al. 2017), vanillin (Chen et al. 2016) and phenol
(Dostélov4, unpublished results) were found to initiate such complex chemostress
responses, which induce the expression of many stress genes regulated by the
cooperation of various C. glutamicum ECF sigma factors.

3.2.3 ", a Sigma Factor Involved in Cell Surface Stress Response

The C. glutamicum sigE gene encodes the Group 4 sigma factor 6= that mainly
controls cell surface stress response (Park et al. 2008). The cseE gene, encoding an
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anti-c factor, is located downstream of sigE (Park et al. 2008). The genes encoding
anti-o factors are located downstream of sigFE in most other corynebacterial species.
The same gene organization was also found in M. tuberculosis, in which the genes
sigE and rseA (encoding an anti-c factor) form an operon (Boldrin et al. 2019). The
6" activity was found to be specifically inhibited by the anti-c factor CseE (anti-c®).
Protein-protein interaction in vitro showed that CseE binds ¢* and in this way
mediates the antagonistic activity of anti-o* against = (Park et al. 2008).

The function of C. glutamicum o* seems to be similar to that of the homologous
ot in M. tuberculosis, which is essential for survival under conditions of cell surface
stresses and heat shock. C. glutamicum c* was found to share 71% identity with the
6" from M. tuberculosis.

The C. glutamicum AsigE strain grows at nearly the same rate as the WT strain,
whereas the AcseE strain grows much slower (Park et al. 2008). The strain lacking
sigE was more sensitive to detergents, lysozyme and some antibiotics, which
suggests that sigE has a role in cell envelope defense. sigE expression is quite low
during growth under optimum conditions, whereas it strongly increases after cell
surface stress (Park et al. 2008) and heat shock (Barreiro et al. 2004). In addition, the
sigE transcript level increases during nitrogen starvation (Silberbach et al. 2005),
and lactic acid adaptation (Jakob et al. 2007). This indicates that oF is also involved
in gene expression during the slow growth caused by nutritional limitation. In
agreement with this, the sigF promoter was most active during the transition and
stationary growth phases (our unpublished results).

According to the TSS determination by primer extension technique, the sigE gene
is transcribed from three o™- and/or ¢®-dependent promoters (our unpublished
results). The respective —10 promoter elements are conserved in other Corynebac-
terium species closely related to C. glutamicum (C. callunae, C. efficiens and
C. ammoniagenes) according to their genome sequences. Two main sigE TSSs
were also detected by transcriptome sequencing (Pfeifer-Sancar et al. 2013). Two
promoters were also detected upstream of the cseE gene. According to the sequences
of their —35 and —10 elements, one is vegetative, whereas the other with the motifs
GGAA—(19 nt)—GTT identical to the consensus sequences of the c"-specific
promoters, is most probably a stress promoter. Since the consensus motif of pro-
moters dependent on related mycobacterium ¢ is GGAAC—(18-19 nt)—GTT
(Rodrigue et al. 2006; Sachdeva et al. 2010), the C. glutamicum cseE stress promoter
might also be 6™-dependent. Although the consensus sequence of the ¢™-specific
promoters has not yet been defined, it seems that it is closely similar to the c™
consensus sequence. We showed that the C. glutamicum promoters PsigB
(Dostalova et al. 2017), P2dnaK, P2dnaJ2, and PlcigR (Silar et al. 2016) drove
transcription with 6™ or " both in vitro and in vivo. A similar overlap of ¢" and 6™
promoter specificity was observed in M. tuberculosis. The M. tuberculosis sigB gene
is also transcribed with both 6™ and ¥, and the two sigma factors recognize nearly
identical promoters with subtle differences immediately downstream of the —35
element GGAA (Song et al. 2008). The nucleotide at position —31 was also found to
be decisive for distinguishing between 6®- and 6"-dependent S. coelicolor promoters
with the main common motif GGAA within the —35 region (Kim et al. 2016).
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The participation of 6™ in the formation of the general stress sigma factor 6>, the
chaperons DnaK and Dnal2 and transcriptional regulator CIgR, which controls the
expression of the genes involved in proteolysis and DNA repair (Engels et al. 2004),
suggests that this sigma factor may participate in responses to several stress types
and complex stress conditions.

3.24 ", a Sigma Factor Implicated in the Maintenance of Cell Wall
Integrity

The C. glutamicum sigD gene encodes a Group 4 sigma factor ¢° that regulates
expression of the genes involved in mycolate synthesis and peptidoglycan formation
(Taniguchi et al. 2017; Toyoda and Inui 2018). The gene encoding anti-c factor was
found to be located downstream of sigD in most other corynebacterial and myco-
bacterial species. C. glutamicum " shares 55% identity with the ¢° from
M. tuberculosis. In contrast to the other C. glutamicum ECF o factors whose
amino acid sequences are mutually similar to various extents (Fig. 3), the overall
amino acid sequence of o differs substantially from the sequences of other
C. glutamicum ECF o factors (identity <25%).

The C. glutamicum sigD gene is transcribed from two vegetative (¢*- and/or o®-
dependent) promoters according to the TSS determination (49 and 120 nt upstream
of translation initiation site, respectively) by comprehensive transcriptome sequenc-
ing and genome-wide TSS determination (Pfeifer-Sancar et al. 2013). The rsdA
gene, encoding an anti-c factor, is transcribed from a single promoter with the key
sequence motifs —35 GTAAC and—10 CGAT, which were suggested to be consen-
sus sequences of 6”-dependent promoters (Toyoda and Inui 2018).

The C. glutamicum sigD deletion strain grew slightly slower than the WT strain,
whereas strong overexpression of sigD cloned in the expression vector severely
inhibited the growth of the culture (Taniguchi et al. 2017). The sigD deletion strain
was more sensitive to lysozyme and also to some antibiotics (vancomycin and
cephalothin), whereas sigD overexpression resulted in resistance to lysozyme
(Toyoda and Inui 2018).

Analysis of differential gene expression in the C. glutamicum ATCC 13032 WT
strain versus the sigD overexpression strain using the whole transcriptome data
obtained by RNA sequencing provided a set of 29 ¢°-dependent genes (Taniguchi
et al. 2017). This group included genes essential for the synthesis of mycolic acids
contained in the corynebacterial cell wall, the modification of peptidoglycan and
other cell envelope-related functions. Several of these genes which are involved in
the regulation of mycolate metabolism are specific for strains of the genera Coryne-
bacterium, Mycobacterium and Rhodococcus, which belong to the Mycolata group
of bacteria. TSSs of these 6”-dependent genes were mapped using a specific cDNA
library of primary 5-end transcripts using the same technique as that currently used
for C. diphtheriae (Wittchen et al. 2018). A search for the conserved sequence motifs
resulted in the localization of 11 6P-specific promoters (Dostalovi et al. 2019). Both
in vitro transcription and in vivo two-plasmid assay proved unequivocally that all
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these promoters initiate the 6°-specific synthesis of the transcripts (Dostélova et al.
2019). Using another methodical approach (ChIP-chip analysis), a similar set of
26 oP-dependent genes were revealed in the C. glutamicum strain R (Toyoda and
Inui 2018). In total 22 promoter sequences with nearly identical promoter sequence
elements —35 and —10, respectively, were defined by determining the TSSs by the
5'RACE technique and additional sequence analysis (Toyoda and Inui 2018). The
fairly conserved common consensus sequence GTAAC—(18-19 nt)—GAT of two
overlapping promoter sets could be deduced (Toyoda and Inui 2018; Dostélov4 et al.
2019). This 6" consensus is different from that of 6"'-specific promoters (GGAA—
(18-20 nt)—GTT). However, one of the 6" consensus motifs —35 GGAA or —10
GTT could be also found in two GD-dependent promoters, Pcg0607 and Plpd,
respectively (Dostalové et al. 2019). Although the 6" and 6 promoter consensus
sequences are different, it was found that most of the 6”-dependent promoters tested
by in vivo two-plasmid assay were also active to a much lower extent with '
(Dostélovi et al. 2019). Homology modelling of 6" and ' interactions with the —35
and —10 elements of the analyzed c°-dependent promoters showed that the two ¢
factors bind to the mainly 6"-dependent promoter in a similar way and only a few
amino acids within the 6° and ¢"' sequence are responsible for the different affinity
of each o factor to the promoter DNA (Dostdlova et al. 2019). These findings prove
that o™ can partially substitute for ¢” and thus may also be involved in the
maintenance of the cell wall integrity in C. glutamicum. Overexpression of the
sigD gene resulted in the accumulation of trehalose dicorynomycolate. This finding
may contribute to the development of the biotechnological production of this useful
compound (Taniguchi et al. 2017). On the other hand, strains with a lower content of
corynomycolate (possibly with a sigD deletion) were reported to excrete more L-
lysine and L-glutamate, which are large-scale products of C. glutamicum biotechno-
logical applications (Gebhardt et al. 2007).

3.2.5 65, a Sigma Factor Regulating the Aerobic Respiratory Chains

The C. glutamicum sigC gene encodes the Group 4 sigma factor ¢<, which is
involved in the control of two branches of the aerobic respiratory chain (Toyoda
and Inui 2016b). C. glutamicum ¢ was found to share 49% identity with ¢© from
M. tuberculosis. The function of C. glutamicum o, its regulon and consensus
sequence of the ¢ -specific promoters have comprehensively been described in a
single publication (Toyoda and Inui 2016b). The sigC gene is probably expressed at
a low level during cultivation under non-stressed conditions, since its transcript was
not detected by transcriptome sequencing (Pfeifer-Sancar et al. 2013) although it
was shown that 6 is essential for growth during exponential growth. No anti-c gene
was detected in the vicinity of sigC in C. glutamicum.

The promoter of the sigC gene was found immediately upstream of the start
codon of the gene, which indicates that its transcript is leaderless. The sigC promoter
is 6”- and/or 6®-dependent according to the —35 and —10 regions, which were
deduced from the position of TSS determined by 5’-RACE. The sigC gene is thus
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most likely not autoregulated, similarly to the homologous gene in M. tuberculosis
(Chang et al. 2012). The sigC gene is not induced by the impaired aerobic respiration
conditions (e.g. copper deficiency and addition of cyanide), whereas the genes of the
sigC regulon were upregulated under these conditions.

The deletion of sigC led to clones with an unstable phenotype and subsequent
mutant formation. The detection of clearly upregulated or downregulated genes was
therefore not reproducible with the AsigC strain. Overexpression of sigC resulted in
the activation of 39 genes forming 8 operons. However the growth of that strain was
slowed down and the culture reached a lower final optical density than the wild type.

The sigC regulon was determined by ChIP-chip technique and subsequent
sequence analysis (Toyoda and Inui 2016b). The regulon mainly contains genes
involved in heme and cytochrome synthesis as well as genes encoding parts of
ATP-binding transporters. Analysis of the aerobic respiratory circuits finally showed
that the 6 regulon is induced in response to impaired electron transfer by cyto-
chrome aas. In general, the 6 regulon participates in the regulation of the aerobic
respiration system in C. glutamicum (Toyoda and Inui 2016b).

ChIP-chip analysis revealed eight o-specific promoters. The consensus
sequence GGGAACT—(15-16 nt)—CGAC was confirmed by mutagenesis.
Although the core of the —35 region is identical to the consensus of this element
within the ¢'-dependent promoters, no recognition overlap between ¢ and c"
specificity has been observed so far.

In conclusion, 6 is involved in synthesis at terminal oxidases (cytochrome bd
and cytochrome aa; oxidases) which enhance bacterial tolerance to oxidative and
nitrosative stress conditions by scavenging reactive oxygen species. The detailed
physiological function of the 6 regulon and the signal transduction pathway from
environmental stimulus to stress response still remains to be elucidated (Toyoda and
Inui 2016b).

3.2.6 ", the Most Variable Sigma Factor in Corynebacteria

The C. glutamicum sigM gene encodes o™, which is the least understood
C. glutamicum sigma factor. It was suggested that 6™ is involved in the regulation
of oxidative and heat stress response in C. glutamicum (Nakunst et al. 2007).

C. glutamicum o™ only shares 37% identity with the o™ from M. tuberculosis,
which is much lower than the degrees of identities of other C. glutamicum ECF o
factors with corresponding M. tuberculosis ECF o factors (49—71%). The function of
C. glutamicum o™ may thus differ from that of M. tuberculosis ™. The supposed
difference in the function of 6™ factors of corynebacteria from that of M. tuberculosis
o™ is further supported by the fact that the activity of M. ruberculosis o™ is controlled
by a specific anti-sigma factor (Sklar et al. 2010), whereas no similar anti-sigma factor
was found in any corynebacterial species.

C. glutamicum o™ shares a high level of identity (65-87%) with the 6™ from only
three other species of the genus Corynebacterium (C. callunae, C. crudilactis,
C. efficiens). The corynebacterial o factors, designated o™, seem to form a
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heterogenous group of ¢™-like factors, since only a low level of mutual identity
(<45%) was found, even between the individual corynebacterial species.

The sigM transcript was not detected by C. glutamicum transcriptome sequencing
(Pfeifer-Sancar et al. 2013), which suggests that the gene is not significantly
expressed under non-stressed conditions. The transcription of C. glutamicum sigM
was induced by disulfide stress and after heat and cold shock. The sigM gene could
be deleted, however the c™-deficient strain was more sensitive to heat, cold and
disulfide stress. The influence of salt, alcohol or peroxide on growth was the same in
the WT and AsigM strains (Nakunst et al. 2007).

The sigM gene was found to be expressed from a o"-dependent promoter
according to qPCR (Nakunst et al. 2007). The sigM promoter was also proven to
be o*l-specific when tested by in vivo two-plasmid assay, however, it did not exhibit
any activity with any o factor in vitro (Dostdlovd, unpublished results). It is worth
noting that very similar PsigM promoters of two other Corynebacterium species
were found to be both 6"- and 6™-dependent (Dostilové, unpublished results). In
fact, the C. glutamicum PsigM sequence does not fit the defined 6™ consensus
sequence well (Patek and Nesvera 2011).

The sigM deletion strain was used to establish the 6™ regulon by microarray
transcriptome analysis (Nakunst et al. 2007). The promoters of the supposed directly
o™M-dependent genes were deduced from TSSs determined by 5’RACE. In this way
4 o™-dependent genes (trxB, trxBI, trxC, sufR) and their respective promoters were
defined. All these genes are involved in the disulfide stress response. The consensus
sequence GGGAAT—(17-18 nt)—GTTG is quite similar to the 6"'-consensus. In
agreement with the consensus sequence similarity, the same promoters were found
to be o'-dependent by in vitro transcription and in vivo two-plasmid assay
(Dostalova et al. 2017).

The genes 17xC and sufR were determined to be 6"'-dependent in the first 6" study
(Ehira et al. 2009). All four genes (trxB, trxB1, trxC, sufR) were also found to be o
dependent in other study (Busche et al. 2012). In a hunt for other o™-specific
promoters, we have found a few promoters which were both ¢™- and 6"'-dependent
(Dostalov4, unpublished results). It seems, therefore, that the potential M regulon is
another candidate for an overlap with the 6™ regulon. However, the gene group is not
homogenous in terms of their functions and the role played by o™ in the
C. glutamicum cell is therefore still uncertain.

4 Regulatory Overlaps of Sigma Factors

Expression of the sig genes, activity of o factors and the activation of the
corresponding ¢ regulons in response to various stresses and environmental stimuli
(Fig. 6) is orchestrated by many regulatory factors at the level of transcription,
translation and proteolysis (Fang 2005). The participation of transcriptional regula-
tors in the expression of sig genes, recognition of promoters by more than one
holoenzyme (RNAP core + ), overlaps of regulons, subsequent switching on of the
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Fig. 6 Sigma regulons. The size of the circles approximately represents the number of genes within
the regulon reported to date. Processes and stress responses regulated by the respective ¢ factors are
boxed

sig genes by the action of another ¢ factor in a cascade, and the regulatory network
controlled by o factors are the features of the regulatory system which allow bacterial
cells to adapt to any environmental conditions they encounter. At the same time,
such entangled causal relationships make understanding the reasons for and conse-
quences of individual regulatory steps more difficult.

Although the stress conditions may be different (e.g., oxidative stress, heat shock
and cell envelope stress), the impairments of cell can be similar: damaged proteins.
Such denatured proteins can be re-folded by chaperones or degraded by proteases.
To ensure the production of these crucial stress response proteins under different
conditions, the respective genes can be activated by different ¢ factors in response to
specific conditions.
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Sigma —35 element Spacer (nt) extended —10 element
A TTGNCA 16 - 18 TGNTATAATNG
B CGGCAA 16 - 18 TGNGNTATAATGG
C GGGAACT 15 - 16 CGAC
D GTAAC 16 - 18 CGAT
E N N N
H GGAA 18 - 20 GTT
M GGGAA 17 - 18 GTTG

Fig. 7 Consensus sequences of C. glutamicum of —35 and —10 promoter elements recognized by
the individual o factors. The spacer for ™*- and GB-dependent promoters was counted between the
—35 hexamer and — 10 hexamer (in bold). N not yet described. Nucleotides within the consensus of
ECF o-specific promoters identical to the o' consensus are highlighted

Indeed, a number of promoter recognition overlaps between various stress ¢
factors were observed in C. glutamicum. The expression of C. glutamicum genes
encoding some proteases (ClpB) and chaperones (DnaK and DnaJ2) was found to be
induced by both 6™ and 6" (Silar et al. 2016). The same ¢ and " overlap was
observed in the transcription of clgR which encodes a heat-stress responsive regu-
lator (Engels et al. 2005; Silar et al. 2016). Expression of the C. glutamicum sigB
gene that encodes the general stress response sigma factor ¢ is also alternatively
driven by 6" or o (Dostélovi et al. 2017). It is also possible that both 6" and ™
recognize the same C. glutamicum promoters (Dostalova et al. 2017; Nakunst et al.
2007; Silar et al. 2016). However, this overlap has not yet been clearly documented.

Recently, a weaker transcription from several mainly c"-dependent promoters
with 6" was discovered (Dostalovi et al. 2019). It seems that only a highly sensitive
two-plasmid assay could detect this 6™ activity.

Figure 7 shows that all of the described consensus sequences of the —35 and —10
promoter elements recognized by different ECF o factors in C. glutamicum are to
some extent alike, especially in the —35 region. This feature seems to be a reason for
observed overlap of different ECF o factors in recognition of some C. glutamicum
promoters described above.

Transcription of a gene from several promoters recognized by different o factors
is another mechanism that ensures optimal response of gene expression to stress
conditions. As an example, additional c*'-dependent promoters were found upstream
of the oP-activated C. glutamicum genes IppS and fadD2. Thus, expression control
of IppS (encoding L,b-transpeptidase involved in crosslink formation in peptidogly-
cans), and fadD?2 (encoding a long-chain fatty acyl-CoA ligase required for mem-
brane lipid synthesis), mediated by both ¢”-and 6" was documented (Dostilova
et al. 2019). Since a third promoter which is most likely controlled by ¢** and/or c®
was localized upstream of IppS, this gene may be co-regulated by as many as four o
factors. Such a redundancy of o factors regulating a single gene may ensure the
appropriate expression of a gene important for cell envelope synthesis under various
growth phases and in response to various conditions threatening cell integrity.

Toxic compounds may cause complex stresses requiring the coordinated activity
of a large number of genes and several ¢ factors. Such chemostress effects were
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analyzed with ferulic acid, vanillin and phenol at the C. glutamicum genome level.
Vanillin stress activated several stress genes, including those controlled by ™ (Chen
et al. 2016). Ferulic acid stress induced 517 genes, including genes sigB and sigE,
and consequently genes controlled by 6® and 6* (Chen et al. 2017). Depending on
the concentration, phenol may cause an oxidative stress, non-specific cell perme-
ability, or the dislodging of cell wall components (Denyer 1995). At the level of the
cytoplasmic membrane, phenol may displace phospholipids. It is expected that such
damage to the cell envelope, which is the first barrier maintaining bacterial cell
integrity, would induce a complex response of cooperating stress ¢ factors. More
than 200 genes were upregulated by phenol stress in C. glutamicum (Dostdlova and
Busche, unpublished results). Among them, more than 50 genes were identified to be
controlled by o8, 6%, 6P, and 6! or oF (Dostélova, unpublished results). Detailed
analysis of this chemostress response may further elucidate the mobilization of
complex defense mechanisms commanded by the combined efforts of different
sigma factors.
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Abstract Bacteria are equipped with sophisticated metabolic control systems to
adapt to variable nutrient conditions. While metabolic pathways are controlled at
enzyme activity levels and at mRNA levels, scarcity in preferred nutrients causes
transcriptional induction of genes for alternative nutrient source utilization. Tran-
scriptional regulatory systems controlling metabolisms of carbon, nitrogen, phos-
phate, and sulfur in Corynebacterium glutamicum have been extensively studied for
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the last two decades. The knowledge of the regulators, including regulon members,
operator sequences, and effectors, has deepened our understanding of the
C. glutamicum physiology and has led to develop synthetic biology tools for
metabolic engineering, maximizing the C. glutamicum potential as a production
host. In this chapter, we review the studies of the transcriptional regulators, espe-
cially focus on those with global regulatory roles in the primary metabolism in
C. glutamicum.

1 Introduction

In bacterial genomes, uptake and metabolic systems for versatile nutrient sources,
including carbon, nitrogen, phosphorus, and sulfur sources, are encoded to adapt to
fluctuating conditions. Elaborate mechanisms for sensing the environmental and
cellular nutrient status and those for switching gene expression in response to the
status are also encoded to express the corresponding genes at the appropriate degree
and timing and to avoid the expression of unnecessary genes. When multiple
resources exist, selective and successive utilization can be achieved by global
transcriptional regulatory mechanisms. Hierarchical transcriptional regulation medi-
ated by global regulators and pathway-specific local regulators constitute a tran-
scriptional regulatory network. Genome-wide analysis, including transcriptome
using microarray and high-throughput sequencer, has revealed the network structure
in some organisms. Since the genomic sequence of Corynebacterium glutamicum
was reported in 2003 (Ikeda and Nakagawa 2003; Kalinowski et al. 2003), genes for
the primary metabolic pathways and transcriptional regulators involved in their
regulation have been intensively studied [reviewed in (Schréder and Tauch 2010;
Nesvera and Patek 2011; Patek and NeSvera 2011; Bott and Brocker 2012; Neshat
et al. 2014)]. These studies revealed that the transcriptional regulatory systems
different from the paradigms established in model microorganisms, like Escherichia
coli and Bacillus subtilis, are working in the suborder Corynebacterineae in the class
Actinobacteria. For example, coordinated simultaneous carbon metabolism not
subjected to the catabolite control, adenylylation-mediated protein interaction of a
transcriptional regulator is involved in nitrogen control and coordinated transcrip-
tional regulation of methionine and cysteine synthesis pathways. In this chapter, we
review the current understanding of transcriptional regulators involved in carbon,
nitrogen, phosphorus, and sulfur metabolism in C. glutamicum.
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2 Carbon Catabolism Control

C. glutamicum is capable of utilizing a variety of carbon sources, including sugars,
sugar alcohols, organic acids, alcohols, amino acids, and aromatic compounds.
Studies identifying genes involved in the metabolism of these compounds were
followed by those identifying transcriptional regulators controlling the genes. All of
these carbon compounds are finally catabolized through the central carbon metabolic
pathways consisting of glycolysis, the pentose phosphate pathway, the TCA cycle,
and the glyoxylate shunt. The genes constituting these pathways are coordinately
regulated by multiple transcriptional regulators.

2.1 Sugar Uptake
2.1.1 Phosphotransferase System-Dependent Sugar Uptake

The phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system (PTS) is
the major sugar uptake system in most bacteria (Postma et al. 1993). It consists of
three components: two common cytoplasmic proteins, so-called general compo-
nents, enzyme I (EI) and HPr, and sugar-specific enzyme IlIs (Ells). Phosphoryl
group of PEP is transferred to EII via EI and HPr, then Ells couple sugar transport
with phosphorylation. C. glutamicum possesses Ells specific to glucose, fructose,
and sucrose, which are encoded by the ptsG, ptsF, and ptsS genes (cg1537, cg2120,
and ¢g2925 in the type strain ATCC 13032, cgR_1425, cgR_1766, and cgR_2547 in
strain R; hereafter the locus tag “cg----” indicates a gene in strain ATCC 13032,
“cgR_----" indicates that in strain R), respectively, while the general components EI
and HPr are encoded by the ptsI and ptsH genes (cg2117 or cgR_1763 and cg2121 or
cgR_1767) (Kotrba et al. 2001; Parche et al. 2001). While ptsG and ptsS are
dispersed in the genome, the other components are encoded in a cluster; an operon
consisting of fruR-pfkBI-ptsF-ptsH is located upstream of ptsI, which is divergently
transcribed. The genes, fruR (cg2118 or cgR_1764) and pfkBl (cg2119 or
cgR_1765) encode a DeoR-type transcriptional regulator and fructose-1-phosphate
kinase, respectively. Sugar-dependent transcriptional regulation of the pts genes has
been first reported in 2008 (Tanaka et al. 2008a). Northern analysis demonstrated
that fructose and sucrose induce all pts genes whereas glucose upregulates ptsi, ptsH,
and ptsG, the last two of which are generally expressed even in the absence of PTS
sugars. The analysis also showed that pzsH is transcribed not only as a part of the
operon but from its own promoter.

FruR, encoded by the first gene of the fruR-pfkBl-ptsF-ptsH operon, is not
involved in the sugar-dependent upregulation because, in the fruR deletion mutant,
the fructose-dependent upregulation of the fruR operon and ptsI was enhanced
(Tanaka et al. 2008a), which led to the idea that FruR attenuates the induction of
expression of ptsl, ptsH, and its own operon in the presence of fructose. Although
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FruR was obtained by DNA affinity purification using a DNA fragment
encompassing the intergenic region between ptsl and fruR (Tanaka et al. 2008a),
its binding motif was not determined.

Another DeoR-type transcriptional regulator, SugR, globally represses the pts
genes. SugR is encoded by the sugR gene (cg2115 or cgR_1761), whose genomic
locus is close to the ptsI-ptsF cluster, motivating its functional analysis (Engels and
Wendisch 2007). Transcriptome analysis using microarray revealed that in the
absence of PTS sugars, expression of all pts genes in the sugR deletion mutant
was higher than in the wild type (Engels and Wendisch 2007; Gaigalat et al. 2007)
(Fig. 1). The recombinant protein of SugR bound to the promoter region of these
genes in vitro. The binding of SugR to the ptsG promoter region in vitro was
inhibited by fructose 6-phosphate (Engels and Wendisch 2007). However, the
binding to the promoter region of ptsI was not inhibited by fructose-6-phosphate,
but by some sugar phosphates including fructose 1-phosphate and glucose
6-phosphate, each of which is yielded by fructose and glucose uptake via PtsF and
PtsG, respectively, and fructose 1,6-bisphosphate (Gaigalat et al. 2007). Of the sugar
phosphates tested, fructose-1-phosphate has the strongest inhibitory effect. This is
consistent with the fact that the pts genes were highly induced in the presence of
fructose compared with that in the presence of glucose (Tanaka et al. 2008a). The
binding sites of SugR have been investigated by different groups, confining the
region required for the SugR binding, but the consensus motif presented were
different from each other (Engels and Wendisch 2007; Gaigalat et al. 2007; Tanaka
et al. 2008b). Chromatin immunoprecipitation with microarray (ChIP-chip) analysis
detected the SugR binding in vivo to the promoter regions of the pts genes (Engels
et al. 2008). The alignment of the detected promoter regions determined the con-
sensus binding motif as TCRRACA (R: A or G) (Engels et al. 2008).

Functionally redundant two GntR-type transcriptional regulators GntR1 and
GntR2, the latter of which is strain-specific, have been first identified as transcrip-
tional repressors of gluconate utilization genes, encoding gluconate permease,
gluconate kinase, and 6-phosphogluconate dehydrogenase in strain ATCC 13032
(Frunzke et al. 2008). Transcriptome analysis of gnfRI/R2 (cg2783 or cgR_2434/
cg1935) double deletion mutant using microarray revealed the downregulation of
ptsG and ptsS as well as upregulation of the pentose phosphate pathway genes and
the gluconate metabolic genes. In vitro DNA binding assay and in vivo promoter
reporter assay confirmed that GntR1/R2 also function as transcriptional activators of
the pts genes. The DNA binding activity of GntR1/R2 was inhibited by gluconate
and glucono-6-lactone (Frunzke et al. 2008). Consistent with this, the glucose uptake
rate was reduced by gluconate. The coordinated regulation of gluconate utilization
pathway and PTS sugar uptake likely represents the molecular mechanism of
simultaneous utilization of different carbon sources of C. glutamicum rather than
sequential utilization observed in other model organisms. A ChIP-chip analysis of
GntR1 in C. glutamicum strain R, in which GntR2 is not encoded, not only
confirmed the previous results but also expanded its regulon and identified
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Fig. 1 Transcriptional regulators of genes involved in sugar uptake and metabolism. Metabolic
pathways are indicated by thick red arrows. Genes constituting the metabolic pathways are
indicated by italic letters. Sugars and metabolites are indicated by bold letters. Transcriptional
regulators are indicated by ovals. Arrows from the ovals indicate transcriptional activation, whereas
T-bars indicate repression. Lines ended with squares indicate the in vivo or in vitro binding of
transcriptional regulators with unknown function. G6P glucose 6-phosphate, FIP fructose
1-phosphate, 6PGL 6-phosphoglucono-1,5-lactone, 6PG 6-phosphogluconate, Ru5P ribulose
5-phosphate, Xu5P xylulose 5-phosphate, R5P ribose 5-phosphate, S7P sedoheptulose
7-phosphate, F6P fructose 6-phosphate, E4P erythrose 4-phosphate, FI,6BP fructose
1,6-bisphosphate, DHAP dihydroxyacetone phosphate, GAP glyceraldehyde 3-phosphate, /,3-
BGP glycerate 1,3-bisphosphate, 3-GP glycerate 3-phosphate, 2-GP glycerate 2-phosphate, PEP
phosphoenolpyruvate

consensus binding motif more precisely, 5-AWWGGTMRYACCWWT-3’ (Tanaka
et al. 2014), unveiling the more global physiological function of GntR1 as described
later.
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The MerR-type transcriptional regulator RamB (cg0444 or cgR_0442) has been
first identified as a transcriptional repressor of genes for acetate metabolism, includ-
ing glyoxylate shunt genes, aceA (cg2560 or cgR_2212) and aceB (cg2559 or
cgR_2211), and acetate activation genes, pta (cg3048 or cgR_2656) and ackA
(cg3047 or cgR_2655) (Gerstmeir et al. 2004). This study identified the RamB
binding motif, 5'-~ARAACTTTGCAAA-3' (R: A or G) and in silico search for the
motif in the genome identified a putative binding site in the ptsG promoter region.
Transcriptome analysis followed by in vitro DNA binding assay indicated that RamB
directly activates ptsG and ptsS expression during growth in minimal medium
containing glucose as a sole carbon source (Auchter et al. 2011a). In contrast,
promoter reporter assay demonstrated that RamB acts as a transcriptional repressor
of ptsG during growth in LB medium with or without glucose and acetate (Subhadra
and Lee 2013). The putative binding site is located at position +72 with respect to the
transcriptional start site (TSS) of ptsG, indicating that the repressor function is
seemingly reasonable. The putative RamB binding site upstream of p#sS is centered
at position —47 with respect to the TSS, which is likely consistent with the activator
function.

RamA (cg2831 or cgR_2464), a LuxR-type transcriptional regulator, was isolated
by DNA affinity purification using DNA fragments containing either the promoter
region of the pta-ackA operon or the intergenic region of aceA and aceB, as RamB
(Gerstmeir et al. 2004; Cramer and Eikmanns 2007). Thus, the names of these
regulators RamA and RamB (regulators of acetate metabolism A and B) represent
genes first identified to be regulated by themselves. Transcriptome analysis of the
ramA deletion mutant and in vitro DNA binding assay demonstrated that ptsG and
ptsH are directly repressed by RamA (Auchter et al. 2011a). There are seven and two
putative binding sites (consecutive four to six G or C) of RamA in the ptsG and ptsH
promoter regions, respectively, despite no direct evidence that RamA binds to all of
these sites. A part of the sites is located downstream of the TSS, implying the
repressor function of RamA.

GIxR (cg0350 or cgR_0377) is a homolog of E. coli cyclic AMP (cAMP)
receptor protein (CRP). It has been first identified as a transcriptional repressor of
the aceB gene encoding malate synthase in the glyoxylate shunt (Kim et al. 2004). In
silico search for its binding motif, 5'-TGTGANNNNNNTCACA-3’, which is almost
the same as that of E. coli CRP, and in vitro DNA binding assay confirmation
detected 77 binding sites in the genome, identifying putative 150 genes belonging to
the GIxR regulon (Kohl et al. 2008; Kohl and Tauch 2009). ChIP-chip and ChIP-seq
(ChIP with high-throughput sequencing) analyses (Toyoda et al. 2011; Jungwirth
et al. 2013) confirmed and extended the GIxR regulon by detecting GIxR binding to
DNA in vivo. The GIxR binding sites upstream of ptsG and in the intergenic region
between ptsl and the fruR-pfkBI-ptsF operon were detected by all the analyses
whereas those upstream of ptsS was detected only by ChIP-chip (Toyoda et al.
2011). Although the function of GIxR in vivo at those binding sites has not been
demonstrated, the position of the binding sites with respect to the TSS suggest a
repressor function at these sites. Indeed, promoter reporter assay has recently shown
that the ptsG promoter activity was upregulated in deletion mutants of glxR (cg0350
or cgR_0377) and cyaB (cg0375 or cgR_0397) (Subhadra and Lee 2013), the latter
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of which encodes adenylate cyclase producing cAMP. As the intracellular cAMP
levels of the glucose-grown cells are higher than those of acetate-grown cells (Kim
et al. 2004), GIxR may suppress ptsG expression in the presence of glucose where
SugR-mediated repression is alleviated.

2.1.2 B-Glucoside Uptake and Utilization

Unlike the type strain ATCC 13032, strain R can utilize -glucosides, including
salicin and arbutin (Kotrba et al. 2003). Genes for uptake and utilization of the
glucosides form a gene cluster, bglF-bglA-bglG (cgR_2729-2727), each gene of
which encodes p-glucoside-specific enzyme II of PTS, phospho-f-glucosidase, and
an antiterminator, respectively. The antiterminator is required for substrate-
dependent expression of the operon. In the absence of a substrate, transcription of
the operon terminates at a terminator present in the 5’-UTR (untranslated region) of
mRNA. In the presence of a substrate, the antiterminator is postulated to bind to the
ribonucleic antiterminator sequence in the terminator, thereby disrupting the termi-
nator structure and allowing elongation of transcripts. C. glutamicum R carries
another orthologous cluster consisting of bglF2-bglA2-bglG2 (cgR_2610-2608)
for B-glucosides utilization. Genetic analysis demonstrated that the components are
functionally equivalent, but the antiterminators BglG and BglG2 are specific to
cognate transcripts with minor cross-talk regulation (Tanaka et al. 2009). In contrast
to other PTS components, SugR is not involved in the expression of the gene clusters
(Tanaka et al. 2009). However, ChIP-chip analysis identified GIxR binding sites in
the promoter region of the operons (unpublished data), suggesting its involvement in
the regulation of the gene clusters.

In the type strain ATCC 13032 genome, the bglF-bglA-bglG cluster is present as
pseudogenes and bglA2 and bglG2 in the bglF2-bglA2-bglG2 cluster were lost
(Kalinowski et al. 2003; Yukawa et al. 2007). This suggests that the clusters were
present in the common ancestor of the two strains. This is supported by the fact that,
at the end of 2018, NCBI BLAST search revealed that other than strain R, at least
eight strains of C. glutamicum, whose genomic sequences are available, possess
orthologous gene clusters for f-glucosides utilization.

2.1.3 Non-PTS Sugars

Non-PTS sugars are transported into the cytosol via other transporters but not PTS.
The genes, iolT1 (cg0226 or cgR_0261) and iolT2 (cg3387 or cgR_2943), encoding
the myo-inositol transporters IolT1 and IolT2, were identified as inositol-responsive
genes by transcriptome analysis of cells grown on myo-inositol (Krings et al. 2006).
These transporters belong to the major facilitator superfamily. Genetic analysis and
sugar uptake study demonstrated that these transporters are functionally comple-
mentary inositol transporters (Krings et al. 2006). The gene cluster I and IT compris-
ing 13 and 8 genes, respectively, were upregulated in response to inositol. The iolT1
gene is located about 10 kb downstream of the cluster I. Gene deletion experiment
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showed that the cluster II, containing iol72, is dispensable for myo-inositol utiliza-
tion. The iolR gene (cg0196 or cgR_0236), encoding a GntR-type transcriptional
regulator, is located upstream of the io/ operon in the gene cluster I and transcribed
divergently. Transcriptome analysis of the iolR deletion mutant revealed that the iol
operon (cg0197-cg207 or cgR_0237-cgR_0246) and iolTI (cg0223 or cgR_261)
were highly upregulated compared with the wild type (Klaffl et al. 2013), demon-
strating the transcriptional repressor function of IolR. The DNA-binding activity of
IolR is probably controlled by inositol or its catabolite. The consensus binding site
KGWCHTRACA (K: Gor T, W: A or T, H: not G, R: A or G) was deduced using the
MEME tool (Bailey and Elkan 1994) and confirmed by in vitro DNA binding assay
(Klaffl et al. 2013). ChIP-chip analysis of GntR1 detected the GntR1 binding site in
the iolT1 promoter region, but deletion of gntRI had little effect on the iolTI
expression (Tanaka et al. 2014). A factor directly involved in inositol-responsive
induction of the gene cluster II has not been identified. IpsA, a Lacl-type transcrip-
tional regulator, activates expression of inol, encoding myo-inositol phosphate
synthase (cg3323 or cgR_2885), a key enzyme for endogenous inositol synthesis,
in the absence of inositol (Baumgart et al. 2013). Transcriptome analysis of the ipsA
(cg2910 or cgR_2534) deletion mutant showed that a part of genes (but not includ-
ing i0olT2) in the gene cluster II were upregulated in the mutant, suggesting repres-
sion of the gene cluster II by IpsA in the absence of inositol (Baumgart et al. 2013).

The in silico search detected the GIxR binding sites upstream of iol/T1 and iolT2
(Kohl et al. 2008; Kohl and Tauch 2009). ChIP-chip and ChIP-seq analyses also
confirmed the binding sites and additionally detected the binding site in the
intergenic region between iolR and iolC (the first gene of the iol operon) (Toyoda
etal. 2011; Jungwirth et al. 2013). These results suggest the GIxR involvement in the
regulation of inositol uptake and catabolism, although whether it acts as a repressor
or activator is not clear.

The IolT1 and IolT2 transporters are biotechnologically important owing to their
broad substrate specificity for glucose (Ikeda et al. 2011; Lindner et al. 2011),
fructose (Bdumchen et al. 2009), and xylose (Briisseler et al. 2018), in addition to
myo-inositol. Deletion of iolR, mutations in the iolR promoter, or myo-inositol
supplementation, all of which induced iolT] and iolT2, rescued the growth defect
of the deletion mutant of pzsH, encoding the PTS general component HPr, on
glucose as a sole carbon source. Substitution of glucose uptake pathway via PTS
with that via IolT1 was achieved by inactivation of PTS components and
overexpression of IolT1 and glucokinase (Ikeda et al. 2011; Lindner et al. 2011).
This enables cells to save PEP consumption during glucose uptake and use it for
bioproduction of PEP-derived compounds, including amino acids and aromatic
compounds, contributing to the improvement of production yield.

Another example of non-PTS sugar is maltose, a disaccharide composed of
glucose. Uptake of maltose is mediated by an ABC transporter system, MusEFGK2I
(Henrich et al. 2013), which is essential for maltose uptake and utilization. Deletion
of ramA significantly decreased expression of the transporter-encoding gene cluster,
musK?2 (cg2708 or cgR_2369), musE (cg2705 or cgR_2367), and musFGI (cg2704-
2703-2701 or cgR_2365-2364-2363), indicating an activator role of RamA (Auchter
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et al. 2011a). In addition, as predicted by in silico analysis (Kohl et al. 2008; Kohl
and Tauch 2009), the GIxR binding sites were detected in the upstream regions of
musK2 and musE by ChIP-chip and ChIP-seq analyses (Toyoda et al. 2011;
Jungwirth et al. 2013). Because the binding sites are located downstream of the
TSS of musK2 and overlap with the —10 region of the musE promoter, GIxR
probably represses the mus genes. Uptake of maltose enhances the expression of
ptsG, encoding the glucose-specific EIl of PTS. The upregulation of ptsG was
abolished in the ramA mutant. As RamA is involved in upregulation of mus genes
and ptsG, it is likely that RamA mediates the maltose effect on the ptsG upregulation
(Henrich et al. 2013).

The wild-type C. glutamicum is incapable of utilizing the sugar alcohol mannitol.
A deletion mutant of cgR_0187 (cg0146) is able to catabolize it (Peng et al. 2011).
cgR 0187 encodes a DeoR-type transcriptional regulator, which has been first
identified as the repressor SucR of the sucCD operon, encoding succinyl-CoA
synthetase (Cho et al. 2010). Later, SucR was also shown to repress its own gene
sucR and adhA (cg3107 or cgR_2695), encoding alcohol dehydrogenase (Auchter
et al. 2011b). msID, encoding mannitol 2-dehydrogenase (MtID), is encoded
upstream of cgR_0187 (sucR) with rbtT, encoding a putative ribitol transporter.
These genes are transcribed divergently from sucR. xylB, encoding xylulose kinase,
is located downstream of cgR_0187 (sucR) in the same direction. These genes were
upregulated in the cgR_0187 (sucR) deletion mutant and shown to be required for
mannitol catabolism (Peng et al. 2011), demonstrating the repressor function of the
regulator. Mannitol is oxidized to fructose, which is excreted once, then imported
again by PtsF, yielding fructose-1-phosphate. Taken together, this gene cgR_0187
was renamed mtIR (Peng et al. 2011). However, mannitol did not induce the genes
regulated by MtIR. Finally, arabitol was shown to be a genuine inducer of the
regulator (Laslo et al. 2012), leading to the designation of the regulator AtIR. The
adjacent genes, mtlD, rbtT, and xylB, were induced by arabitol supplementation,
enabling the wild type C. glutamicum to grow on the carbon source. rbtT encodes a
probable transporter for arabitol, not mannitol, and xylulokinase encoded by xyIB is
required for catabolism of xylulose generated by arabitol oxidation (Laslo et al.
2012). The ChIP-chip analysis detected the GIxR binding site overlapping the TSS
of rbtT (Toyoda et al. 2011), indicating that GIxR also represses the rbtT-mtlD
operon.

2.2 Glycolysis

Sugars transported by the uptake systems described above are metabolized in the
glycolytic pathway. C. glutamicum uses the Embden—Meyerhof—Parnas (EMP)
pathway comprising nine reactions for conversion of glucose-6-phosphate into
pyruvate. For the glycolytic genes, their transcript organization and transition of
their expression levels during the different growth phase on different carbon sources
have been demonstrated (Han et al. 2007). The gapA-pgk-tpi-ppc gene cluster
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(cgl791-1790-1789-1787 or cgR_1636-1635-1634-1633) encodes the key enzyme
glyceraldehyde-3-phosphate dehydrogenase, which is the first glycolytic enzyme
that generates the reducing equivalent NADH, with phosphoglycerate kinase,
triosephosphate isomerase, and phosphoenolpyruvate carboxylase, respectively. Of
the glycolytic genes, this cluster was specifically and highly upregulated during the
growth-arrested bioprocess, where cells were packed to a high density under oxygen
deprivation (Inui et al. 2007). To clarify the molecular mechanism underlying the
upregulation, transcriptional regulators interacting with the gapA promoter were
isolated using DNA affinity purification. GIxR, GntR1, SugR, RamA, and MalR
(cg3315 or cgR_2877), the former four of which have been shown to globally
regulate gene expression, as described above, have been obtained (Toyoda et al.
2008, 2009a), illustrating the importance of the control of the cluster expression. As
none of the regulators had been shown to regulate the glycolytic genes at that time,
this study first indicated their global regulatory function. ChIP-chip and ChIP-seq
analyses of GIxR and GntR1 detected the gapA promoter region, confirming their
binding in vivo (Toyoda et al. 2011; Jungwirth et al. 2013; Tanaka et al. 2014).

SugR represses the gapA expression during growth on a gluconeogenic substrate
like acetate or complex medium as it does the pts genes (Toyoda et al. 2008). ChIP-
chip analysis detected the SugR binding at the promoter regions of pfk (cg1409 or
cgR_1327, phosphofructokinase), eno (cgl111 or cgR_1071, enolase), pyk (cg2291
or cgR_1973, pyruvate kinase), and fba (cg3068 or cgR_2667, fructose-
bisphosphate aldolase) of the glycolytic genes as well as those of pts genes (Engels
et al. 2008). Although the binding of SugR to these promoter regions was confirmed
by in vitro DNA binding assay, transcriptome analysis of the sugR deletion mutant
revealed the significant upregulation of only eno owing to derepression. This
suggests that complex regulation of the genes by multiple transcriptional regulators
as observed for gapA. Even though not detected by ChIP-chip, another pyruvate
kinase-encoding gene, pyk2 (cg3218 or cgR_2811), was upregulated in the sugR
mutant, but this is probably due to the derepression of its upstream gene, IdhA
(cg3219 or cgR_2812), which is also repressed by SugR (Engels et al. 2008; Dietrich
et al. 2009; Toyoda et al. 2009c).

RamA activates gapA expression by binding to three sites in the promoter with a
different affinity (Toyoda et al. 2009a). In contrast, transcriptome analysis followed
by in vitro DNA binding assay demonstrated that RamA negatively regulates pfk
(6-phosphofructokinase) and pyk (pyruvate kinase) during growth on glucose
(Auchter et al. 2011a). The transcriptome study showed that RamB is not involved
in the regulation of the glycolytic genes.

GIxR also activates gapA expression (Toyoda et al. 2011) through its binding to
the promoter region at position —244 with respect to the TSS. ChIP-chip analysis
detected the GIxR binding sites in the promoter regions of the glycolytic genes pgi,
pik, gapA, pgk, and eno (Toyoda et al. 2011; our unpublished data). The putative
binding sites were found at positions —65, —174, —244, —56, and —100 with
respective to the TSSs of these genes, suggesting the activator role of GIxR. Indeed,
promoter reporter assay demonstrated that GIXR activates the expression of pfk by
binding to the putative site (Toyoda et al. 2011). The gapA operon yields four
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transcripts: gapA, gapA-pgk-tpi, pgk-tpi, and pgk-tpi-ppc (Schwinde et al. 1993).
GIxR regulates the promoters upstream of gapA and pgk.

DNA affinity purification and ChIP-chip analysis detected the GntR1 binding to
the gapA promoter (Toyoda et al. 2009a; Tanaka et al. 2014). The binding site is
located farther upstream of the GIxR binding site. Based on these findings, GntR1
may be involved in activation of gapA along with other transcriptional regulators,
although transcriptome analysis showed no discernible change in the gapA expres-
sion in the gntRI mutant. The ChIP-chip analysis also detected the GntR1 binding at
the promoter regions of pyk and gapB (also known as gapX), encoding glyceralde-
hyde-3-phosphate dehydrogenase isozyme with a different cofactor preference
(Omumasaba et al. 2004). Combined with the results of transcriptome analysis and
promoter reporter assay, GntR1 directly activates gapB expression and represses the
pyk expression in the absence of gluconate, the negative effector of GntR1 (Tanaka
et al. 2014). Transcriptome analysis and in vitro DNA binding assay showed that
gapB expression is also directly activated by RamA (Auchter et al. 2011a).

The group 2 sigma factor SigB globally activates the expression of the glycolytic
genes, namely, pfk, fba, gapA, pgk, tpi, and eno (Ehira et al. 2008). This finding
suggested the SigB-dependent promoter motif, distinct from the primary sigma
factor SigA-dependent one. The promoter motifs specific for the sigma factors
encoded in the C. glutamicum genome are described in detail in the Chap. 4.

2.3 Pentose Phosphate Pathway and Pentose Utilization

Pentoses, including ribose, xylose, and arabinose, are metabolized in the pentose
phosphate pathway. The pathway generates not only NADPH for reducing equiva-
lents, but also important intermediates, including riboflavin, phosphoribosyl pyro-
phosphate (PRPP), and erythrose-4-phosphate (E4P). PRPP is used for nucleic acids
and histidine synthesis whereas E4P enters the shikimate pathway, through which
chorismate, a precursor for aromatic amino acids, folate, and menaquinone, is
synthesized. Although the wild-type C. glutamicum is incapable of utilizing xylose
and arabinose, the metabolic engineering successfully developed strains that are able
to utilize the pentoses simultaneously with glucose as carbon and energy source
(Kawaguchi et al. 2006, 2008). Xylose and arabinose enter the pentose phosphate
pathway as xylulose-5-phosphate.

Genes involved in the pentose phosphate pathway are: tkt (cgl774 or
cgR_1624, transketolase), fal (cgl776 or cgR_1625, transaldolase), zwf-opcA
(cgl778-1779 or cgR_1626-1627, glucose 6-phosphate dehydrogenase), devB
(cgl780 or cgR_1628, 6-phosphogluconolactonase), all of which form an operon
in this order, gnd (cg1643 or cgR_1513, 6-phosphogluconate dehydrogenase), rpi
(cg2658 or cgR_2318, ribose 5-phosphate isomerase), and rpe (cgl801 or
cgR_1646, ribulose 5-phosphate 3-epimerase), three of which are dispersed in the
genome. As described above, GntR1 negatively regulates the tkr operon and gnd
gene, as well as the gluconate utilization genes (Frunzke et al. 2008).
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RamA represses the rkt operon (Auchter et al. 2011a), whereas it activates gnd
(Tanaka et al. 2012). As the RamA binding site, upstream of the gnd gene, overlaps
with one of the two binding sites of GntR1, RamA-mediated activation of the gnd
gene is blocked in the presence of GntR1.

The binding of SugR to the upstream region of the tkt operon was detected by
ChIP-chip analysis and further corroborated by the in vitro DNA binding assay,
although deletion of sugR had little effect on the expression of the operon (Engels
et al. 2008). ChIP-chip analysis also detected the binding of GIxR to the upstream
region of the tkt operon (Toyoda et al. 2011), but the role of GIxR in the regulation of
the operon has not been demonstrated.

ChIP-chip analysis of the alternative sigma factor SigH identified the SigH-
dependent promoters upstream of fal in the tkt-tal-zwf-opcA-devB operon and
upstream of 7ibC in the ribGCAH cluster (cg1800-1799-1798-1797 or cgR_1645-
1644-1643-1642), which encodes riboflavin biosynthetic enzymes (Toyoda et al.
2015). SigH is responsible for heat and oxidative stress response and upregulates
genes that are involved in protein quality control and oxidative stress protection as
well as genes for enzymes carrying oxidative stress labile cofactors (Ehira et al.
2009; Busche et al. 2012; Toyoda et al. 2015). Deletion of rshA, encoding the
cognate anti-sigma factor RshA, upregulated expression of tal-zwf-opcA-devB and
ribCAH, enhancing the production of NADPH and riboflavin. NADPH is utilized by
the thioredoxin system and dehydrogenases under the control of SigH. Riboflavin is
the precursor of FMN and FAD, redox cofactors for flavoenzymes, which are also
induced by SigH.

An ABC transporter essential for ribose uptake is encoded by the genes
rbsACBD, which form the operon rbsRACBD (cgl410-1411-1412-1413-1414 or
cgR_1328-1329-1330-1331-1332) with rbsR, encoding a Lacl-type transcriptional
regulator. Genetic analysis and in vitro DNA binding assay demonstrated that RbsR
acts as a transcriptional repressor of its own operon in the absence of ribose
(Nentwich et al. 2009). Ribokinases phosphorylating ribose to ribose 5-phosphate,
which enters the pentose phosphate pathway, are encoded by rbsKI in the uriR-
rbsK1-uriT-uriH operon (cgl1547-1546-1545-1544 or cgR_1432-1431-1430-1429)
and rbsK2 (cg2554 or cgR_2206). RbsR binding sites were found upstream of the
operon and the rbsK2. The uri operon is required for uridine uptake and metabolism.
UriR, a Lacl-type transcriptional regulator, represses its own operon (Brinkrolf et al.
2008). The rbs operon was no longer induced by ribose in the rbsK1-rbsK2 double
mutant, suggesting that an effector molecule affecting RbsR DNA binding activity is
derived from ribose-5-phosphate, although ribose-5-phosphate itself does not affect
the activity (Nentwich et al. 2009). The GIxR binding site with the unknown
physiological role was identified by ChIP-chip at position —90 with respect to the
TSS of rbsR (our unpublished data). In addition, the rbs operon, the uri operon, and
rbsK2 were significantly downregulated in the gnfRI deletion mutant (Tanaka et al.
2014). As only a weak ChIP-chip peak was detected at the intragenic region of uri7,
GntR1 may be indirectly involved in the regulation of these genes. Transcriptome
analysis of gntR1-gntR2 double deletion mutant of strain ATCC 13032 did not detect
the downregulation of these genes (Frunzke et al. 2008). The difference in the results
may be attributable to the basal medium used.
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2.4 The Tricarboxylic Acid (TCA) Cycle and Glyoxylate
Shunt

The TCA cycle generates reducing equivalents (in the form of NADH and
menaquinol), which are used for ATP synthesis by oxidative phosphorylation.
Meanwhile, the intermediates 2-oxoglutarate and oxaloacetate in the cycle are
used as precursors of glutamate and aspartate family amino acids. The TCA cycle
is essential for organic acid metabolism as well. For the acetate metabolism, the
glyoxylate shunt bypasses decarboxylation reactions in the cycle. For the metabo-
lism of propionate, the 2-methyl citrate cycle generates the TCA cycle intermediates
for further metabolism (Plassmeier et al. 2012). Genes involved in these metabolic
pathways are also controlled by the global regulators, like the genes for sugar uptake
and the glycolytic pathway as described above.

Pyruvate generated by glycolysis is first transformed into acetyl-CoA by pyruvate
dehydrogenase complex to enter the TCA cycle. Of the genes encoding the three
subunits AceE, AceF (SucB), and Lpd, aceE (cg2466 or cgR_2120) is positively
regulated by GIxR and RamB and aceF (cg2421 or cgR_2087) is activated by RamA
(Blombach et al. 2009; Auchter et al. 2011a; Toyoda et al. 2011) (Fig. 2). The
binding of SugR to the Ipd (cg0441 or cgR_0439) promoter region was detected
in vivo and in vitro, although sugR deletion had no apparent effect on the Ipd
expression (Engels et al. 2008). Lpd and AceF constitute 2-oxoglutarate dehydro-
genase complex with OdhA in place of AceE (Hoffelder et al. 2010).

In silico analysis, in vitro DNA binding assay, ChIP-chip and ChIP-seq analyses
detected the potential GIxR binding sites upstream of the TCA cycle genes, namely,
gltA (cg0949 or cgR_0943, citrate synthase), acn (cgl737 or cgR_1598, aconitase),
sucC (cg2837 or cgR_2469, succinyl-CoA synthetase), sdhCD (cg0445 or
cgR_0443, succinate dehydrogenase), and fum (cgl145 or cgR_1099, fumarase)
(Han et al. 2008; Kohl et al. 2008; Kohl and Tauch 2009; Toyoda et al. 2011;
Jungwirth et al. 2013) (Fig. 2). Promoter reporter assay and glxR overexpression
study showed that GIxR negatively regulates gl/tA and sdhCDAB (Bussmann et al.
2009; van Ooyen et al. 2011). The GIxR binding sites are found around the TSS of
sucC, indicating the repressor function of GIxR. The GIxR binding sites are located
upstream of the fum promoter, but the regulatory role of GIxR in the regulation of
fum expression should be confirmed by in vivo experiment.

ChIP-chip analysis and promoter reporter assay demonstrated that GntR1 directly
activates the expression of icd (cg0766 or cgR_0784), encoding isocitrate dehydroge-
nase (Tanaka et al. 2014). This is the first transcriptional regulator directly involved in
the icd regulation. GntR1 also positively regulates malE (maeB)(cg3335 or
cgR_2895), encoding malic enzyme for NADP*-dependent malate decarboxylation
(Gourdon et al. 2000) (Fig. 2). Isocitrate dehydrogenase from C. glutamicum is a
monomer and catalyzes the oxidation of isocitrate with NADP™, not NAD", as an
electron acceptor (Eikmanns et al. 1995). Thus, GntR1 activates expression of genes
encoding NADPH-generating enzymes. This activation is mitigated in the presence of
gluconate, which also alleviates the GntR1-mediated repression of genes for the
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Fig. 2 Transcriptional regulators of genes involved in the TCA cycle, glyoxylate shunt, and acetate
activation. Similar to Fig. 1, the metabolic pathways are indicated by thick red arrows, genes
constituting the metabolic pathways are indicated by italic letters, and intermediate metabolites are
indicated by bold letters. Transcriptional regulators are indicated by ovals. Arrows from the ovals
indicate transcriptional activation, whereas T-bars indicate repression. Lines ended with squares
indicate the in vivo binding of transcriptional regulators with unknown function. PEP, phospho-
enolpyruvate; Acetyl-P, acetyl phosphate

pentose phosphate pathway, resulting in compensation for NADPH generation reac-
tions (Tanaka et al. 2014).

Transcriptome analysis of the ramA deletion mutant followed by in vitro DNA
binding assay indicated the involvement of RamA in the regulation of gltA, acn,
aceF, sucC, sdhCD, fum, mdh (cg2613 or cgR_2262), and mqgo (cg2192 or
cgR_1830) (Auchter et al. 2011a). RamA activates the expression of these genes,
except that of mdh, which is repressed by RamA (Fig. 2).

The two anaplerotic enzymes PEP carboxylase and pyruvate carboxylase are
encoded by ppc and pyc (cg0791 or cgR_0809). Since ppc is transcribed as a part
of the glycolytic genes operon pgk-tpi-ppc, it is positively regulated by GIxR
(Toyoda et al. 2011; Jungwirth et al. 2013) and SigB (Ehira et al. 2008), as described
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above in the glycolysis part 2.2. Expression of pyc is negatively regulated by RamB,
although its binding sites are over 150 bp upstream of the TSS (Auchter et al. 201 1a).
The binding sites of GIxR were located downstream of the TSS of pyc, suggesting
the repressor role of GIxR (Kohl et al. 2008; Kohl and Tauch 2009; Toyoda et al.
2011). The in vitro DNA binding assay clearly confirmed RamA binding to the pyc
promoter region and identified the putative RamA binding sites. However, ramA
deletion had no apparent effect on the pyc expression during growth in glucose
minimal medium and complex medium (Auchter et al. 2011a).

The pckA gene (cg3169 or cgR_2751), encoding PEP carboxykinase, which
catalyzes the reverse reaction of PEP carboxylase for gluconeogenesis, is also
under complex regulation. The binding of GIxR to the pckA promoter was detected
in vivo and in vitro studies (Han et al. 2007; Toyoda et al. 2011). The position of the
binding site is located at 30 bp upstream of the TSS, which suggests a repressor
function of GIxR. RamA, GntR1/R2, and IolR were isolated by DNA affinity
purification (Klaffl et al. 2013). Gene deletion analysis combined with in vitro
DNA binding assay demonstrated that RamA acts as a repressor and GntR1/2 and
IolIR act as activators. Deletion of iolR upregulated gluconate permease and gluco-
nate kinase genes as well as the iol gene cluster for inositol uptake and catabolism as
described above and downregulated glyoxylate shunt genes and pckA (Klaffl et al.
2013). However, direct interaction was confirmed only for the iol gene cluster
and pckA.

DNA affinity purification using the promoter of the malE (maeB) gene, encoding
malic enzyme, isolated the MarR-type transcriptional regulator MalR, which is
characterized as a transcriptional repressor (Krause et al. 2012). MalR has been
first isolated using DNA affinity purification using the gapA promoter as a ligand
(Toyoda et al. 2009a), although whether it acts as a repressor or activator was not
demonstrated. Thus, the malic enzyme gene malE (maeB) is regulated by two
repressors, MalR and RamB, and two activators, RamA and GntR1/R2.

Global transcriptional regulators, not described earlier in this chapter, are
involved in the regulation of the TCA cycle enzymes containing iron as a cofactor,
namely, aconitase and succinate dehydrogenase (Fig. 2). The global iron regulator
DtxR positively regulates sdhCDAB (succinate dehydrogenase) under iron-rich
conditions (Brune et al. 2006). Upon iron limitation, DtxR-dependent repression
of ripA (cgl120 or cgR_1076), encoding an AraC-type regulator, is relieved,
resulting in RipA-dependent repression of sdhCDAB and acn (Wennerhold et al.
2005). acn is also repressed by the TetR-type regulator AcnR, encoded by the
immediately downstream gene acnR (cgl738 or cgR_1599) (Krug et al. 2005),
although a sensing molecule of AcnR remains elusive.

Isocitrate lyase and malate synthase, encoded by the aceA and aceB genes,
respectively, form the glyoxylate shunt. This pathway is required for the metabolism
of simple carbon sources, such as acetate. Acetate is activated to acetyl-CoA by
phosphotransacetylase and acetate kinase, which are encoded by the pta-ackA
operon, then enters the TCA cycle. To prevent the loss of the acetate-derived two
carbons, the glyoxylate shunt bypasses the decarboxylation reactions in the cycle.
These four genes are specifically induced during growth on acetate when compared



128 K. Toyoda and M. Inui

with on glucose (Wendisch et al. 1997; Hayashi et al. 2002; Muffler et al. 2002). Due
to the evident expression alteration, the promoters of the genes have been utilized to
isolate transcriptional regulators, GIxR (Kim et al. 2004), RamA (Cramer et al.
2006), and RamB (Gerstmeir et al. 2004), all of which were later identified as key
global regulators in C. glutamicum as described above. GIxR and RamB were
isolated as transcriptional repressors of aceB, whereas RamA was as a transcriptional
activator.

2.5 L-Lactate Metabolism

NADH oxidation under oxygen deprivation depends on fermentation.
C. glutamicum produces L-lactate as one of the fermentation products from pyruvate
using L-lactate dehydrogenase, encoded by the IdhA gene (Inui et al. 2004) (Fig. 1).
ChIP-chip analysis of the sugar-responsive regulator SugR identified its binding
sites in the IdhA promoter region. Transcriptome analysis of SugR demonstrated that
SugR acts as a transcriptional repressor in the absence of sugar (Engels et al. 2008).
Thus, SugR coordinates sugar uptake and metabolism with fermentative pyruvate
reduction. This was corroborated by DNA affinity purification identifying SugR as a
protein binding to the /dhA promoter region, in vitro DNA binding assay, and genetic
analysis (Dietrich et al. 2009; Toyoda et al. 2009¢). The DNA affinity purification
using the /dhA promoter region as a ligand also identified a GntR-type transcriptional
regulator, LIdR, which has been shown to repress the cg3226 (cgR2818)-lldD
(cg3227 or cgR_2819) operon required for L-lactate utilization as a carbon source
(Stansen et al. 2005; Georgi et al. 2008). DNA binding activity of LIdR is inactivated
by L-lactate, leading to derepression of the operon for uptake and oxidation of
L-lactate (Georgi et al. 2008). lldR (cg3224 or cgR_2816) deletion had no apparent
effect on IdhA expression. However, the finding that the IdhA promoter activity was
decreased in the /dhA deletion mutant and that the promoter activity in the mutant
was restored upon deletion of //dR indicates that L-lactate-mediated repression of
IdhA by LI1dR is not relieved in the /dhA deletion mutant background in contrast to in
the wild type (Toyoda et al. 2009b). The SugR-mediated repression is epistatic to the
LldR-mediated one. This is consistent with the position of the binding sites for the
regulators with respect to the TSS: around the —10 and —35 regions of the IdhA
promoter for SugR and LIdR, respectively (Toyoda et al. 2009b). Transcriptome
analysis of the /[dR mutant revealed that ptsF, encoding the fructose-specific EII of
PTS, is also repressed by LIdR, indicating its global function (Gao et al. 2008).
Because it was isolated by DNA affinity purification using the /dhA promoter region
as a ligand, AtIR, a repressor of the arabitol utilization operon, is likely involved in
the expression of IdhA (Dietrich et al. 2009; Toyoda et al. 2009¢), in addition to that
of sucCD and adhA. As none of these genes (sucCD, adhA, and IdhA) were detected
by transcriptome analysis of the at/R deletion mutant (Laslo et al. 2012), the role of
AtIR in the regulation of these genes may be masked by other regulators. In addition,



Global Transcriptional Regulators Involved in Carbon, Nitrogen, Phosphorus, and. . . 129

MalR was also isolated by the DNA affinity purification study, although its role in
the regulation of IdhA expression was unclear (Dietrich et al. 2009).

2.6 Carbon Catabolite Control

Carbon catabolite control (repression) enables the preferential consumption of one
carbon source over the others, leading to a biphasic (diauxic) growth. CRP in E. coli
and catabolite control protein A (CcpA) in B. subtilis represent transcriptional
regulators and govern the catabolite repression. The intracellular cAMP levels in
E. coli are lowered in the presence of glucose due to the abolishment of the activation
of adenylate cyclase by glucose-specific EIl of PTS (Reddy and Kamireddi 1998;
Takahashi et al. 1998), deactivating catabolic genes for other carbon sources. The
B. subtilis CcpA represses catabolic genes for various carbon sources by forming a
protein complex with the PTS general component HPr, which is phosphorylated by
HPr kinase in the presence of glucose (Deutscher et al. 1995; Jones et al. 1997).

In contrast to E. coli and B. subtilis, C. glutamicum co-metabolizes glucose with a
variety of other carbon sources, including fructose, gluconate, lactate, pyruvate,
acetate, propionate, vanillate, shikimate, and serine (Teramoto et al. 2009;
Cocaign-Bousquet et al. 1993; Dominguez et al. 1997; Wendisch et al. 2000;
Claes et al. 2002; Netzer et al. 2004; Merkens et al. 2005; Stansen et al. 2005;
Frunzke et al. 2008). Ethanol and glutamate have been exceptionally shown to cause
diauxic growth when provided in the mixture of glucose (Kronemeyer et al. 1995;
Arndt and Eikmanns 2007; Kotrbova-Kozak et al. 2007). Although the E. coli CRP
ortholog GIxR is encoded and involved in multiple carbon metabolic genes in
C. glutamicum as described above, the intracellular cAMP levels of glucose-grown
cells are higher than those of acetate-grown cells in contrast to E. coli (Kim et al.
2004). The intracellular cAMP levels of C. glutamicum are controlled by the
adenylate cyclase CyaB and phosphodiesterase CpdA (Cha et al. 2010; Schulte
et al. 2017b). In addition, HPr kinase, a component of the CcpA system, is not
encoded in the C. glutamicum genome. Thus, C. glutamicum has been thought to use
a molecular mechanism distinct from that functions in the model organisms.

GIxR is involved in the catabolite repression observed for these carbon sources
utilization (Park et al. 2010; Subhadra and Lee 2013). The gluABCD operon
(cg2136-2139 or cgR_1780-1783) encoding glutamate uptake transporter is
upregulated by glutamate, but that upregulation is suppressed in the presence of
glucose. The glucose-mediated suppression of the gluA promoter activity was
alleviated in the glxR deletion mutant (Park et al. 2010). GIxR was shown to bind
to the consensus site found in the gluA promoter region in vitro (Kohl et al. 2008).
Ethanol is oxidized to acetate by alcohol dehydrogenase encoded by adhA and
aldehyde dehydrogenase encoded by ald (cg3096 or cgR_2686). These genes are
positively and negatively regulated by RamA and RamB, respectively (Arndt and
Eikmanns 2007; Auchter et al. 2009). However, an additional regulator is suggested
to be involved in the glucose-mediated repression of these genes. The activities of
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these ethanol catabolic enzymes in the glxR deletion mutant in the presence of
glucose were higher than those in the wild type (Subhadra and Lee 2013). The
two GIxR binding sites are located downstream of the TSS of the adhA and ald genes
(Kohl et al. 2008; Kohl and Tauch 2009). Taken together, the CRP ortholog GIxR is
involved in the catabolite repression observed during utilization of these carbon
sources, which is different from E. coli CRP that functions as a transcriptional
activator.

3 Global Nitrogen Control

Nitrogen is an essential component of almost all macromolecules, including nucleic
acids, proteins, and cell wall. To supply an appropriate amount of nitrogen and to
cope with environmental changes in nitrogen sources, bacteria use global nitrogen
control systems optimized to their metabolisms and life cycles. Regarding
C. glutamicum, which is used as a host for amino acids production, the nitrogen
control system is important for not only homeostatic function but also for the
industrial production of amino acids.

3.1 AmtR, a Global Nitrogen Regulator

As ammonium, the most favorable nitrogen source for C. glutamicum, is in equilib-
rium with ammonia, which diffuses into the cytosol via the cytoplasmic membrane, no
specific protein is needed for uptake unless its concentration is limiting. When nitrogen
source is scarce, various nitrogen uptake and assimilation genes are induced to utilize
diverse nitrogen sources in the environment. A TetR-type transcriptional regulator,
AmtR (encoded by cg0986 or cgR_0978), is responsible for the induction in
C. glutamicum; it represses these genes under nitrogen-rich conditions. Since AmtR
has been first identified as a transcriptional repressor of the ammonium transporter
gene amtA under nitrogen surplus conditions (Jakoby et al. 2000), bioinformatic
analysis and multi-omics analysis expanded its regulon to comprise over 30 genes
for transport and assimilation of ammonium (amtA, amtB, glnA, gltBD; cgl785 or
cgR_1631, cg2261 or cgR_1948, cg2429 or cgR_2093, cg0029-0030 or cgR_0263-
0264), creatinine (codA, crnT; cg0104 or cgR_0096; cg0103 or cgR_0095) and urea
uptake and metabolism (urtABCDE, ureABCEFGD, cgl061-1062-1064-1066 or
cgR_1031-1035), signal transduction proteins (ginD, ginK, cg2260-2259 or
cgR_1947-1946), meso-diaminopimelate synthesis (dapD, cgl256 or cgR_1189),
malic enzyme (malE), and proteins with unknown function (Jakoby et al. 2000;
Beckers et al. 2005; Buchinger et al. 2009). The vanABK operon (cg2616-2618 or
cgR_2265-2267) encoding vanillate uptake transporter (VanK) and a metabolic
enzyme (VanAB) is included as an indirect target due to the lack of the AmtR binding
site (AmtR box) upstream of the operon. This operon is directly negatively regulated
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by VanR, which is encoded by the upstream gene vanR (cg2615 or cgR_2264)
(Morabbi Heravi et al. 2015).

The AmtR box represented by the consensus motif, 5'—
TTTCTATN6ATAGAWA-3', with the strong conserved CTAT motif, is found
upstream of the AmtR regulon. The similarity of the AmtR box to the consensus
motif is likely correlated with the stringency of repression (Hasselt et al. 2011).
Whereas transcription of ammonium uptake systems, encoded by amtA and amtB, as
well as that of the gltBD operon encoding glutamate synthase are tightly regulated
and fully repressed in nitrogen-rich medium, expression of gdh encoding glutamate
dehydrogenase and glnA encoding glutamine synthetase is only loosely controlled.
The strictly repressed genes possess multiple AmtR boxes with the conserved
palindromic motif, CTATN6ATAG, while the AmtR boxes found upstream of the
loosely regulated genes have an imperfect motif (Hasselt et al. 2011).

The importance of the conserved motif in the AmtR box for the interaction with
AmtR was demonstrated by the structure of AmtR in free and DNA-bound forms
(Palanca and Rubio 2016). AmtR exists as a homodimer with N-terminal
DNA-binding (DNB) domain containing the helix-turn-helix (HTH) motif and a
C-terminal ligand binding and dimerization (LBD) domain as other TetR-type
transcriptional regulators. At the C-terminal region, there is an extra helix being a
characteristic of corynebacterial AmtR proteins. Crystal structure of the DNA-bound
form was obtained by mixing AmtR and self-complementary quasi-palindromic
oligonucleotides containing the AmtR box. The recognition helices of the HTH
motif of each subunit in the dimer were inserted into the two successive turns of the
major groove of the double helix containing the AmtR box. The interacting residues
were reasonable for the strongly conserved motif CTAT in the AmtR box. In
addition, the N-terminal extension, which is rich in Arg and Pro and characteristic
to corynebacterial AmtR, also interacted with DNA via the minor groove flanking to
the major groove interacting with the helix of the HTH motif, which explains AT
bases flanking the conserved CTAT motif. The mutant AmtR protein lacking this
N-terminal 19-residues does not have the DNA binding ability in vitro. This
extension may guide AmtR to the canonical box. The structure of the DNA-bound
form revealed that the DNB domain of each subunit undergoes movement with the
hinge at the junction between the two domains. This movement might be involved in
triggering the dissociation of AmtR from DNA.

GInK, a sole PII-type signal transduction protein in this organism, is involved in
the derepression of the AmtR regulon expression (Nolden et al. 2001) (Fig. 3). The
conserved Tyr residue 51 of GInK is adenylylated by the adenylyltransferase GInD
during nitrogen starvation. The replacement of this Tyr residue with Phe, or the
deletion of glnK or ginD, all of which result in permanent repression of the AmtR
regulon (Nolden et al. 2001). These findings led to the assumption that direct
interaction between GInK and AmtR is required for release of AmtR from DNA.
Indeed, adenylylated GInK interacted with AmtR in vitro and in vivo and inhibited
the binding of AmtR to DNA in vitro (Beckers et al. 2005). Deadenylylated GInK is
trapped by membrane via interaction with the ammonium transporter AmtB
(Strosser et al. 2004), encoded in the operon amtB-ginK-ginD. GInK is subjected
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Fig.3 Regulation of the AmtR regulon in response to nitrogen availability. The PII protein GInK is
adenylylated by the adenylyltransferase GInD upon nitrogen limitation. Adenylation is indicated
with small circles indicated with A. The adenylylated GInK captures AmtR, resulting in derepres-
sion of the AmtR regulon. The adenylylated GInK is deadenylylated by GInD upon nitrogen
supplementation. GInK in the deadenylylated form is bound to the ammonium transporter AmtB
and digested by FtsH and the Clp system. AmtR released from GInK binds to the AmtR box,
thereby repressing its regulon. PM, plasma membrane

to proteolysis by the membrane-bound proteinase FtsH, followed by the Clp system.
Membrane localization is prerequisite for GInK proteolysis because, in the absence
of AmtB, GInK is stable in the deadenylylated form, which is incapable of
interacting with AmtR (Strosser et al. 2004). The structure of the AmtR-GInK
complex will provide a clue for understanding the molecular mechanism of AmtR
dissociation from DNA. In this context, the crystal structure of AmtR suggested a
loop possibly interacting with the GInK T-loop, which is subjected to adenylylation
(Palanca and Rubio 2016). Switching the interaction partner of the loop from the
other subunit of AmtR to the T-loop of adenylylated GInK may cause structural
alteration resulting in dissociation of AmtR from the AmtR box.

3.2 Nitrogen Sensing

In E. coli, nitrogen limitation reduces the ratio of glutamine to 2-oxoglutarate,
activating the uridylyltransferase GInD to modify the PII proteins GInB and GInK.
The uridylylated PII proteins induce positive autoregulation of the two-component
NtrBC system, which directly and indirectly activates the expression of genes for
nitrogen uptake and metabolism (reviewed in Merrick and Edwards 1995; Ninfa
et al. 2000). In B. subtilis, cellular nitrogen availability is sensed by the glutamine
synthetase GInA, controlling the activity of two transcriptional regulators, TnrA and
GInR. Under nitrogen limitation, TnrA activates genes for ammonium transport and
utilization of other nitrogen sources and represses those for glutamine and glutamate
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synthesis (Wray et al. 2001; Yoshida et al. 2003). Under nitrogen-rich conditions,
GInR represses tmrA and glnA encoding glutamine synthetase (Brown and
Sonenshein 1996). The DNA binding activity of these regulators is controlled by
the interaction with GInA in the feedback-inhibited form (Wray et al. 2001; Fisher
and Wray 2008, 2009; Schumacher et al. 2015). In contrast to the situations in these
model organisms, glutamine is unlikely a sensing molecule in C. glutamicum, based
on the finding that the AmtR regulon is derepressed in the glutamine-grown cells, in
which glutamine concentrations are higher than those in ammonium-grown cells
(Rehm et al. 2010). Intracellular ammonium levels, which are reduced upon nitrogen
starvation (Nolden et al. 2001), are the possible indicators of the nitrogen status,
although a sensor protein is still not identified.

3.3 Cross-Talk with Transcriptional Regulators for Other
Metabolisms

The GIxR regulon contains the AmtR regulon including the gltBD operon
(cgR_0263-0264), the amtB-ginK-ginD operon, the urtABCDE operon, gdh, the
cg2181-cg2184 (cgR_1819-cgR_1822) operon, the gluABCD operon, and glnAl,
thus connecting the carbon and nitrogen metabolisms (Kohl and Tauch 2009).
Although its binding in vitro and in vivo was confirmed, its physiological role
remains elusive, except for the repression of the g/luABCD operon (Park et al.
2010). ChIP-chip analysis detected GntR1 binding to the intergenic region between
gdh and gixK, although the gdh expression was not affected by gntRI deletion
(Tanaka et al. 2014).

4 Phosphate Control

Another macromolecule essential for cell growth is phosphorus, which is used for
nucleic acid synthesis and protein modification. Bacteria are able to utilize inorganic
and organic phosphorus, including orthophosphate, pyrophosphate, sugar phos-
phates, nucleotides, and phospholipids, to adapt to fluctuating phosphorus concen-
trations in the environment. Molecular mechanism of adaptation to phosphate
limitation, namely, upregulation of genes for transporters, extracellular enzymes,
and metabolic enzymes for phosphonates and organophosphates utilization, is inten-
sively studied in model organisms and known to be under the control of
two-component systems consisting of a sensor kinase and a response regulator
(Santos-Beneit 2015).
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4.1 The Two-Component System PhoRS-Mediated
Phosphate-Limitation Response

C. glutamicum utilizes a variety of phosphorus-containing compounds as a phos-
phorus source (Wendisch and Bott 2008). Transcriptional response to phosphate
limitation in C. glutamicum was investigated by transcriptome analysis using micro-
array (Ishige et al. 2003). Phosphate limitation by transferring cells from phosphate
sufficient (13 mM) medium to phosphate limiting (0.13 mM) medium induced the
genes for phosphate uptake and metabolism as observed in other bacteria. These
genes include the pstSCAB operon (cg2846-2843 or cgR_2478-2475, high-affinity
ABC-type phosphate uptake system), nucH (cg2868 or cgR_2495, extracellular
nuclease), phoH1 (cg0085 or cgR_0084, ATPase with unknown function), the
ugpAEBC operon (cgl1568-1571 or cgR_1446-1449, ABC-type sn-glycerol 3-phos-
phate uptake system), glpQI (cg3215 or cgR_2805, glycerophosphoryl diester
phosphodiesterase), phoC (cg3393 or cgR_2949, putative phosphoesterase),
the pctABCD operon (cg1652-1649 or cgR_1522-1519, ABC-type transporter for -
phosphorus-containing compounds), and ushA (cg0397 or cgR_0412, putative 5-
'nucleotidase) (Rittmann et al. 2005). Genes encoding proteins unrelated to
phosphate metabolism were also upregulated but their roles in adaptation to phos-
phate limitation are not known.

C. glutamicum intracellularly accumulates polyphosphate synthesized by a
polyphosphate kinase encoded by cg3007 (cgR_2616) (Lindner et al. 2007). The
polyphosphate is hydrolyzed by exopolyphosphatases encoded by ppx/ (cg0488 or
cgR_0480) and ppx2 (cgll15 or cgR_1074) to release orthophosphate (Lindner
et al. 2009). Although the polyphosphate can be utilized as a phosphorus source,
expression of the genes involved in its synthesis and hydrolysis was not affected by
phosphate limitation.

PhoRS, a two-component system comprising a pair of sensor kinase and response
regulator encoded by the operon phoR-phoS (cg2888-2887 or cgR_2511-2510), was
transiently induced in response to phosphate limitation. Screening of deletion
mutants of the 13 two-component systems encoded in the C. glutamicum genome
for growth under phosphate limitation confirmed PhoRS as a key system for
induction of the genes in response to phosphate limitation (Kocan et al. 2006).
Indeed, microarray analysis and primer extension analysis revealed that the
upregulation of the phosphate limitation-responsive genes was abolished in the
phoRS deletion mutant, except for the pstSCAB operon, which was still induced
with lower induction levels than in the wild type. Thus, PhoRS positively regulates
the expression of genes induced under phosphate limitation. In vitro analysis
demonstrated that the sensor kinase PhoS, in the form lacking its transmembrane
region, is capable of autophosphorylation and transferring the phosphoryl group to
the response regulator PhoR (Schaaf and Bott 2007). In vitro DNA binding assay
revealed that PhoR binds to the promoter regions of the genes that are induced under
phosphate limitation. The affinity of PhoR to DNA was enhanced upon phosphor-
ylation by PhoS. The affinity of the promoter regions of the PhoR regulon to PhoR
are different; the pstS promoter has the highest affinity and the glpQ1 has the lowest
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(Schaaf and Bott 2007). In the course of the in vitro DNA binding assay, two
additional genes were found to belong to the PhoR regulon: the porB gene
(cgl109 or cgR_1069), encoding an anion-specific porin (Costa-Riu et al. 2003),
and pitA (cg0545 or cgR_0533), encoding low-affinity phosphate uptake transporter
(Schaaf and Bott 2007). Expression of porB is independent of phosphate concentra-
tion, but it is activated by PhoR. In contrast to the other PhoR regulon, pitA is
negatively regulated by PhoR. Indeed, pitA expression decreased after phosphate
limitation shift (Schaaf and Bott 2007). Successive deletion and mutation of the
DNA fragments used in in vitro DNA binding assay confined the location of the
PhoR binding site and identified important nucleotides in the site. Since an artificial
8-bp direct repeat with a 3-bp spacer, 5'-CCTGTGAANNNCCTGTGAA-3’, had the
currently highest affinity to PhoR, the PhoR consensus binding motif is the direct
repeat, although there is no identical sequence upstream of any of the PhoR regulon.
Promoter reporter assay of the phoR promoter showed that, in contrast to the full-
length promoter, the promoter fragment lacking the PhoR binding site lost induction
of a reporter gene under phosphate limitation, demonstrating physiological impor-
tance of the PhoR binding site (Schaaf and Bott 2007). In the pstS promoter region,
two PhoR binding sites were found, but only upstream one, more closely matched
with the consensus motif, is required for the PhoR-dependent upregulation of pstS
(Schaaf and Bott 2007).

4.2 Involvement of Other Transcriptional Regulators

Although the two-component system has served as a paradigm of the transcriptional
response to phosphate limitation in bacteria, interaction with other transcriptional
regulators involved in different metabolisms is important to coordinate whole
metabolism (reviewed in Santos-Beneit 2015). Of the phosphate-responsive genes
in C. glutamicum, the pstSCAB operon encoding ABC-type phosphate uptake
system has been shown to be still induced upon phosphate limitation in the absence
of PhoRS (Kocan et al. 2006), as described above. DNA affinity purification using
the pstS promoter region as a ligand identified the global regulator GIxR (Panhorst
et al. 2011). Bioinformatic analysis followed by in vitro DNA binding assay
identified the GIxR binding site at position —133 to —117 with respect to the TSS.
Mutational inactivation of the site decreased the pstS promoter activity after phos-
phate limitation, demonstrating the transcriptional activator function of GIxR.
Overexpression of GIxR promotes the growth under phosphate-limiting conditions,
supporting the GIxR function as an activator. The effect of the binding site mutations
was larger in glucose-grown cells compared with the acetate-grown cells. This is
likely because intracellular cAMP levels in glucose-grown cells were higher than in
acetate-grown cells (Kim et al. 2004).

The pstS promoter lacking the cis elements (binding sites) of PhoR and GIxR is
still induced upon phosphate limitation. These findings motivated the search for
transcriptional regulators involved in the PhoRS-independent regulation. DNA
affinity purification using the DNA fragment containing the pstS promoter region
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but lacking the binding sites for PhoR and GIxR identified RamB (Sorger-Herrmann
et al. 2015). Two RamB binding sites having similarity to the consensus binding
motif were identified around the position —80 and —4 with respect to the TSS and
demonstrated to be bound by RamB in vitro. These sites are important for phosphate
limitation induction of pstS. Thus, RamB functions as a transcriptional activator of
the operon.

5 Sulfur Control

Sulfur is essential for the biosynthesis of biomolecules including cysteine, methio-
nine, Coenzyme A, and iron-sulfur clusters. Bacteria utilize sulfate, sulfite, and
sulfonate as sulfur sources. These compounds should be degraded and reduced to
disulfide for the biosynthesis. Because the reduction of sulfate is a high energy-
requiring process and the resulting disulfide is highly toxic, expression of genes
encoding enzymes involved in the reduction and the biosynthesis should be coordi-
nately regulated.

C. glutamicum utilizes organic and inorganic sulfur compounds as sulfur sources.
Organic sulfur compounds that C. glutamicum utilizes are sulfonates like ethane
sulfonate, 3-(N-morpholino)propane sulfonate (MOPS), and taurine, and sulfonate
esters like busulfan, ethyl methanesulfonate, and propanesulfonate (Koch et al.
2005b). Combining genomic analysis based on the knowledge obtained from
model organisms (Kertesz 2000) with genetic studies identified genes responsible
for the utilization of these compounds (Koch et al. 2005b). The ABC transporter
encoded by ssuCBA (cg1377-1379-1380 or cgR_1299-1301), which has a similarity
to the reported sulfonate transporter SsuABC, is required for uptake of sulfonates
and sulfonate esters, although the involvement of additional transporter is suggested
by gene deletion analysis. Sulfonates and sulfonate esters are degraded to liberate
sulfite for anabolism. Two functionally equivalent sulfonatases encoded by ssuD1
(cgl376 or cgR_1298) and ssuD2 (cgl156) decompose sulfonates, whereas
monooxygenases encoded by seuA, seuB, and seuC (cgl151, 1152, and 1153) are
also involved in the degradation of sulfonate esters in addition to the sulfonatases.
These sulfonatases and monooxygenases are FMNH,-dependent. FMNH, is pro-
vided by the reductase Ssul, which is essential for the utilization of all sulfonates and
sulfonate esters. ssuDI and ssuCBA apparently form the operon ssuDICBA.
Although the gene cluster seuABC (cgl151-1153)-ssuD2 (cgl156) is encoded in
the genome of limited strains of C. glutamicum, including ATCC 13032, ssul
(cg1147 or cgR_1100), which is closely located to the cluster, is still present in the
same locus of other strain genomes, likely supporting the ability of the strains not
carrying the seuABC-ssuD?2 cluster to utilize the organic sulfur compounds.

Genomic analysis followed by genetic analysis also identified a gene cluster,
Jpr2—cysIXHDNYZ (cg3119-3112 or cgR_2704-2703-cgR_6148-cgR_2702-2698),
for transporter and enzymes responsible for uptake and reduction of inorganic sulfur
compounds, sulfate, and sulfite, to sulfide, which is utilized in the cysteine and
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methionine biosynthetic pathways (Riickert et al. 2005). Sulfate and sulfite are
transported via CysZ. Sulfate is adenylated by CysDN, then reduced by CysH to
sulfite. Sulfite, which is also generated from sulfonates and sulfonate esters degra-
dation, is reduced to sulfide by Cysl, for which the reducing equivalents are provided
by the ferredoxin CysX and the ferredoxin reductases Fprl (cg3049 or cgR_2657)
and Fpr2.

These sulfur compound utilization genes, together with genes constituting the
biosynthetic pathway of sulfur-containing amino acids, cysteine and methionine
(Riickert et al. 2003), are under the control of the global regulator McbR (Rey
et al. 2005). McbR was first identified using DNA affinity purification as a tran-
scriptional repressor of metY (cg0755 or cgR_0775) encoding O-acetyl-L-
homoserine sulfhydrylase (Rey et al. 2003). The McbR regulon identified using
transcriptome analysis of the mcbR (cg3253 or cgR_2850) deletion mutant and
in vitro DNA binding assay comprises at least 45 genes, including the ssu and seu
genes for sulfonates and sulfonate esters utilization, the cys cluster for sulfate uptake
and reduction, and genes for cysteine and methionine biosynthesis. Bioinformatic
analysis of the upstream region of the genes upregulated in the mchbR mutant
identified the McbR binding motif, TAGAC-N6-GTCTA. This analysis also indi-
cated the autoregulation of mchR. The DNA binding activity of McbR is modulated
by S-adenosylmethionine (SAM) and S-adenosylhomocysteine, which are a sub-
strate and a product, respectively, of methyltransferases (Fig. 4) (Rey et al. 2005;
Suda et al. 2008).

The ssu and seu genes are also transcriptionally regulated by the ROK (Repressor
ORF kinase) family transcriptional regulator SsuR (Koch et al. 2005a) (Fig. 4),
which belongs to the McbR regulon (Rey et al. 2005). The deletion of the ssuR gene
(cg0012 or cgR_0010) lost the capability of sulfonate utilization as a sulfur source
and abolished the expression of the ssu and seu genes, demonstrating that SsuR acts
as a transcriptional activator. Competitive EMSA (electrophoretic mobility shift
assay) using non-labeled oligonucleotides, followed by alignment analysis, revealed
that the SsuR binding motif consisting of a T-, a GC- and an A-rich domain with a
length of six, nine and six nucleotides, respectively. The motif was found around or
upstream of the —35 region of the promoter of the target genes, consistent with the
SsuR activator function. The genome-wide search for the motif revealed that no gene
other than the ssu and seu genes is directly regulated by SsuR. Although the DNA
binding activity of SsuR is inhibited by sulfate, APS, sulfite, and sulfide, it is not
affected by the sulfonates including ethanesulfonate and methyl-ethanesulfonate,
which are degraded by the Ssu and Seu systems. The induction of the ssu and seu
genes during growth with sulfonates as a sole sulfur source was abolished in the
presence of sulfate. Taken together, the absence of more preferred inorganic sulfur
source is a signal for the SsuR regulon (Koch et al. 2005a).

The fpr2—cysIXHDNYZ gene cluster, required for sulfate uptake and reduction, is
under the control of another ROK family transcriptional regulator CysR (Riickert
et al. 2008), which also belongs to the McbR regulon. The deletion mutant of the
cysR gene (cg0156 or cgR_0197) loses the ability to utilize sulfate and sulfonates as
a sulfur source and has no expression of the ssu and seu genes as well as that of the
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@ Methylation

4| Cys synthesis § O-AcSer

Sulfonate uptake, degradation

Fig. 4 The McbR regulon. Transcriptional regulators are indicated with ovals. Uptake systems and
metabolic pathways under the control of the regulators are shown by rounded rectangles, whereas
molecules and metabolites involved in the pathways are indicated with rectangles. Arrows and
T-bars from the transcriptional regulators indicate transcriptional activation and repression, respec-
tively. Those from the molecules and metabolites indicate activation and inactivation of the
transcriptional regulators, except for arrows from SAM, indicating the methylation reaction cata-
lyzed by O-methyltransferase (not indicated). SAH, S-adenosyl homocysteine; SAM, S-adenosyl
methionine; O-AcHS, O-acetylhomoserine; O-AcSer, O-acetylserine; Sox, sulfate and sulfite; APS,
adenosine-5'-phosphosulfate

cys gene cluster. Transcriptional analysis of the cysR deletion mutant revealed that
CysR activates the ssuR gene encoding the transcriptional activator of the ssu and
seu genes, indicating a hierarchical transcriptional regulation (Fig. 4). Comparison of
the transcriptome profiles of the triple mutant of mcbR, ssuR, and cysR, and the
mutant with constitutive expression of cysR distinguish the direct and indirect effect
of the cysR deletion. While the cys gene cluster is directly activated by CysR, the ssu
and seu genes are indirectly activated via activation of ssuR by CysR. In addition to
the cys gene cluster, CysR positively regulates two transcript units, cg3372-3375
(cgR_2929-2932) and cgl514-4005 (cgR_6095-6094), encoding proteins with
unknown function, and negatively regulates other two transcript units cg2810
(cgR_2451, dicarboxylate symporter family protein) and cg3138-3139 (cgR_2721-
2722, proteins with unknown function), indicating its dual transcriptional regulatory
function (Riickert et al. 2008). Alignment of the promoter regions of the genes
activated by CysR revealed the CysR binding motif consisting of two 10-bp motifs
forming an inverted repeat with a variable spacer of 6-8 bp. The 3’ region of the
CysR binding site resembles that of the SsuR binding site. The DNA binding activity
of CysR requires O-acetyl-L-serine or O-acetyl-L-homoserine, each of which serves
as a sulfide acceptor for cysteine and methionine synthesis, respectively. Although
sequence-specific binding in vitro was not confirmed, the importance of the binding
site was confirmed by promoter reporter assay using DNA fragments with or without
the binding site. Thus, CysR controls the expression of genes for sulfur uptake and
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reduction in response to the availability of sulfide acceptor to avoid an accumulation
of toxic sulfide (Riickert et al. 2008). Since McbR also regulates the expression of
the ssuR gene, the ssu and seu genes are only activated when additional sulfur is
required and the concentration of inorganic sulfur sources is low. Because the genes
with unknown function in the CysR regulon are co-regulated by McbR, proteins
encoded are probably involved in the sulfur metabolic pathway. In contrast to the
regulons of AmtR and PhoR, the involvement of other global transcriptional regu-
lators has not been reported.

6 Concluding Remarks and Perspectives

The studies summarized in this chapter provide the overview of transcriptional
regulatory systems for the metabolism of primary elements, i.e., carbon, nitrogen,
sulfur, and phosphorus, in C. glutamicum. These studies demonstrated that the key
global regulators were first identified as a transcriptional repressor or activator of a
single gene in the metabolism. Such regulators have been isolated by either screening
of the genomic library using reporter expression, which identified GIxR and AmtR, or
by purification of proteins bound to the promoter region of the target gene, which
identified RamA, RamB, IolR, AtIR, and McbR. Moreover, the genomic locus and
orthologous regulators function also provided important clues to the identification of
the global regulators, such as SugR, GntR1/2, and PhoRS. Accurate identification of
the regulon members supports the understanding of the transcriptional regulators’
functions in three contexts. Firstly, a common feature among the regulon genes
regulated in the same way gives a hint to understand the function of the regulator.
SugR has been first identified as a transcriptional repressor of one of the PTS
components, but it was demonstrated to repress genes involved in sugar uptake and
metabolism in response to sugar availability. Secondly, the alignment of the upstream
regions of the regulon genes gives a clue to determine the binding motif of the
regulator as a matrix. Finally, the establishment of the regulon list also helps identify
effector molecules controlling the DNA binding activity of the regulators as described
for the regulators involved in sulfur control. In this context, ChIP-chip or ChIP-seq
analysis directly detects the binding of the transcriptional regulator to the chromo-
somal DNA in vivo, enabling identification of the regulon and the binding motif.
The knowledge of the global transcriptional regulators in C. glutamicum has been
accumulated for the last decade. It has not only deepened the understanding of the
C. glutamicum physiology at the molecular level but also has been recently applied
to metabolic engineering. For example, deletion of sugR was applied to enhance
sugar metabolic pathways (Bartek et al. 2010; Xu et al. 2016; Pérez-Garcia et al.
2018) and that of mchR has increased the productivity of methionine and SAM (Rey
et al. 2003; Han et al. 2016). Moreover, the knowledge has been used to construct
biosensors to detect changes in metabolites (Mustafi et al. 2012; Schulte et al.
2017a). The sensors coupled with fluorescence-activated cell sorting were used
together with random mutagenesis to screen for beneficial mutations that improve
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productivity (Mahr et al. 2015; Zhang et al. 2018). There are over 50 transcriptional
regulators, including response regulators of the two-component systems, that have
not been characterized yet in C. glutamicum. Investigation of these regulators will
provide further insights into the physiology and transcriptional regulatory network,
and contribute to the development of synthetic biological tools.
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Abstract Newly synthesized proteins are subject to several post-translational
modifications (PTMs). These PTMs can create diverse proteins from a single
gene and are important for the function of certain proteins in a given situation.
Recent advances in mass spectrometry (MS)-based proteomics have enabled the
global detection of PTMs of bacterial proteins. In Corynebacterium and other
actinobacteria, common PTMs (e.g., phosphorylation and acetylation) as well as
uncommon PTMs (e.g., pupylation, mycoloylation, and mycothiolation) have been
detected. In this chapter, the features of six representative PTMs found in Coryne-
bacterium glutamicum, phosphorylation, acylation, pupylation, mycoloylation,
mycothiolation, and glycosylation, and their roles in protein regulation are
described.
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1 Phosphorylation

Phosphorylation is a ubiquitous post-translational modification (PTM) of proteins
that occurs in most organisms. Phosphorylation can directly control the activity of
target proteins by functioning as a molecular switch, it can also control the locali-
zation of target proteins by inducing conformational changes in localization signals
and regulate protein-protein interactions through phosphorylation of domains rec-
ognizing phosphorylated residues (e.g., Forkhead-associated (FHA) domain) (Hum-
phrey et al. 2015; Almawi et al. 2017). Protein phosphorylation is reversible, and it
functions in signal transduction. The major bacterial kinases include two-component
systems, Hanks-type serine/threonine kinases, bacterial tyrosine (BY) kinases, and
sugar phosphotransferase systems (PTSs) (Mijakovic and Macek 2011). In the
Corynebacterium glutamicum genome, genes encoding putative low molecular
weight phosphotyrosine protein phosphatases (LMW-PTPs, Pfam 01451) are pre-
sent (Grangeasse et al. 2007), but tyrosine phosphorylation has not been experimen-
tally demonstrated. An early global analysis of phosphoproteins in C. glutamicum
using two-dimensional gel electrophoresis identified 41 phosphorylated proteins,
most of which are enzymes in central metabolic pathways (Bendt et al. 2003). The
biological impact of phosphorylation on metabolism seems to be interesting, but it
remains to be elucidated.

1.1 Histidine and Aspartate Phosphorylation by
Two-Component Signal Transduction Systems

Bacterial two-component signal transduction systems (TCS) usually consist of a
membrane-bound sensory histidine kinase (HK) and a response regulator (RR) that
typically functions as a transcriptional regulator. The HK responds to a certain
stimulus by autophosphorylating a conserved histidine residue in its HisSKA domain
(Pfam 00512). This phosphoryl group is subsequently transferred to an aspartate
residue in the receiver domain (Pfam 00072) of the cognate RR. In many RRs,
phosphorylation elicits homodimer or homomultimer formation, which is thought
to promote DNA binding and transcriptional activation (Gao and Stock 2010;
Zschiedrich et al. 2016). The genome of the C. glutamicum type strain ATCC
13032 encodes 13 HKs and 13 RRs, which are present as 13 paired sets (Bott and
Brocker 2012). A systematic deletion study revealed that all TCS genes, except
SenX3 (cg0483/NCgl0391)-RegX3 (cg0484/NCgl0392), could be deleted, thus the
SenX3-RegX3 pair is considered to be essential for growth (Kocan et al. 2006). To
date, the roles of seven TCS have been elucidated, which are briefly described
below.

The CitA-CitB System
The sensor kinase CitA (cg0089/NCgl0067) and its cognate RR CitB (cg0090/
NCgl0068) are involved in the control of citrate utilization. C. glutamicum is able
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to grow aerobically on citrate as the sole carbon and energy source, whereas a mutant
lacking the citAB genes was not (Brocker et al. 2009). Interestingly, in the presence
of glucose and citrate, C. glutamicum consumes both substrates simultaneously,
suggesting that the growth of the bacterium on citrate is not subject to carbon
catabolite repression (Brocker et al. 2009). The CitA-CitB system positively regu-
lates the genes encoding two citrate transporters, citH (encoding a citrate-Mg** (Ca®
")H* symporter) and fctCBA (encoding a tripartite tricarboxylate transporter), in
response to citrate (Brocker et al. 2009). The citH gene is located immediately
upstream of cifAB and is transcribed in the opposite direction. Recombinant CitB
protein purified from E. coli was shown to bind to the promoter regions of citH and
tctABC, although no putative CitB binding site, i.e., a highly conserved sequence
motif, was identified (Brocker et al. 2009).

The MtrB-MtrA System

This system is composed of the sensor kinase MtrB (cg0864/NCgl0722) and its
cognate RR MtrA (cg0862/NCgl0721) and is highly conserved in actinobacteria.
Although MtrA was shown to be essential in Mycobacterium tuberculosis,
C. glutamicum AmtrA and AmtrAB mutants are viable but show severe morpholog-
ical phenotypes and sensitivity to cell wall-targeting compounds, such as penicillin,
vancomycin, and ethambutol (Moker et al. 2004). In vitro phosphorylation of MtrA
led to its dimerization and enhanced its DNA binding affinity, suggesting that MtrA
is activated by phosphorylation (Brocker et al. 2011). MtrA acts as both an activator
and a repressor, depending on the location of the binding sites. MtrA positively
regulates betP and proP, two genes encoding uptake carriers of compatible solutes
(glycine betaine, proline, and ectoine) and negatively regulates mepA, mepB, and
nlpC, which encode putative cell wall peptidases (Brocker and Bott 2006; Brocker
et al. 2011). Therefore, it was proposed that the MtrAB system is involved in cell
wall homeostasis and osmoprotection (Moker et al. 2004, 2007).

The PhoS-PhoR System

This system is composed of the HK PhoS (cg2887/NCgl2517) and its cognate RR
PhoR (cg2888/NCgl2518) and was identified in a screen for growth under phosphate
(Pi) limitation. A AphoRS mutant showed a growth defect under Pi limitation, but
not under Pi excess (Kocan et al. 2006). The phoRS genes are rapidly and transiently
induced in response to Pi limitation (Ishige et al. 2003). The sensor kinase PhoS was
shown to have constitutive autokinase activity and rapidly phosphorylate the RR
PhoR (Schaaf and Bott 2007). Phosphorylated PhoR binds to its own promoter and
positively autoregulates the phoRS genes; it also activates phosphate starvation-
inducible genes, including pstSCAB (encoding a high affinity phosphate uptake
system), phoC (encoding a cell wall-associated phosphatase), ugpAEBC (encoding
an ABC transporter for glycerol-3-phosphate), and glpQ (encoding a
glycerophosphoryl diester phosphodiesterase), and represses pitA (encoding a
low-affinity phosphate uptake system). It is likely that basal levels of phosphorylated
PhoR are sufficient to induce the high-affinity pstSCAB and phoRS promoters,
whereas elevated levels of phosphorylated PhoR are required to induce
low-affinity promoters such as glpQ (Schaaf and Bott 2007).



152 S. Kosono

The CopS-CopR System

The CopS (cg3284/NCgl2862)-CopR (cg3285/NCgl2863) system is activated by
elevated copper levels and plays a role in copper homeostasis. A AcopSR mutant
showed increased susceptibility to copper ions (Schelder et al. 2011). There is a
single binding site for the RR CopR in the intergenic region between copR and
cg3286 (NCgl2864), and CopR activates the expression of the divergent gene
clusters encoding a putative ATP-dependent copper exporter (CopB) and a putative
multicopper oxidase (CopO) that may convert Cu® to less toxic Cu®*. In vitro
phosphorylation of CopR was shown to increase its DNA binding affinity (Schelder
etal. 2011).

The HrrS-HrrA and ChrS-ChrA Systems are Involved in Heme Homeostasis
and Adaptation

Both the HrrS-HrrA and ChrS-ChrA systems are involved in the control of heme
homeostasis, but they play different roles. HrrSA (cg3248-cg3247/NCgl2835-
NCgl2834) plays a crucial role in the utilization of heme as an alternative iron
source, whereas ChrSA (cg2201-cg2200/NCgl1935-NCgl1934) is required for tol-
erance to high (toxic) levels of heme. Mutants of hrrSA and chrSA show growth
defects under different conditions with respect to heme; ArrSA mutants show growth
defects when hemin is available as a sole iron source, and chrSA mutants show
growth defects when hemin is present in addition to free iron (Hentschel et al. 2014).
The RR HrrA activates the heme oxygenase gene himuO as well as genes encoding
the heme-containing components of the cytochrome bci-aa; supercomplex and
represses genes involved in heme biosynthesis (Frunzke et al. 2011). In contrast,
the RR ChrA directly activates the divergently transcribed hrtBA operon, which
encodes a putative ABC transporter conferring resistance to heme toxicity (Heyer
et al. 2012). The DNA binding affinities of both HrrA and ChrA were shown to be
increased by phosphorylation (Frunzke et al. 2011; Heyer et al. 2012). HrrA was also
shown to bind to the intergenic region between hrtBA and chrSA and negatively
regulate both operons. Thus, these two TCS are functionally interrelated and manage
heme homeostasis and adaptation, as was shown in C. diphtheriae (Bibb et al. 2007;
Burgos and Schmitt 2016).

There is crosstalk between the HrrSA and ChrSA systems. ChrS and HrrS possess
dual kinase and phosphatase activities. HrrS and ChrS can phosphorylate both HrrA
and ChrA, but their phosphatase activities are specific for their cognate RR in vitro
(Hentschel et al. 2014). Cross-phosphorylation of ChrA by the non-cognate HrrS
kinase contributes to the transient activation of the hrtBA-encoded detoxification
system in response to external heme, and the strong phosphatase activity of ChrS is
important to quickly turn off 4rtBA expression upon stimulus decline (Keppel et al.
2019).

The EsrISR Three-Component System

A pair of the HK EsrS and its cognate RR EsrR (envelope stress response, formerly
CgtSR7, cg0707-0709/NCgl0585-0586) is distinguished from other TCS systems in
that they constitute a three-component system with an additional integral membrane
protein EsrI (cg0706/NCgl0584). The EsrISR three-component system is highly
conserved in the phylum Actinobacteria and is involved in the cell envelope stress



Post-Translational Modifications in Corynebacterium glutamicum 153

response (Kleine et al. 2017). The esrl gene is divergently transcribed in relation to
the esrSR locus. Both the HK EsrS and Esrl possess an N-terminal phage shock
protein C (PspC) domain (Pfam 04024), which has been implicated in sensing a
signal that triggers the phage shock response (Flores-Kim and Darwin 2016). The
RR EsrR activates several genes, including esrSR, esrl, rsmP (a conserved cytoskel-
etal protein with a PspA domain), cg3322-3320 (NCgl2893-2981, encoding an ABC
transporter involved in bacitracin resistance), clpB (an ATP-dependent protease),
and dnaK (a heat shock protein) (Kleine et al. 2017). The expression of esrSR, esrl,
and the direct target genes of EsrR was induced in response to cell wall-targeting
antibiotics, such as bacitracin and vancomycin. A AesrSR mutant was highly
susceptible to bacitracin, likely due to a lack of ¢g3322-3320 induction (Kleine
etal. 2017). Deletion of esrl upregulated the expression of EsrR target genes without
an inducing stimulus (Kleine et al. 2017). This evidence suggests that Esrl acts as an
inhibitor of the EsrSR TCS, similar to LiaF in the LiaFSR system from Bacillus
subtilis (Jordan et al. 2006). It was proposed that the interaction of Esrl with EsrS
maintains the EsrSR system in the “off” state under non-stressed conditions and that
their dissociation, induced by a signal sensed by the PspC domain-containing Esrl
and/or EsrS, converts the system to the “on” state, although direct interaction
between EsrS and Esrl remains to be shown (Kleine et al. 2017).

1.2 Protein Phosphorylation of Serine and Threonine
Residues

Since the first characterization of Pknl as a serine/threonine protein kinase in
Mpyxococcus xanthus (Muifioz-Dorado et al. 1991), Hanks-type serine/threonine
kinases have been shown to control many physiological processes across all domains
of life (Pereira et al. 2011; Stancik et al. 2018). Hanks-type kinase-encoding genes
are enriched in the genomes of actinobacteria (Perez et al. 2008). C. glutamicum
possesses four Hanks-type kinases (PknA, PknB, PknG, and PknL) and a single
phosphoserine/phosphothreonine phosphatase (Ppp) (Fig. 1). PknA (cg0059/
NCgl0041), PknB (cg0057/NCgl0040), PknL (cg2388/NCgl2095), and Ppp
(cg0062/NCgl0044) contain a single transmembrane helix, indicating that they are
integral membrane proteins, whereas PknG (cg3046/NCgl2655) does not and is
predicted to be a soluble kinase. PknB and PknL possess several PASTA domains
(penicillin binding protein and serine/threonine kinase associated domain, Pfam
03793) in their C-terminal extracytoplasmic regions that are involved in binding to
peptidoglycan components (Yeats et al. 2002), suggesting their possible role in cell
wall biosynthesis. The kinase PknG has an extended C-terminal domain, consisting
of tetratricopeptide repeats (Pfam 16918), that is involved in protein-protein interac-
tion (Blatch and Lissle 1999). The kinase domains of PknA, PknB, and PknL. were
shown to possess autokinase (autophosphorylation-dependent protein kinase) activ-
ity (Fiuza et al. 2008b; Schultz et al. 2009). There are conflicting reports on PknG
autophosphorylation: Fiuza et al. (2008b) reported that both full-length and the kinase
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Fig. 1 Schematic of serine/threonine phosphorylation-dependent regulation in Corynebacterium
glutamicum. The Hanks-type serine/threonine kinases PknA, PknB, PknL, and PknG and the
phosphoserine/phosphothreonine phosphatase Ppp are encoded by genes in the type strain ATCC
13032 genome. KD kinase domain, PP2C phosphatase domain, PASTA penicillin binding protein
and serine/threonine kinase associated domain. PknG does not have a transmembrane helix (indi-
cated by a gray box) and is predicted to be a soluble kinase. Odhl, FtsZ, MurC, and RsmP are targeted
by Ser/Thr kinases and the Ppp phosphatase as indicated by the solid lines (shown in vivo and
in vitro) and dotted lines (shown in vitro). Hyphenated capital P (P-) indicates a phosphorylated
protein

domain of recombinant PknG did not exhibit autophosphorylation activity and
suggested that PknG requires PknA-dependent phosphorylation for its activation.
In contrast, Schultz et al. (2009) reported that PknG purified from a pknA-deleted
C. glutamicum exhibited autophosphorylation activity and was capable of phosphor-
ylating Odhl, strongly suggesting that PknG is an authentic autokinase.

1.2.1 Odhl, a Regulator of 2-Oxoglutarate Dehydrogenase Complex,
and Its Impact on L-Glutamate Overproduction

Both ApknG and Appp mutants showed severe growth defects when glutamine was
present as a sole carbon and nitrogen source, suggesting that they are involved in
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glutamine utilization and nitrogen metabolism (Niebisch et al. 2006; Schultz et al.
2009). Mutants of the other three kinase genes (pknA, pknB, and pknL) do not
provide the growth phenotype on glutamine. PknG and Ppp respectively function
as a kinase and a phosphatase for the 15-kDa acidic protein Odhl (cg1630/
NCgl1385) (Fig. 1). Odhl has a forkhead-associated domain (FHA, Pfam 00498)
that recognizes phosphorylated threonine. Odhl is primarily phosphorylated by
PknG but also by PknA, PknB, and PknL in vitro. The N-terminal Thr14 and
Thrl5 residues of Odhl were shown to be phosphorylated in vivo (Niebisch et al.
2006; Schultz et al. 2009), and a phospho-ablative variant of Odhl (T14A) showed a
phenotype similar to that of the ApknG mutant, suggesting that Thrl4 is a critical
phosphorylation site. OdhA (cg1280/NCgl1084), which is the Elo subunit of the
2-oxoglutarate dehydrogenase (ODH) complex, was identified as an Odhl-
interacting protein by affinity purification. Unphosphorylated Odhl binds to OdhA
to inhibit ODH activity. Upon phosphorylation, Odhl is folded via interaction of
phosphorylated Thr14 and/or Thr15 with the FHA domain and it no longer inhibits
ODH activity. Thus, the phosphorylation of Odhl functions as a molecular switch
regulating ODH activity (Niebisch et al. 2006).

The carbon flux distribution at the 2-oxoglutarate node is important for glutamate
overproduction, and the attenuation of ODH activity during glutamate overproduction
is well documented (Kawahara et al. 1997; Shimizu et al. 2003; Shirai et al. 2005).
Phosphorylation-dependent regulation of Odhl affects glutamate overproduction in
C. glutamicum. An odhl deletion severely decreased glutamate production (Schultz
et al. 2007) and overexpression of odhl caused glutamate production without any
triggers (Kim et al. 2010; Kim et al. 2011). A ApknG mutant showed increased
glutamate production under strong biotin limitation (1 pg/L) and in the presence of
ethambutol, but not in the presence of Tween 40, and decreased glutamate production
under weak biotin limitation (2.5 pg/L) (Schultz et al. 2007). The positive effect of
the pknG deletion on glutamate production is likely due to an increased level of
unphosphorylated Odhl that inhibits ODH activity, but it may be not true of all
conditions. It is speculated that the other kinases (PknA, PknB, and PknL) are respon-
sible for Odhl phosphorylation and/or Ppp phosphatase activity against Odhl varies
depending on the induction conditions.

1.2.2 Serine and Threonine Phosphorylation Targets Proteins Involved
in Peptidoglycan Biosynthesis, Cell Division, and Cell Morphology

Systematic deletions of the PknA, PknB, PknG, and PknL kinases and the Ppp
phosphatase were conducted, and many of the deletion mutants showed defects in
morphology and growth. It was reported that neither pknA nor pknB could be deleted
in the C. glutamicum ATCC 13869 background, suggesting that both genes are
essential for growth (Fiuza et al. 2008b). Whereas in another study using the C.
glutamicum ATCC 13032 strain, pknA or pknB single mutants were viable, but a
double pknA-pknB mutant could not be obtained, suggesting that either pknA or pknB
is required for growth (Schultz et al. 2009). Single mutants of pknG and pknL had



156 S. Kosono

growth curves similar to that of the wild-type strain but showed an elongated cell
morphology. A Appp mutant showed both a growth defect and abnormal cell
morphology when grown in complex medium (BHI with 4% glucose) (Schultz
et al. 2009). The genome organization also suggests the possible involvement of
serine/threonine phosphorylation in cell division and cell morphology: ppp, pknA,
and pknB are clustered with genes encoding two small proteins with FHA domains,
cg0064/NCgl0046 and cg0063/NCgl0045, as well as genes encoding a putative
FtsW/RodA/SpoE-family cell cycle protein [cg0061/NCgl0043], PbpA (penicillin-
binding protein A) [cg0060/NCgl0042], and a putative septation inhibitor protein
[cg0055/NCgl0039]).

Three other proteins, MurC, FtsZ, and RsmP, were also shown to be targeted by
serine/threonine phosphorylation (Fig. 1). MurC (cg2368/NCgl2077) is involved in
cell wall peptidoglycan synthesis and catalyzes the addition of the first L-alanine
residue to the nucleotide precursor UDP-MurNAc. MurC was shown to be phos-
phorylated in vivo in a phosphoproteome study of C. glutamicum (Bendt et al.
2003). MurC was shown to be phosphorylated by PknA in vitro, and phosphoryla-
tion of MurC at Thr120, Thr133, and Thr362 is critical for inhibiting enzymatic
activity. Thr133 is located close to the 129-GKT-131 motif that is involved in ATP
binding, and its phosphorylation likely affects ATP-dependent MurC activity (Fiuza
et al. 2008a).

FtsZ is involved in septum formation and plays an essential role in bacterial cell
division. FtsZ (cg2366/NCgl2075) was shown to be differentially phosphorylated at
several serine and threonine residues by PknA, PknB, and PknL in vitro and was
shown to be a substrate of Ppp in vivo (Schultz et al. 2009). Although the exact role
of FtsZ phosphorylation in C. glutamicum remains to be elucidated, it might affect
GTPase activity, resulting in decreased polymerization activity as described in
M. tuberculosis (Thakur and Chakraborti 2006).

RsmP (rod-shaped morphology protein, cg3264/NCgl2848) is a cytoskeletal
protein required for maintenance of the rod-shaped morphology of C. glutamicum.
RsmP forms filamentous structures in vitro. RsmP is preferentially phosphorylated
by the PknA kinase and to a lesser extent by PknL.. A phosphomimetic variant of
RsmP (with substitutions of the Ser6, Thr168, and Thr211 phosphorylation sites by
aspartate) lost the filamentous structure and accumulated at the cell pole. In con-
trast, a phospho-ablative RsmP (with substitutions of the phosphorylation sites by
alanine) retained the filamentous structure, similar to the wild-type RsmP,
suggesting that phosphorylation of RsmP negatively regulates filament formation
of the protein and is required for directing cell growth at the cell poles (Fiuza et al.
2010).

1.3 The PTS System

The phosphoenolpyruvate (PEP)-dependent sugar phosphotransferase system (PTS)
catalyzes the transport of sugar substrates across the cell membrane, concomitant
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with substrate phosphorylation (Deutscher et al. 2006, 2014). The PTS comprises a
phosphorylation cascade on histidine residues and in some cases, on cysteine
residues. The source of phosphate in this system is PEP. In general, enzyme I
(EI) receives the phosphoryl group from PEP and transfers it to a histidine residue
in the phosphoryl carrier protein HPr. Another component, the membrane-bound
sugar-specific permease (enzyme II or EII) consists of two hydrophilic cytoplasmic
domains (EITA and EIIB) and a hydrophobic integral membrane domain (EIIC); the
enzyme transfers the phosphoryl group from Hpr to the EIIA domain and then to the
EIIB domain and finally to the sugar substrate after EIIC-dependent translocation of
the substrate across the membrane. EIl enzymes exist either as a single multidomain
protein or as separate proteins. The type strain ATCC 13032 has genes encoding the
general EI phosphotransferase (PtsI, cg2117/NCgl1858), Hpr (cg2121/NCgl1862),
and four enzyme II (EII) permeases that are specific for glucose (cg1537/NCgl1305),
fructose (cg2120/NCgl1861), sucrose (cg2925/NCgl2553), and an unknown sub-
strate (putatively ribitol) (cg3366-3365/NCgl2934-2933). The putative phosphory-
lation sites in the above PTS proteins are well conserved. The PTS system of C.
glutamicum has been described in detail elsewhere (Moon et al. 2006).

2 Acetylation and Succinylation

Protein acetylation is another ubiquitous PTM. This modification mostly targets the
e-amino group of lysine residues (Ne-acetylation) but also modifies the hydroxyl group
of serine and threonine (O-acetylation) in some cases (Mukherjee et al. 2006; Birhanu
etal. 2017). Since the first report of the bacterial acetyl proteome (acetylome) in E. coli
(Yu et al. 2008; Zhang et al. 2009), many acetylated proteins have been discovered in
bacterial genera, including Corynebacterium (Mizuno et al. 2016), Mycobacterium
(Liu et al. 2014; Xie et al. 2015; Singhal et al. 2015; Guo et al. 2016; Birhanu et al.
2017), and Streptomyces (Liao et al. 2014; Ishigaki et al. 2017). Furthermore, Ne-lysine
acyl-modifications, including propionylation (Chen et al. 2007), butyrylation (Chen
et al. 2007), crotonylation (Tan et al. 2011), malonylation (Du et al. 2011; Peng
et al. 2011), succinylation (Zhang et al. 2010), glutarylation (Tan et al. 2014),
2-hydroxyisobutyrylation (Dai et al. 2014), and p-hydroxybutyrylation (Xie et al.
2016) have been newly discovered. Lysine succinylation utilizing succinyl-CoA as
an acylating agent is a secondary major acyl-modification in eukaryotes and bacteria
(Weinert et al. 2013b). In this section, protein acetylation and acylations refer to
Ne-lysine acetylation and acyl-modifications, respectively.

There are two known mechanisms of protein acetylation (Hentchel and Escalante-
Semerena 2015; Carabetta and Cristea 2017; VanDrisse and Escalante-Semerena
2019) (Fig. 2a). One is enzymatic acetylation catalyzed by lysine acetyltransferases
(KATs) utilizing acetyl-CoA as an acetyl-group donor. Although several families of
KATs, including GNAT, MYST, and CBP/p300, have been identified in eukaryotes
(Sadoul et al. 2011), only KATs belonging to the family of GcnS-related N-
acetyltransferases (GNAT, Pfam 00583) are found in bacteria. The genome of C.
glutamicum ATCC 13032 encodes 18 proteins with the GNAT motif; however, no
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Fig. 2 (a) Schematic of protein lysine acetylation and succinylation in C. glutamicum. Acetylation
occurs via two mechanisms, lysine acetyltransferase (KAT)-dependent and non-enzymatic mecha-
nisms. Acetyl-CoA (AcCoA) and acetyl phosphate (AcP) are utilized as acetylating agents.
Succinylation utilizing succinyl-CoA (SucCoA) likely occurs non-enzymatically. The acetylation
and succinylation of some proteins are reversed by lysine deacetylase (KDAC). Sirtuin-type KDACs
utilize NAD" as a co-substrate and generate nicotinamide and O-acetyl-ADP-ribose as by-products.
Hydrolase-type KDACs produce acetate as a by-product. (b) Changes in protein acetylation and
succinylation in response to glutamate overproduction. Under non-glutamate-producing conditions
(left), carbon flux from glucose toward acetate production via the Pta-AckA pathway is high, and
acetylating agents (indicated by a box) are supplied to induce protein acetylation. Acetylation of PEPC
at Lys653 inhibits its enzymatic activity. Under glutamate-producing conditions (right), PEPC flux is
increased to supply oxaloacetate and flux of the Pta-AckA pathway is reduced, resulting in depletion of
acetylating agents and reduced protein acetylation. The NCgl0616 deacetylase activates PEPC to
maintain flux despite its decreased expression. Depletion of acetylating agents may enhance protein
succinylation utilizing succinyl-CoA, which is highly reactive. Succinylation of Odhl at Lys132
inhibits its binding to the E1o (OdhA) subunit of ODH. PEP phosphoenolpyruvate, OAA oxaloacetate,
2-0G 2-oxoglutarate, PEPC phosphoenolpyruvate carboxylase, Pta phosphotransacetylase, AckA
acetate kinase, ODH 2-oxoglutarate dehydrogenase

KAT has been reported. The other mechanism is non-enzymatic acetylation utilizing
acetyl-CoA or acetyl phosphate (acetyl-P) as the acetylating agent. Acetyl-P depen-
dent non-enzymatic acetylation is common in many bacteria. Some acetylated lysine
residues can be deacetylated by lysine deacetylases (KDACSs). There are two
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families of KDACs, one is classified as sirtuin (Pfam 02146), which requires NAD*
as a co-substrate, the other is a Zn>*-dependent hydrolase (Pfam 00850). C.
glutamicum ATCC 13032 possesses two sirtuin-type KDAC homologues, cg0108/
NCgl0078 and cg0745/NCgl0616.

Some KATs and KDAC: target other lysine acylations in addition to acetylation
(Sabari et al. 2016). The sirtuin-type deacetylase CobB in E. coli was reported to
have both deacetylase and desuccinylase activities (Colak et al. 2013). Protein
succinylation is considered to occur non-enzymatically in the mitochondria and in
many bacteria (Wagner and Payne 2013; Wagner et al. 2017).

2.1 Altered Protein Acetylation and Succinylation Under
L-Glutamate Overproduction

Mizuno et al. (2016) found that protein acetylation and succinylation were altered in
response to conditions inducing L-glutamate overproduction in C. glutamicum:
protein acetylation was increased with cultivation time under non-producing condi-
tions; this increase was reduced by the addition of Tween 40, which induced
glutamate overproduction and increased succinylation. Alteration of acetylation
and succinylation was also observed in response to other triggers, such as biotin
limitation and penicillin addition (Mizuno et al. 2016).

MS-based shotgun proteomic analysis of C. glutamicum ATCC 13032 identified
604 acetylated and 288 succinylated proteins when grown under Tween
40-dependent glutamate producing and non-producing conditions, which were cat-
egorized as involved in metabolism, translation, and other biological functions
(Mizuno et al. 2016). Many enzymes in central carbon metabolic pathways were
acetylated and succinylated, and their acetylation and succinylation status were
different under glutamate-producing and non-producing conditions, with increased
succinylation under glutamate-producing conditions and frequent acetylation under
non-producing conditions. It has been reported that metabolic fluxes from glucose
toward glutamate synthesis are increased under glutamate overproduction (Shirai
et al. 2007), even though the expression levels of the corresponding enzymes are not
increased (Kataoka et al. 2006). It is interesting to consider the possibility that post-
translational regulation of metabolic enzymes through protein acetylation and
succinylation have a role in the metabolic flux change.

2.2 Regulation of PEP Carboxylase by Reversible Acetylation

Anaplerotic enzymes that supply oxaloacetate are important for efficient production
of various amino acids, including L-glutamate, and other compounds. C. glutamicum
possesses two anaplerotic enzymes, PEP carboxylase (PEPC, cg1787/NCgl1523)



160 S. Kosono

and pyruvate carboxylase (PC, cg0791/NCgl0659). In the ATCC 13032 (Kyowa
Hakko) strain, deletion of PEPC severely impaired glutamate production, whereas
deletion of PC did not, indicating that PEPC provides the major anaplerotic function
under Tween 40-dependent glutamate-producing conditions in the strain (Nagano-
Shoji et al. 2017). Meanwhile, Peters-Wendisch et al. (2001) reported that PC has a
major role in Tween 60-induced glutamate production of the ATCC 13032 strain.
The reason for this discrepancy is not known, but it is speculated that different
anaplerotic enzymes are used in different conditions and strains. PEPC was shown to
be subjected to acetylation and succinylation (Mizuno et al. 2016). Substitution of
Lys653 by acetylation mimic glutamine (K653Q) severely impaired glutamate
production and in vitro PEPC activity compared to the levels of the wild type
enzyme, whereas the acetylation-ablative (K653R) PEPC retained both. Comparison
of the phenotypes of the K653Q and K653R variants of PEPC suggested that
acetylation of Lys653 negatively affects activity. An enzyme assay using an
acetyllysine-incorporated PEPC protein at position 653 confirmed that acetylation
of Lys653 is necessary and sufficient to inhibit its activity (Nagano-Shoji et al.
2017). The sirtuin-type KDAC homologue NCgl0616 could deacetylate Lys653-
acetylated PEPC in vitro (Nagano-Shoji et al. 2017). These results indicate that
PEPC is regulated by reversible acetylation of Lys653.

PEPC protein levels in lysates were reproducibly lower under glutamate-
producing conditions than under non-producing conditions, but PEPC activity was
retained, suggesting that PEPC is probably post-translationally regulated. The
apparent specific activity of PEPC in the lysates was estimated to be 1.7-times
higher under glutamate-producing conditions than under non-producing conditions,
which was blocked by the acetylation-ablative K653R substitution or double dele-
tion of NCgl0078 and NCgl0616 that encode KDACs. These observations suggest
the biological significance of PEPC regulation by reversible acetylation in glutamate
production: NCgl0616-dependent deacetylation likely contributes to the activation
of PEPC and maintains PEPC flux despite of decreasing protein levels under
glutamate-producing conditions (Nagano-Shoji et al. 2017).

2.3 Regulation of Odhl by Succinylation

Proteomic analysis identified Lys52 and Lys132 in the FHA domain of Odhl as
acetylation and succinylation sites (Mizuno et al. 2016). In a structural model of
OdhA in complex with the unphosphorylated form of Odhl (Raasch et al. 2014),
Lys132 of Odhl is predicted to electrostatically interact with Asp523 of OdhA, and
succinylation of Lys132 was predicted to cause electric repulsion and inhibit the
interaction between OdhA and Odhl. As expected, an Odhl variant protein with a
succinylation mimic at Lys132 (K132E) showed highly impaired OdhA-binding
ability and ODH activity-inhibiting ability in vitro when compared to the function of
a succinylation-ablative K132R variant and the wild-type proteins. In vitro
succinylation of Odhl also impaired its ODH inhibitory ability. However, this effect
of in vitro succinylation was not observed with the Odhl K132R variant. These
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results suggest that succinylation of Lys132 inhibits Odhl-dependent ODH inhibi-
tion (Fig. 2b). A C. glutamicum strain producing a K132E Odhl variant protein
showed impaired glutamate production likely due to retained ODH activity
(Komine-Abe et al. 2017). Similarly, a Lys141 to glutamate substitution (K141E)
in M. tuberculosis GarA, which corresponds to the K132E substitution in Odhl,
abolished binding to a-ketoglutarate dehydrogenase, glutamate dehydrogenase, and
glutamate synthase as well as its inhibitory effects on the target enzymes (Nott et al.
2009).

As described above in Sect. 1.2.1, phosphorylation status is a critical determinant
of Odhl function. PknG-mediated phosphorylation of Odhl led to a loss of ODH
inhibition activity, which was not affected by succinylation, suggesting that phos-
phorylation is a major modification controlling Odhl, while succinylation may have
a minor tuning role (Komine-Abe et al. 2017).

2.4 Molecular Rationale for Altered Protein Acetylation
and Succinylation Upon Glutamate Production

The molecular basis for the altered acetylation and succinylation upon glutamate
production has been addressed. Deletion of the pfa gene (cg3048/NCgl2657) that
encodes a phosphotransacetylase, which blocks the conversion of acetyl-CoA to
acetyl-P, was shown to decrease total acetylation levels under non-producing con-
ditions, suggesting that acetyl-P dependent non-enzymatic acetylation is functional
in C. glutamicum (Mizuno et al. 2016). Meanwhile, deletion of ackA (cg3047/
Cgl2656) that encodes an acetate kinase, which blocks the conversion of acetyl-P
to acetate, did not increase the acetylation levels under either glutamate-producing or
non-producing conditions, which is different from what was observed in E. coli
(Weinert et al. 2013a; Kuhn et al. 2014) and B. subtilis (Kosono et al. 2015). Double
deletion of the two KDAC homologues (NCgl0078 and NCgl0616) in C.
glutamicum also did not increase acetylation levels (Mizuno et al. 2016). Interest-
ingly, deletion of PEPC, but not PC, enhanced acetylation levels under glutamate-
producing conditions (Nagano-Shoji et al. 2017). These observations suggest that
carbon flux in the Pta-Ack pathway is reduced and PEPC flux is abundant under
glutamate-producing conditions, which were reversed by PEPC deletion. This pro-
vides an answer to why total acetylation levels are reduced under glutamate-
producing conditions; it is likely due to depletion of the acetylating agents (acetyl-
CoA and acetyl-P) supplied from the Pta-Ack pathway (Fig. 2b). This result also
supports that PEPC, rather than PC, is responsible for a large portion of carbon flux
under glutamate-producing conditions in the Kyowa Hakko strain.

As for the supply of succinyl-CoA as a succinylating agent, two possible routes,
one from 2-oxoglutarate via ODH and another from isocitrate via succinate through
isocitrate lyase (cg2560/NCgl2248) and succinyl-CoA synthetase have been pro-
posed. The former route is not likely since decreased ODH activity under glutamate-
producing conditions has been well documented. Deletion of NCgl2248 had no
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apparent effect on total succinylation levels under glutamate-producing conditions
(Mizuno et al. 2016). It is possible that succinyl-CoA, which is a highly reactive
acyl-CoA species (Wagner et al. 2017), more easily reacts with target lysine sites
under conditions where acetylating agents are depleted. It seems that the altered
protein acetylation and succinylation observed in glutamate-producing conditions
may reflect the metabolic state in the cell.

3 Pupylation

Protein pupylation, which is a modification of lysine residues with a prokaryotic
ubiquitin-like protein (Pup), was first discovered in Mycobacterium (Pearce et al.
2008; Burns et al. 2009) and is conserved among genera in the phylum
Actinobacteria, including Corynebacterium, Nocardia, Rhodococcus, and Strepto-
myces (Darwin 2009; Striebel et al. 2014; Delley et al. 2017). Pup is attached to a
target protein via an isopeptide bond between the C-terminal glutamate of Pup and a
lysine residue in the target protein, which is catalyzed by the Pup ligase PafA
(proteasome accessory factor A). Pupylation is reversed by a single depupylation
enzyme, Dop (deamidase of Pup) (Fig. 3). PafA and Dop are homologous proteins
and catalyze the ATP-dependent ligation of the terminal y-carboxylate of glutamate
to the e-amine of lysine, similar to y-glutamyl-cysteine synthetase and glutamine
synthetase (EC 6.3.1.19). Several Pup variants possess the C-terminal glutamine
residue, and Dop also catalyzes the deamination of the C-terminal glutamine (Q) to
glutamate (E) to activate Pup (Fig. 3). In mycobacteria and other actinobacteria,
pupylation functions as a recruitment tag for proteasomal degradation. Pupylated
substrates are unfolded by a ring-shaped complex consisting of an AAA (ATPases
associated with diverse cellular activities) family ATPase (referred to as Mpa in
mycobacteria and ARC in other actinobacteria) and are then translocated to the 20S
proteasome chamber, which is composed of PrcA and PrcB subunits. This
Pup-proteasome system 1is functionally related to the eukaryotic ubiquitin-
proteasome system, although different players are involved in the two systems and
their origins appear to be independent.

In the C. glutamicum genome, genes encoding PafA (cg1688/NCgl1437), Pup
(cg1689/NCgl1438), Dop (cg1690/NCgl1439), and ARC (cgl691/NCgl1440) are
located in a cluster; however, genes encoding the proteasome components PrcA and
PrcB are not present (Fig. 3a). Proteome-wide analysis of pupylated proteins (the
pupylome) in the type strain ATCC 13032 identified 66 pupylation sites on 55 pro-
teins, the majority of which are involved in metabolism and translation (Kiiberl et al.
2014). To investigate the physiological function of protein pupylation, the pheno-
type of a Apup mutant was screened under various carbon and stress conditions and
was found to have a severe growth defect under iron limitation (Kiiberl et al. 2016).
Mutants of Aarc and to a lesser extent Adop also showed growth defects under iron
limitation. A pupylation-disabled variant (Pup-E64A) did not rescue the growth
defect of the Apup mutant. The iron-storage protein ferritin (Ftn, cg2782/
NCgl2439) was included in the C. glutamicum pupylome. Lysine-78, which is
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Fig. 3 Protein pupylation in C. glutamicum and other actinobacteria. (a) Gene organization of the
pupylation system in C. glutamicum. (b) PafA catalyzes ATP-dependent ligation of the C-terminal
glutamate (E) form of Pup to lysine residues of target proteins, which is reversed by Dop. Dop also
catalyzes deamidation of the C-terminal glutamine (Q) of Pup for its activation. In Mycobacteria,
pupylated proteins are targeted to the Mpa-20S proteasome for degradation. In C. glutamicum,
which lacks a proteasome, it was proposed that pupylation triggers the disassembly of multimeric
ferritin by ARC to release the stored iron, which has a crucial role in iron homeostasis

located on the outer surface of Ftn, was identified as the only pupylation site in vivo
and was shown to be pupylated in vitro. A mutant strain expressing a pupylation-
ablative Ftn-K78A variant showed the same phenotype as the Apup mutant: a
growth defect under iron limitation and normal growth under iron replete conditions.
These observations indicate that protein pupylation of Ftn plays a critical role in iron
homeostasis in C. glutamicum (Fig. 3b). Pupylation may trigger the disassembly of
multimeric ferritin by ARC to release stored iron without degradation (Kiiberl et al.
2016). This work gives an important suggestion for the physiological function of
pupylation in bacteria that lack a proteasome.

4 Mycoloylation

Protein lipidation is a PTM found in all domains of life (Jiang et al. 2017). Of several
kinds of protein lipidation, O-fatty acylation is a very rare modification compared to
S- and N-fatty acylation and is found in the Corynebacteriales. Protein O-
mycoloylation was first discovered in C. glutamicum by Huc et al. (2010). Genera
of the order Corynebacteriales, including Corynebacterium, Mycobacterium,
Nocardia, and Rhodococcus, contain a-alkyl and B-hydroxylated long-chain fatty



164 S. Kosono

TMM

Q trehalose

O-Mycoloylation mycolic acid

MM

AG

PG

PM

Fig. 4 Mycoloylation in C. glutamicum. The mycolyltransferase MytC/Cmt1 (Cg0413/NCgl0336)
catalyzes the transfer of a mycolate moiety (shown in red) from trehalose monomycolate (TMM) to
the porins PorA, PorH, PorB, and PorC (O-mycoloylation), which functions as an anchor in the
mycomembrane. Extracellularly released forms of these porins are free of mycoloylation. MM
mycomembrane, AG arabinogalactan, PG peptidoglycan, PM plasma membrane

acids, called mycolic acids, in their cell envelope. These mycolic acids organize in a
bilayer structure to form an outer membrane, called the mycomembrane. The
mycolic acids in the inner leaflet of the mycomembrane are covalently linked to
arabinogalactan, which in turn is covalently attached to peptidoglycan. Mycolic
acids can also be attached to the serine residues of proteins through an O-ester
linkage to provide protein O-mycoloylation. Mycoloyltransferases catalyze the
transfer of a mycolic acid moiety from a common precursor, trehalose
monomycolate (TMM), to a hydroxyl group of the substrate polypeptide and
arabinogalactan to generate O-mycoloylated proteins and arabinogalactan mycolate,
respectively (Lanéelle et al. 2013) (Fig. 4).

In C. glutamicum, protein O-mycoloylation has been detected on the small porins
PorA and PorH (cg3008 and cg3009, respectively; the coding sequences are
upstream of NCgl2620, but NCgl numbers have not been assigned), which form a
cation-selective channel; PorB (cg1109/NCgl0933) and PorC (cg1108/NCgl0932),
which are anion-selective channels; and ProtX (cg2875/NCgl number not assigned)
(Huc et al. 2010; Issa et al. 2017; Carel et al. 2017), a protein of unknown function.
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These proteins are localized to the mycomembrane and secreted. O-Mycoloylation
of PorA is required for pore-forming activity, whereas mycoloylation of PorH is
dispensable (Huc et al. 2010; Rath et al. 2011). MytC (also called Cmtl, cg0413/
NCgl0336), which belongs to the o/f hydrolase superfamily, was identified as a
mycoloyltransferase for PorA, PorH, PorB, PorC, and ProtX (Huc et al. 2013; Carel
et al. 2017). MytC is also located in the mycomembrane, and MytC-dependent O-
mycoloylation is required for retention of PorH, PorB, and PorC in the
mycomembrane, but not PorA, which contains predominantly hydrophobic residues
(Issa et al. 2017; Carel et al. 2017). O-Mycoloylation plays an essential role in
targeting proteins to the mycomembrane and functions as a stable membrane anchor.
PorB, PorC, PorH, and a trace of PorA are detected in the extracellular medium, and
the secreted version of the proteins are no longer acylated. This observation implies
the reversibility of O-mycoloylation, although the enzymes that reverse O-
mycoloylation remain to be determined (Carel et al. 2017).

Two short conserved motifs, [F/L]SS and VLSG, have been proposed as O-
mycoloylation motifs. These motifs are found in cell envelope-associated proteins,
such as mycoloyltransferases and the peptidoglycan hydrolases in C. glutamicum,
suggesting their association with the mycomembrane (Carel et al. 2017).

S Mycothiolation

Protein S-thiolation is a widespread redox-modification. This modification occurs on
the cysteine residues of proteins and occurs via the addition of non-protein
low-molecular weight (LMW) thiols such as glutathione, bacillithiol, mycothiol,
and coenzyme A. Under oxidative or hypochlorite (HOCI) stress, redox-sensitive
protein thiols are susceptible to thiol oxidation, including S-thiolation with LMW
thiols, the formation of inter- or intramolecular protein disulfide bonds, and irre-
versible oxidation to cysteine sulfinic or sulfonic acids. Reversible S-thiolation with
LMW thiols can protect protein thiols from undesirable thiol oxidation and control
the activity of proteins in response to redox states (Loi et al. 2015; Imber et al. 2019).

Although all eukaryotes and most Gram-negative bacteria, including E. coli,
utilize glutathione (GSH) as a major LMW thiol to cope with oxidative stress
and redox regulation of proteins, Gram-positive actinobacteria, including
corynebacteria, mycobacteria, and streptomycetes, utilize mycothiol (MSH) as
their major LMW thiol (Newton et al. 2008). MSH is composed of acetyl cysteine,
glucosamine, and myo-inositol and has a molecular mass of 486 Da (Fig. 5). Under
oxidative or HOCI stress conditions, MSH forms disulfides with the protein thiols of
cysteine residues, which is called S-mycothiolation (Fig. 5). Protein S-
mycothiolation is reversed by the thiol-disulfide-reducing Mrx1/MSH/Mtr system
to regenerate protein function. Mycoredoxin-1 (Mrx1, cg0964/NCgl0808) catalyzes
the reduction of S-mycothiolated proteins coupled with the generation of Mrxl-
SSM, which is recycled by MSH and the NADPH-dependent MSSM reductase Mtr
(cg2194/NCgl1928). MSH is also used as a cofactor for many redox enzymes,
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Fig. 5 Mycothiolation. (a) Mycothiol (1-p-myo-inositol-2-(N-acetyl-L-cysteinyl)amido-2-
deoxy-a-D-glucopyranoside) is a major LMW thiol in C. glutamicum and other actinobacteria. (b)
In S-mycothiolation, mycothiol (MSH) forms disulfide bonds with the thiols of cysteine residues.
Protein S-mycothiolation is reversed by the Mrx1-MSH-Mtr electron pathway, at the expense of
NADPH. MrxI mycoredoxin-1; Mtr MSH disulfide reductase

including a putative MSH peroxidase (Mpx), MSH-dependent formaldehyde dehy-
drogenase (AdhE/FadH), MSH-dependent arsenate reductases (ArsC1 and ArsC2),
and MSH-dependent maleylpyruvate isomerase (cg3349/NCgl2918) in C.
glutamicum (Loi et al. 2015; Imber et al. 2019).

In C. glutamicum, 25 proteins with S-mycothiolation were identified under
NaOCl stress conditions by shotgun proteomics, which included metabolic enzymes,
translation-related proteins, and antioxidant enzymes (Chi et al. 2014). The thiol
peroxidase Tpx (cgl236/NCgl1041) and the MSH peroxidase Mpx (cg2867/
NCgl2502) are S-mycothiolated at Cys residues in their active sites. S-
Mycothiolation of Tpx inhibits its peroxidase activity in vitro, which is restored by
reduction via the Mrx1/MSH/Mtr electron pathway. The antioxidative activity of
Mpx toward H,0, and alkyl hydroperoxides was shown to be restored by both the
Mrx1/MSH/Mtr and thioredoxin/thioredoxin reductase (Trx/TrxR) pathways
(Si et al. 2015). The glycogen phosphorylase MalP (cg1479/NCgl1255) is one of
most frequently S-mycothiolated proteins under NaOCI stress conditions, and
NaOCl stress leads to reduced glycogen degradation, suggesting that S-
mycothiolation of MalP may inhibit glycogen degradation (Chi et al. 2014). Tuf
(elongation factor Tu), GuaB1 and GuaB2 (inosine-5'-mono phosphate dehydroge-
nases), SerA (phosphoglycerate dehydrogenase), and MetE (methionine synthase)
are conserved targets for S-thiolation across Gram-positive bacteria (Chi et al. 2014).

6 Glycosylation

Both N-linked (attached to the amide group of asparagine) and O-linked (attached to
the hydroxyl group of serine and threonine) protein glycosylation are widespread in
bacteria (Nothaft and Szymanski 2010; Eichler and Koomey 2017). In C.
glutamicum, Rpf2 (cg1037/NCgl0872) was first identified as a glycosylated protein,
and the Rpf2 glycosylation was shown to contain mannose and galactose as
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components (Hartmann et al. 2004). Rpf (resuscitation promoting factor) homologs
are widely distributed in the actinobacteria, including corynebacteria, mycobacteria,
and streptomycetes (Mukamolova et al. 1998). C. glutamicum has two rpf genes in
the genome, rpfl [cg0936/NCgl0785] and rpf2, and a double deletion mutant
showed an elongated lag phase and impaired growth when grown in fresh medium
after a long storage period (on an LBG plate at 4 °C for 25 days) (Hartmann et al.
2004). An extracellular subproteome analysis using 2D-PAGE and subsequent
Western blotting revealed several glycosylated proteins in C. glutamicum ATCC
13032, and three of them were identified by MALDI-TOF-MS: Rpf2, a putative L,p-
transpeptidase LppS (cg2720/NCglI2388), and a hypothetical secreted protein
(cg1859/NCgl1588) (Mahne et al. 2006). Deletion of the pmr gene (cgl014/
NCgl0971), which encodes a putative homolog of the eukaryotic protein O-
mannosyltransferase, caused a complete loss of glycosylation, indicating that Pmt
is a major glycosylation enzyme in C. glutamicum (Mahne et al. 2006). Both pmt and
rpf2 genes are well conserved in the genomes of actinobacteria. However, direct
evidence for the role of Rpf2 glycosylation in growth stimulation after storage has
yet to be described.

7 Outlook

An increasing number of systematic genome-wide studies have revealed that protein
activity levels and phenotypes are not always correlated with gene expression,
suggesting the importance of post-translational regulation. This is true for microbial
metabolism, which is coordinated by complex and multifaceted regulatory networks:
changing gene expression as well as the modulation of protein activity via PTMs and
the allosteric binding of small metabolic molecules (Chubukov et al. 2013, 2014). To
understand the exact role and impact of PTMs on protein activity and metabolism
will be increasingly important for the utilization of C. glutamicum as a host for the
production of useful compounds.
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Abstract The annual world production of amino acids is currently estimated at
more than seven million tons and is expected to reach ten million tons by 2022. This
giant market has been underpinned largely by amino acid fermentation technologies
in which Corynebacterium glutamicum has played a leading role. Various genetic
engineering tools and global analysis techniques for this bacterium have been
developed and successfully applied with a great impact on the amino acid industry.
In particular, systems biology for this bacterium is almost fully capable of predicting
targets to be engineered and metabolic states that will yield maximum production,
thus allowing “systems metabolic engineering” and development of industrially
competitive production strains. Additionally, whole genomes of classically derived
industrial producers have been analyzed by ‘“reverse engineering” to identify
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important genetic traits, enabling the establishment of new industrial processes and
the creation of genetically defined producers from scratch. This “genome breeding”
strategy was first developed using C. glutamicum as a model and currently yields
producers that are more efficient than classical ones. These advances in strain
development technology have almost achieved the optimization of entire cellular
systems as cell factories for amino acid production, as demonstrated by their ability
to produce glutamate and lysine at concentrations now exceeding 150 g/L. with
estimated production yields towards sugar at almost 70%. This chapter describes
advances in the production of amino acids by C. glutamicum and presents the latest
details of the technology and strategies used for molecular strain improvement.

1 Introduction

Amino acids have a wide variety of characteristics in terms of nutritional value, taste,
medicinal action, and chemical properties, and thus have many potential uses as food
additives, feed supplements, pharmaceuticals, cosmetics, polymer materials, and
agricultural chemicals. As each new use is developed, demand for that type of
amino acid grows rapidly and is followed by the development of mass production
technology for that amino acid. The annual world production of amino acids has
increased year by year (Fig. 1), from 0.7 million tons in 1985 to 1.7 million tons in
1996, 3.7 million tons in 2006, and 7.0 million tons in 2016, and is expected to reach
ten million tons by 2022, growing at a CAGR (Compound Annual Growth Rate) of
5.6% from 2015 to 2022 (Ikeda 2003; Hermann 2003; Ajinomoto 2007, 2016;
Sanchez et al. 2018). According to a recent market research report (Research and
Markets 2018) and other relevant publications (Ajinomoto 2016; Sanchez et al.
2018), the global market for amino acids is estimated to be approximately US$13
billion in 2016 and is growing at an annual rate of 7%. Figure 2 shows the estimated
global markets for amino acids of different applications in 2016. The feed amino
acids, namely, lysine, methionine, threonine, and tryptophan, have the largest share
of the market, generating US$7.0 billion. The second largest share (US$5.3 billion)
belongs to food additives, which are comprised mainly of the flavor-enhancer
monosodium glutamate and the amino acids aspartate and phenylalanine, both
used as ingredients in the peptide sweetener aspartyl phenylalanyl methyl ester
(Aspartame).

Most L-amino acids are manufactured through microbial processes, mainly
through fermentation. Corynebacterium glutamicum, which plays a principal role
in amino acid fermentation, is therefore highly important, as demonstrated by the
increasing number of relevant research papers (Fig. 3). Figure 3 also shows the main
topics in amino acid fermentation and strain development technology during the
decades since such research began. Amino acid fermentation was developed pri-
marily in Japan and has extended across East Asia and into Europe, North America,
and South America. Today amino acid fermentation is a global industry. It should be
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noted that China has achieved a prominent presence in this field, as reflected by the
drastic increase in the number of research papers relevant to amino acid production
(Ma et al. 2017; Zhang et al. 2017b; Cheng et al. 2018).

In general, commercially potent producers have been developed by the stepwise
accumulation of beneficial genetic and phenotypic characteristics in one background
through classical mutagenesis and/or recombinant DNA technology. Such improve-
ments involve strains capable not only of producing amino acids at higher yields but
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Fig. 3 History of amino acid fermentation and strain development technology in Corynebacterium
glutamicum, together with the annual number of research papers relevant to this microbe

also of producing lower quantities of by-products, as the removal of by-products
dominates the costs of downstream processing (Ikeda 2003; Marienhagen and
Eggeling 2008; Feng et al. 2018). The current production yields towards sugar
(w/w %) can be estimated as follows: lysine hydrochloride, 60-70; glutamate,
60-70; arginine, 40-50; isoleucine, 20-30; valine, 35-40; leucine, 25-30; trypto-
phan, 20-30; and phenylalanine, 30-35.

Since the year 2000, genomic and other “omics” data have accumulated for
C. glutamicum, profoundly affecting strain development methods and providing a
global understanding of the physiology, regulatory networks, and unknown func-
tions of this microbe as well as the mechanisms underlying hyperproduction
(Wittmann and Heinzle 2002; Ikeda and Nakagawa 2003; Kalinowski et al. 2003;
Strelkov et al. 2004; Yukawa et al. 2007; Ikeda 2017; Yokota and Ikeda 2017;
Becker et al. 2018). As a result, the targets of metabolic engineering have expanded
beyond the core biosynthetic pathways leading to amino acids of interest into entire
cellular systems including cofactor-regeneration systems, uptake and export sys-
tems, energy metabolism, global regulation, and stress responses. Such global and
systematic metabolic engineering has repeatedly led to successful yield improve-
ments for amino acid production by C. glutamicum (Eggeling and Bott 2005;
Wendisch 2007; Burkovski 2008; Mitsuhashi 2014; Yokota and Ikeda 2017; Becker
et al. 2018). In addition, the product spectrum of C. glutamicum has also been
expanded, and metabolic engineering has been applied to the production of amino
acids that formerly could not be produced effectively from glucose, such as serine,
methionine, and cysteine. The present chapter describes the technologies and strat-
egies that have been used in strain development in recent years, then reports the latest
findings on rational metabolic engineering of C. glutamicum to develop efficient
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amino acid producers. Representative work using other bacteria, such as Escherichia
coli and Pantoea ananatis, is also included for reference.

2 Recent Technologies for Strain Development

The focus in strain development technologies after the year 2000 has been directed to
the development of new methodologies and tools employing genomic information,
multi-omics data, bioinformatics, systems and synthetic biology, high-throughput
single cell screening, and so on. These efforts have led to the development of several
powerful new approaches, such as “systems metabolic engineering”, “genome
breeding”, and “biosensor-driven single cell screening”, which has rejuvenated
strain development for amino acid production. Such new approaches for strain
development in C. glutamicum are highlighted here.

2.1 From Genome to Producers

Advances in microbial genomics have dramatically transformed our approaches to
strain development. Their largest benefit to this field is obviously the availability of
high-throughput DNA sequencing, which has made it feasible to decode the
genomes of classical industrial producers and thereby to identify important genetic
traits that distinguish them from their wild-type ancestors. As a result, the conven-
tional style of selecting improved strains by their phenotypes, formerly the standard
practice in the industry, is rapidly being replaced by a new method called “genome
breeding” (Fig. 4), where desirable genotypes are systematically assembled in a
wild-type genome (Ohnishi et al. 2002; Ikeda et al. 2006; Lee et al. 2012; Kim et al.
2013; Wu et al. 2015; Ma et al. 2018). The strains reconstructed from scratch
through genome breeding can be more robust, give higher fermentation yields in
less time, and resist stressful conditions better than classical industrial producers
(Ohnishi et al. 2003). Meanwhile, microbial genomics allows in silico reconstruction
of the whole metabolic map of a relevant microorganism. In fact, the genome
information that is now available for a diverse variety of microorganisms has already
revealed the numerous metabolic pathways that sustain their lives. This is now
opening the way for the creation of a new methodology centered around redesigning
a particular metabolic pathway in a desired microorganism on the model of one of
the other metabolic pathways for which information is now publicly available. One
example of this practice is the recent re-engineering of ‘Glutamic acid bacteria’ on
the model of the unique redox metabolism seen in “Tooth decay bacteria’ (Takeno
et al. 2010, 2016). Here, the two approaches, genome breeding and metabolic
redesign, are described to show how we can take advantage of genome information
to enable more efficient amino acid production.
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Fig. 4 The “genome breeding” methodology for the creation of defined mutants that carry only
beneficial mutations. This methodology starts with decoding the genomes of classical industrial
producers to identify the important genetic traits that distinguish them from their wild-type
ancestors (the Reverse engineering step) and progresses to systematically assembling the beneficial
genetic properties in a single wild-type background (the Reengineering step)

2.1.1 Genome Breeding

Because classical strain breeding is based on random mutation and selection, we
cannot eliminate the possibility that this method will introduce detrimental or
unnecessary mutations into a genome. Genome breeding methodology, however,
can overcome this limitation. In this program, biotechnologically useful mutations
identified through the genome analysis of classical mutants are systematically
introduced into the wild-type genome in a pinpointed manner (Ikeda et al. 2005),
thus allowing the creation of a defined mutant that carries only useful mutations
(Figs. 4 and 5). As an example, one industrial lysine producer that had undergone
years of mutagenesis and screening was found to have more than 1000 mutations
accumulated in its genome (lkeda 2017). Among these, only six mutations were
identified as positive mutations for lysine production; two (hom59 and lysC311) that
are located in the terminal pathway to lysine (Ohnishi et al. 2002), three (pyc458,
gnd361, and mqo224) that are involved in central metabolism (Ohnishi et al. 2002,
2005; Mitsuhashi et al. 2006), and one (leuC456) that causes global induction of the
amino acid-biosynthetic genes and thereby further increases production (Hayashi
et al. 2006a). The assembly of these six useful mutations in a robust wild-type strain
of C. glutamicum (Fig. 5a) was shown to substantially improve producer perfor-
mance, resulting in a final titer of 100 g/L after 30 h of 5-L jar fermentor cultivation
at a suboptimal temperature of 40 °C (Ohnishi et al. 2003; Ikeda et al. 2006).

The usefulness of the genome breeding approach has been also demonstrated in
the production of arginine and citrulline (Ikeda et al. 2009, 2010a). In this case, the
assembly of three positive mutations (argB26, AargR, and argB31) derived from
three different lines of classical producers in a single wild-type background (Fig. 5b)
has led to the new strain RBid, characterized by dramatically increased productivity
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of arginine and citrulline compared with the best classical producer, A-27, even at
the suboptimal temperature of 38 °C (Fig. 6). In this approach, not only identification
of beneficial mutations but also screening for the specific host that will give the best
performance is an important consideration because the wild-type background can
have a significant impact on the ultimate outcome (Ohnishi and Ikeda 2006; Ikeda
et al. 2009). The host strain into which the three mutations were incorporated was
ATCC 13032, which was identified through screening from among several
C. glutamicum wild-type strains as the strain with the highest potential for industrial
arginine/citrulline production at elevated temperatures (Ikeda et al. 2009). If another
wild-type strain had been used as the host, the result would have been unsatisfactory.

2.1.2 Metabolic Redesign

Progress in genomics has made it possible to construct an organism’s entire metabolic
map in silico. Diverse metabolic pathways of approximately 3500 bacterial species
have already been constructed and are available at the Kyoto Encyclopedia of Genes
and Genomes (http://www.kegg.jp/kegg-bin/get_htext?htext=br08601_map00010.
keg&hier=5) (Kanehisa et al. 2014). Most well-known bacteria possess the complete
pentose phosphate pathway which enables them to generate NADPH as a reducing
power. In some unique microorganisms, however, the database has revealed a
defective pentose phosphate pathway. One such microorganism is Streptococcus
mutans, a tooth decay bacterium reportedly harboring an unusual glycolytic pathway
that can generate NADPH at the step of glyceraldehyde 3-phosphate dehydrogenase
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Fig. 6 Fermentation kinetics of the newly developed strain RBid at 38 °C in 5-L jar fermentor
cultivation. For comparison, the profiles of the best classical producer A-27 when cultured under its
optimal 30 °C conditions are shown as controls. Open circles arginine and citrulline production by
strain RBid, closed circles growth of strain RBid, open squares arginine and citrulline production
by strain A-27, closed squares growth of strain A-27

(Fig. 7). Based on these findings, an attempt has been made to recreate the S. mutans-
type NADPH-generating glycolytic pathway in C. glutamicum (Takeno et al. 2010,
2016). In this study, endogenous NAD-dependent glyceraldehyde 3-phosphate dehy-
drogenase (GapA) of C. glutamicum was replaced with nonphosphorylating NADP-
dependent glyceraldehyde 3-phosphate dehydrogenase (GapN) of S. mutans (Fig. 8).
Unfortunately, the resulting strain (RE2) exhibited severely retarded growth, proba-
bly because the engineering attempt had favored the generation of reducing power
while theoretically restricting ATP generation. The strategy for solving this problem
was to use GapA together with GapN in the early growth phase where more ATP is
required for growth, and thereafter to shift the combination-type glycolytic pathway
to one that depends only on GapN for production in the subsequent growth phase
(Fig. 8). To achieve this, the gene for GapA was expressed under the myo-inositol-
inducible promoter of iolTI encoding a myo-inositol transporter. In strain RE2A™!
which was thus engineered, a well-balanced use of GapA and GapN has led to both
improved growth and high-level lysine production. Moreover, it has been demon-
strated that blockade of the oxidative pentose phosphate pathway through a defect in
glucose 6-phosphate dehydrogenase did not significantly affect lysine production in
the engineered strain (Fig. 8), while a drastic decrease in lysine production was
observed for the reference strain (Takeno et al. 2016). This study was the first to
demonstrate efficient lysine production independent of the oxidative pentose phos-
phate pathway.
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Fig. 7 Glycolysis and the pentose phosphate pathway in C. glutamicum ATCC 13032 and
S. mutans UA159. The metabolic pathways are extracted from the KEGG pathway database
(Kanehisa et al. 2014). Each enzyme is presented as an EC number. GapA NAD-dependent
glyceraldehyde 3-phosphate dehydrogenase from C. glutamicum, GapC NAD-dependent glyceral-
dehyde 3-phosphate dehydrogenase from S. mutans, GapN nonphosphorylating NADP-dependent
glyceraldehyde 3-phosphate dehydrogenase

2.2 Systems Metabolic Engineering

The cumulative body of knowledge on cellular metabolism and physiological
properties of amino acid-producing microorganisms was combined with “omics”
technologies and computational methods, including metabolic flux profiling and in
silico modeling, to facilitate metabolic engineering in a systematic and global
manner (Dai and Nielsen 2015; Hirasawa and Shimizu 2016; Ma et al. 2017; Lee
and Wendisch 2017; Zhang et al. 2017b; Becker et al. 2018). This “systems
metabolic engineering” approach is particularly useful for predicting a combination
of genetic modifications that would lead to the theoretically best flux scenario for
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amino acid production. Several applications of this have recently led to the success-
ful creation of efficient amino acid producers in both C. glutamicum and E. coli.

Becker et al. (2011) used flux model analysis with a genome-scale metabolic
model to predict the target steps to be modified for optimum lysine production by
C. glutamicum. Ultimately, this analysis identified twelve stages of modifications to
a wild-type genome resulting in the lysine hyper-producer LYH-12 (Fig. 9), which
can achieve a final titer of 120 g/L with a conversion yield of 55% on glucose after
30 h of 5-L jar fermentor cultivation at 30 °C. Among the twelve modifications were
six (introduction of the lysC311 and hom59 mutations, duplication of the ddh and
lysA genes, and overexpression of the lysC and dapB genes under a strong promoter)
that cause increased flux through the lysine biosynthetic pathway, three (introduction
of the pyc458 mutation, overexpression of the pyc gene under a strong promoter, and
deletion of the pck gene) that cause increased flux towards oxaloacetate through
anaplerotic carboxylation, two (overexpression of the fbp gene and the zwf-opcA-tkt-
tal operon under strong promoters) that cause increased flux through the pentose
phosphate pathway for NADPH supply, and one (replacement of the start codon
ATG by the rare GTG in the icd gene) that causes reduced flux through the TCA
cycle and thereby increases the availability of oxaloacetate.

Lee et al. (2007) and Park et al. (2007a) reported the strategies for systems
metabolic engineering of E. coli for the production of threonine and valine, respec-
tively. For threonine production, the target genes to be engineered were identified
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through transcriptome profiling and in silico flux response analysis, ultimately
resulting in construction of a defined threonine hyper-producer that can achieve a
final titer of 82.4 g/ with a conversion yield of 39.3% on glucose after 50 h of
fed-batch culture (Lee et al. 2007). For valine production, likewise, in silico gene
knockout simulation identified three target genes to be disrupted, leading to the
design of an efficient valine producer (Park et al. 2007a).

2.3 Biosensor-Driven Single Cell Screening

Since rational strain improvement generally depends on known genetic information,
relying on this approach alone can cause researchers to miss unknowns, which are
often difficult to predict. For this reason, the classical approach consisting of
multiple rounds of random mutation and screening is still significant for strain
improvement. The classical approach also offers opportunities to find novel infor-
mation applicable to the rational approach. Yet screening almost always requires the
cultivation and subsequent productivity analysis of individual mutants, which
requires considerable time, labor, and cost. Biosensor-driven single cell screening
is a technique that allows researchers to overcome such disadvantages and thereby
accelerate strain improvement. The major technique that has been applied to
C. glutamicum is based on the principle that transcriptional regulators (TRs) activate
expression of their target gene fused to a reporter gene eyfp (encoding enhanced
yellow fluorescent protein, eYFP) in response to intracellular concentration of a
specific metabolite. This setup enables translation of the intracellular metabolite
concentration into a fluorescent output and the high-throughput screening of single
cells via fluorescence-activated cell sorting (FACS). The representative achieve-
ments have been performed using the homologous TRs: LysG and Lrp (Fig. 10).
In response to cytosolic concentrations of basic amino acids such as lysine,
arginine, or histidine, LysG activates expression of the lysE gene encoding an
exporter for lysine and arginine (Bellmann et al. 2001). A plasmid containing the
eyfp gene under the control of the promoter of the lysE gene enables the translation of
the intracellular lysine concentration into a fluorescent signal (Binder et al. 2012). A
mutant library consisting of 7 x 10° cells obtained from wild-type C. glutamicum
ATCC 13032 carrying this plasmid was subjected to FACS analysis, which resulted
in the isolation of 185 lysine-producing mutants. It should be noted that increased
intracellular concentration of lysine correlates with its increased concentration in the
culture supernatant. Whole-genome sequencing of the mutants revealed novel muta-
tions in the murE gene encoding UDP-N-acetylmuramoyl-L-alanyl-p-glutamate-2,6-
diaminopimelate ligase that utilizes b, L-diaminopimelate as a substrate in the lysine
synthetic pathway. One of these mutations, mutation murE°®'E, was introduced into
the genome of the defined lysine producer C. glutamicum DM1933 (Blombach et al.
2009b) where it increased lysine production by approximately 1.3-fold on glucose
(Binder et al. 2012). The LysG-based biosensor has also been utilized to isolate less-
feedback variants of key enzymes in lysine, arginine, and histidine biosynthesis
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(Schendzielorz et al. 2014). This technique was performed on a mutant library
consisting of approximately 2.2 x 10° cells of the C. glutamicum AargR strain
carrying a plasmid containing a randomly mutated argB gene encoding N-acetyl-L-
glutamate kinase. Analysis of 96 selected positive cells revealed the presence of
ArgB variants. The argB gene, which was modified based on information on these
variants, encoded a feedback-resistant enzyme to inhibition by arginine and allowed
the AargR strain to produce 35 mM arginine on glucose (Schendzielorz et al. 2014).
A similar approach has identified feedback-resistant variants of aspartate kinase
(LysC) and ATP phosphoribosyl transferase (HisG), which are key enzymes in
lysine and histidine biosynthesis, respectively, and revealed that these mutations
lead to the production of the respective amino acids by the wild-type strain
(Schendzielorz et al. 2014).

Another representative example of biosensor-driven single cell screening is based
on the transcriptional regulator Lrp. Lrp activates expression of the brnFE operon
encoding the export system for valine, leucine, isoleucine, and methionine in
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response to intracellular concentration of these amino acids (Lange et al. 2012). By a
principle similar to that of the LysG-based biosensor, the Lrp-based biosensor led to
the isolation of five mutants that produced different amounts of valine, leucine, and
isoleucine from a random mutant library of wild-type ATCC 13032 (Mustafi et al.
2012). The Lrp-based approach has also been utilized for adaptive laboratory evolu-
tion for valine production. An evolved consortium originating from the
C. glutamicum AaceE strain and having gone through five iterative evolution steps
exhibited a higher growth rate, up to 25% increased valine production, and three- to
four-fold decreased production of the by-product alanine. Genome sequencing of a
single isolate revealed a loss-of-function mutation in the ureD gene encoding the
urease accessory protein, and introduction of this mutation into the non-evolved
AaceE strain resulted in an increase in valine production up to two-fold (Mahr
et al. 2015).

Very recently, TR-based biosensors coupled with FACS for C. glutamicum have
been expanded to detection of shikimic acid, serine, and cAMP. The shikimic acid
biosensor is based on the transcriptional regulator ShiR (Kubota et al. 2015). This
was utilized in the screening of a ribosome binding site (RBS) library for the tktA
gene encoding transketolase, an enzyme that catalyzes the formation of erythrose-4-
phosphate, a precursor of shikimic acid, and in the identification of a useful RBS
sequence for improved shikimic acid production (Liu et al. 2018a). In contrast, the
serine biosensor employs the transcriptional regulator NCgl0581 (Binder et al.
2012). This system was used to screen the random mutant library of a serine-
producing C. glutamicum strain that was obtained through a combination of random
mutagenesis and rational engineering, which resulted in the isolation of a mutant
with 1.3-fold higher serine production than its parental strain (Zhang et al. 2018e).
The mutant produced 35 g/L of serine with a conversion yield of 35% on sucrose
after 120 h of batch culture (Zhang et al. 2018e). Although all of the TRs described
above bind with the corresponding effectors and thereafter can activate expression of
the reporter gene, the cAMP sensor is composed of the transcriptional regulator
GIxR and a promoter repressed by cAMP-bound GIxR. This biosensor has been used
successfully to separate cells with different cAMP levels (Schulte et al. 2017).

3 Current Status of Amino Acid Production

Recently, various genetic engineering tools and global analysis techniques for
C. glutamicum as well as high-throughput genomic analysis technologies have
been successfully applied and have contributed both to the understanding of the
molecular mechanisms underlying high-level production and to the development of
more advanced production strains of this microbe. At the same time, the new
approaches to strain development such as genome breeding and systems metabolic
engineering have allowed the creation of nearly optimal genetically defined and
industrially competitive producers from scratch. Here, the current status of produc-
tion of various amino acids by C. glutamicum is highlighted, with a special focus on
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the amino acids whose production methods have been significantly advanced in the
2000s. These include glutamate, lysine, arginine, citrulline, ornithine, the branched-
chain amino acids valine, leucine, and isoleucine, and the sulfur-containing amino
acids methionine, S-adenosyl-methionine, and cysteine. Tryptophan is also included
because the scale of its market has been growing rapidly. Production technology
aimed at other industrially important amino acids such as serine, alanine, and
threonine has been omitted because it was discussed in the first edition of this
book and/or other publications (Ikeda 2003, Willis et al. 2005; Sprenger 2007;
Rieping and Hermann 2007; Dong et al. 2011; Ikeda and Takeno 2013; Yokota
and Ikeda 2017).

3.1 Glutamate

Since the discovery of C. glutamicum as a producer of the food flavoring monosodium
glutamate, commercial production of glutamate has been conducted using this microbe
exclusively. The industrial glutamate titer is assumed to exceed 150 g/L (Sanchez et al.
2018) with an estimated production yield towards sugar of almost 70%. The global
demand for monosodium glutamate amounted to over three million tons in 2016
(Ajinomoto 2016; Sanchez et al. 2018) and is expected to surpass four million tons
by 2023 (Global market insights 2016). Glutamate production by C. glutamicum is
induced by biotin limitation or by treatment with certain fatty acid ester surfactants or
with B-lactam antibiotics such as penicillin. Although induction treatment is the core
technology involved in industrial glutamate production processes, the molecular basis
of the induction of glutamate secretion was long unknown. In recent years, however, a
valuable insight into the secretion mechanism has been gained with the identification
of the NCgl1221 gene product as a glutamate exporter (Nakamura et al. 2007). An
intriguing finding is that only a specific point mutation in the NCgl1221gene resulted
in glutamate secretion without any induction treatments. It has also been shown that
amplification of the wild-type NCgl1221gene increases glutamate secretion while its
disruption substantially abolishes secretion accompanied by an increase in the intra-
cellular glutamate pool under the induction conditions mentioned above. The gene in
question encodes the YggB protein, which was originally described as a putative
mechanosensitive channel (Nottebrock et al. 2003). Later electrophysiological studies
using an E. coli or Bacillus subtilis strain devoid of mechanosensitive channels
indicated that the NCgl1221 gene product actually possesses the activity of a
mechanosensitive channel (Borngen et al. 2010; Hashimoto et al. 2010). It has also
been shown that glutamate excretion through the channel was mediated by passive
diffusion (Hashimoto et al. 2012), while carrier-mediated glutamate secretion by
C. glutamicum was shown to be energy-dependent (Gutmann et al. 1992). Based on
this possible function as a mechanosensitive channel, the following mechanism has
been proposed: the induction conditions, such as biotin limitation and penicillin
treatment, alter membrane tension by inhibiting lipid or peptidoglycan synthesis.
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This triggers conformational changes in the NCgl1221 gene product, which in turn
enables the protein to export glutamate (Fig. 11).

Very recently, a different type of mechanosensitive channel was identified as a
second glutamate exporter in some limited strains of C. glutamicum (Wang et al.
2018Db). Although the channel MscCG?2 shares only 23% identity with the NCgl1221
gene product, both channels have an important common feature: they need to be
activated for glutamate production by the alteration of membrane tension, which is
triggered by biotin limitation or penicillin treatment. This observation raises the
question of how the new model may be congruent with the accepted notion that a
decrease in the activity of the 2-oxoglutarate dehydrogenase complex (ODHC) is
crucial for glutamate production (Shingu and Terui 1971; Kawahara et al. 1997;
Kimura 2003; Asakura et al. 2007; Kim et al. 2009a, b). Although the new model
seems to explain the basics of the mechanism underlying the induction of glutamate
secretion, it is probably not sufficient to explain the entire process of glutamate
production by C. glutamicum. Recently, a possible connection at a molecular level
has been uncovered between ODHC activity and glutamate production (Fig. 11). A
novel 15 kDa protein known as Odhl was identified as a regulator of ODHC
(Niebisch et al. 2006). The unphosphorylated form of Odhl binds to the OdhA
protein, one of the subunits of ODHC, and inhibits ODHC activity. This inhibition
can be prevented by the PknG-catalyzed phosphorylation of Odhl. A phospho-
serine/threonine protein phosphatase responsible for dephosphorylation of Odhl
has also been identified (Schultz et al. 2007). Interestingly, disruption of the odhl
gene was shown to abolish glutamate production even under the induction condi-
tions (Schultz et al. 2007), suggesting a close relationship between the regulator
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protein and the reduction of ODHC activity that occurs during glutamate production.
It is also worth noting that proteome analyses have revealed a significant increase in
the Odhl protein upon penicillin treatment, which has become a conventional
industrial method of triggering glutamate production (Kim et al. 2009a, b). These
findings have confirmed the existence of a connection between ODHC activity and
glutamate production, but it should be noted that an ODHC-activity-reducing met-
abolic change alone is not sufficient to induce glutamate production (Kim et al.
2009a, b).

Taken together, the evidence to date suggests a link between the induction
treatments, such as biotin limitation and penicillin treatment, and glutamate produc-
tion. In our proposed mechanism, the induction treatments enhance the synthesis of
the regulator protein Odhl in its unphosphorylated form and thereby inhibit ODHC
activity. This causes a metabolic shift at the branch point of 2-oxoglutarate, which
channels carbon toward glutamate. Intracellularly-accumulated glutamate is then
secreted into the medium via the NCgl1221 gene product YggB which has been
activated in response to altered membrane tension (Fig. 11). Questions for the future
include why and how the Odhl protein is overexpressed in response to the induction
treatment and what conditions are required for the phosphorylation and dephosphor-
ylation of Odhl.

Acetylome and succinylome analyses of glutamate-producing C. glutamicum
have suggested that protein acetylation and succinylation are involved in glutamate
production through the post-translational control of key enzymes such as phospho-
enolpyruvate carboxylase (PPC) and ODHC (Mizuno et al. 2016). It has been shown
that acetylation of PPC at lysine 653 caused decreased enzymatic activity, resulting
in reduced glutamate production (Nagano-Shoji et al. 2017). On the contrary,
deacetylation of the lysine residue has been suggested to improve glutamate pro-
duction through activation of PPC because the increase in PPC activity during
glutamate production was canceled by the defect of the deacetylases (Nagano-
Shoji et al. 2017).

Continuous efforts have been made not only to understand glutamate production
but also to improve the process. In addition to the general approaches, in which
metabolic fluxes are directed into glutamate (Kimura 2003; Sato et al. 2008; Sawada
et al. 2010), an innovative metabolic design allowing an increased maximum
theoretical yield has recently been reported (Chinen et al. 2007). Glutamate biosyn-
thesis from glucose in C. glutamicum is inevitably associated with the release of CO,
in the pyruvate dehydrogenase reaction, but the creation of a novel metabolic route
by installing the phosphoketolase pathway of Bifidobacterium animalis allowed the
CO,-releasing pyruvate dehydrogenase reaction to be bypassed via acetyl phos-
phate, and thereby led to increased glutamate production coupled with the suppres-
sion of CO, emission. On the other hand, expression of the Vitreoscilla hemoglobin
gene vgb under a fac promoter in a wild-type C. glutamicum strain has been shown to
increase glutamate production in both shake-flask and fermentor cultivations (Liu
et al. 2008), probably due to the enhancement of respiration by the hemoglobin
(Webster 1987; Kallio et al. 1994; Zhang et al. 2007). Very recently, a Chinese
group has demonstrated efficient glutamate production in the biotin-excessive corn
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stover hydrolysate (lignocellulose biomass). To achieve this, an industrial strain of
C. glutamicum was improved by two genetic modifications, that is, (1) truncating
C-terminal amino acid residue of the mechanosensitive channel NCgl1221, leading
to activation of glutamate secretion without any induction treatments, and (2) engi-
neering odhA ribosome-binding site, leading to decreased ODHC activity. The
engineered strain XW6 achieved a final titer of 65.2 g/L with a yield of 63% after
48 h of 3-L jar fermentor cultivation using corn stover hydrolysate as the feedstock
(Wen and Bao 2019).

Aside from C. glutamicum, Ajinomoto isolated the gram-negative acid-tolerant
bacterium Pantoea ananatis AJ13355 to generate a glutamate producer (Hara et al.
2012). This producer was shown to allow glutamate fermentation to be conducted
under acidic conditions (pH 3-5) where the solubility of glutamate is low, leading to
a new process called “glutamate crystallization fermentation” (Izui et al. 2006,
Usuda et al. 2017). This new type of fermentation is considered to reduce the
amounts of alkali (e.g., ammonia) and acid (e.g., sulfuric acid or hydrochloric
acid) during the fermentation and subsequent purification steps, respectively, and
also the amounts of by-product salts such as ammonium sulfate. This means that the
new process is expected to decrease not only production costs but also the burden on
the environment, thus indicating its potential as a sustainable production process.

3.2 Lysine

Lysine, an essential amino acid for animals, has significant commercial value as a
feed additive to promote the growth of animals including swine and poultry, and thus
is the second-ranking amino acid after glutamate in terms of worldwide annual
production. Lysine is also used as a fish feed additive because it is generally the
first limiting essential amino acid in many protein sources used in fish feeds (Hua
2013). The scale of the lysine market has been estimated at approximately 2.3
million tons in 2016 (Ajinomoto 2016) and is still growing at annual rates of around
10% (Ikeda 2017). As the scale of production has increased, lysine prices per
kilogram have dropped to around US$1.4 (Ajinomoto 2016), fluctuating between
US$1.2 and 2.5 over the past decade (Ajinomoto 2016; Eggeling and Bott 2015;
Ikeda 2017), depending largely on competition from natural lysine sources such as
soybean meal and sardine. The main suppliers are CJ CheilJedang (South Korea),
Global Bio-Chem Technology Group (China), Ajinomoto (Japan), Archer Daniels
Midland (USA), and Evonik Industries (Germany), among others (Eggeling and Bott
2015). Major commercial plants are located in the respective corn belts in China,
North America, Brazil, Indonesia, and Russia. Because of the growing market for
lysine, exhaustive studies have been undertaken in an attempt to engineer the
metabolism of C. glutamicum for lysine production (Ikeda 2017). These studies
have resulted in several effective strategies for rational strain improvement, includ-
ing engineering of terminal pathways (Shiio and Miyajima 1969; Sano and Shiio
1971; Kase and Nakayama 1974), central metabolism (Petersen et al. 2001; Peters-
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Wendisch et al. 2001; Riedel et al. 2001; Shiio et al. 1984; Becker et al. 2009; Chen
et al. 2014; Blombach et al. 2007b; Radmacher and Eggeling 2007; van Ooyen et al.
2012; Mitsuhashi et al. 2006), NADPH-regeneration systems (Marx et al. 2003;
Becker et al. 2005, 2007; Ohnishi et al. 2005; Kiefer et al. 2004; Moon et al. 2005;
Takeno et al. 2010, 2016; Komati Reddy et al. 2015; Bommareddy et al. 2014;
Kabus et al. 2007a; Xu et al. 2014c, 2018b, c), export systems (Burkovski and
Kramer 2002; Vrlji¢ et al. 1996), glucose uptake systems (Ikeda et al. 2010b, 2011,
2015; Lindner et al. 2011a, b; Ikeda 2012), energy metabolism (Bott and Niebisch
2003; Kabus et al. 2007b), and global regulation (Burkovski 2008; Brockmann-
Gretza and Kalinowski 2006; Kromer et al. 2004, 2008; Hayashi et al. 2006a, b). In
addition, recent genome-based and systems-level approaches such as genome breed-
ing (Ohnishi et al. 2002; Ikeda et al. 2006) and systems metabolic engineering
(Becker et al. 2011) have led to lysine producers with superior production perfor-
mance in terms of yield, titer, and productivity, as described earlier in this chapter.

A genome-scale model of the C. glutamicum metabolic network has been
constructed based on the annotated genome, available literature, and various
“omic” data (Kjeldsen and Nielsen 2009). The constructed metabolic model consists
of 446 reactions and 411 metabolites; the predicted metabolic fluxes during lysine
production and growth under various conditions are highly consistent with experi-
mental values. The ability to predict the metabolic state associated with maximum
production yield can be used to guide strain engineering. This strategy has been
proven through the rational design of high lysine-producing strains of C. glutamicum
(Kromer et al. 2004; Becker et al. 2005; Wendisch et al. 2006).

Recently, Chinese groups have dramatically improved lysine productive perfor-
mance of C. glutamicum by rational metabolic engineering (Xu et al. 2013,
2014a, b, c, 2018a, b, c). Seventeen stages of modification to a wild-type genome,
aimed at increasing the carbon flow into the lysine-biosynthetic pathway, have led to
the lysine hyper-producer Lys5-8, which achieved a final lysine titer of 130.82 g/L
(163.52 g/L as lysine hydrochloride) with a conversion yield of 47.06% on glucose
after 48 h of 7-L jar fermentor cultivation (Xu et al. 2014b). Very recently, different
lines of lysine hyper-producers have been rationally constructed from a classical
lysine producer. These include strains JL-6 AdapB::Ec-dapB©''>% S11°C (Xu et al.
2018b) and JL-69P,. mgdh (Xu et al. 2018a). The typical strategy, used to create the
former strain, was to lower dependency on NADPH during lysine biosynthesis. For
this purpose, the NADPH-dependent DapB gene was replaced with an E. coli gene
encoding a mutant type of NADH-dependent DapB to switch its nucleotide-cofactor
specificities from NADPH to NADH, leading to an increase in final lysine titer from
82.6 to 117.3 g/L, an increase in conversion yield on sugar from 35 to 44%, and an
increase in productivity from 2.07 to 2.93 g/L/h in 5-L jar fermentor cultivation. The
latter strain, in contrast, was created by optimizing the carbon flux through the TCA
cycle to balance cell growth and availability of oxaloacetate and glutamate for lysine
biosynthesis from the viewpoint of maximizing precursor supply. Rational engineer-
ing of the phosphoenolpyruvate-pyruvate-oxaloacetate node and the TCA cycle, as
well as the suitable feeding of biotin, has resulted in a final lysine titer of 181.5 g/L.
with a conversion yield of 64.6% on sugar after 48 h (productivity of 3.78 g/L/h) in
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Fig. 12 Outline of metabolic engineering disclosed by the Chinese groups for lysine production

5-L jar fermentor cultivation. On the other hand, a classically derived lysine-
producing mutant of C. glutamicum was improved by engineering glucose uptake
systems. Adequate expression of the bypasses for glucose uptake (IolT1, IolT2, and
PpgK), in addition to the native phosphoenolpyruvate-dependent sugar
phosphotransferase system (PTS®'), in the strain has resulted in the lysine hyper-
producer ZL-92, which achieved a final lysine titer of 201.6 g/L with a conversion
yield of 65% on glucose after 40 h (productivity of 5.04 g/L/h) in 5-L jar fermentor
cultivation (Xu et al. 2019). An outline of the metabolic engineering strategies by
which these lysine hyper-producers were generated is schematically shown in
Fig. 12.

The main feedstocks for lysine production by C. glutamicum are sugars from
agricultural crops, such as cane molasses, beet molasses, and starch hydrolysates
(glucose) from corn and cassava, but it is becoming necessary to engineer the use of
alternative raw materials, in particular, materials that do not compete with human
food or energy sources. To reduce the environmental impact of lysine production,
C. glutamicum strains have been constructed that can utilize whey, which contains
lactose and galactose (Barrett et al. 2004); glycerol, the main by-product of biodiesel
production (Rittmann et al. 2008); lignocellulose, which contains the pentoses
xylose and arabinose (Kawaguchi et al. 2006, 2008); and rice straw hydrolysate
(Meiswinkel et al. 2013), though there are still technical challenges related to
upstream raw material processing and carbon use efficiency. In addition to these
attempts to employ nonedible second-generation renewables, there is an increasing
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interest in the development of a lysine production process using mannitol, a major
constituent of marine microalgae (seaweed), as a third-generation renewable
resource that might be more efficiently and sustainably supplied from ocean farms
(Hoffmann et al. 2018). The sugar alcohol mannitol can be metabolized into lysine
by an engineered C. glutamicum strain that expressed the NADP-dependent glycer-
aldehyde 3-phosphate dehydrogenase (GapN) of S. mutans so as to couple the
glycolysis to NADPH formation, resulting in a lysine yield of 0.24 mol/mol and a
productivity of 1.3 mmol/g/h.

In addition to strain engineering, continuous improvement of the process and the
development of a comprehensive methodology for assessing the process (Anaya-
Reza and Lopez-Arenas 2017) have resulted not only in fermentation processes with
increased product yields and reduced loads on downstream processing, but also in
the commercialization of various product forms for novel intended uses (Hirao et al.
1989; Ikeda 2003, 2017; Kelle et al. 2005; Kobayashi et al. 2011). Meanwhile,
anaerobic production of lysine through a C. glutamicum process remains a great
challenge, though several attempts, including the operation of a nitrate respiration
system (Nishimura et al. 2007; Takeno et al. 2007) and the use of an anode such as
ferricyanide as the extracellular electron carrier (Xafenias et al. 2017; Vassilev et al.
2018), have indicated that it may be possible to turn an aerobic production process
into an anaerobic process.

3.3 Arginine, Citrulline, and Ornithine

Arginine, a semi-essential amino acid, has lately attracted considerable attention for
being a precursor to nitric oxide (NO), a key component of endothelial-derived
relaxing factor (Appleton 2002). Citrulline and ornithine, precursors of arginine
biosynthesis as well as intermediates in the urea cycle, are also important for
human health since they are sources of endogenous arginine in the body (Hayashi
et al. 2005, 2006¢; Curis et al. 2007; Ochiai et al. 2012; Mori et al. 2015). As the
economic values of these amino acids have increased, considerable attention has
been given to improving our understanding of their metabolism in microbes
(Utagawa 2004; Glansdorff and Xu 2007; Lee et al. 2010; Petri et al. 2013; Huang
et al. 2015, 2016; Lubitz et al. 2016). In parallel, increasing efforts have been
directed to the development of more efficient production strains by using recent
technologies for strain development. For example, the genome breeding approach
has been successfully applied to develop an arginine and citrulline producer from a
C. glutamicum wild-type strain, as described earlier in this chapter (Ikeda et al.
2009). The reengineered strain was constructed by assembling just three mutations
(argB26, AargR, and argB31) derived from three different lines of classical pro-
ducers, resulting in a final titer of over 80 g/L (as a sum of arginine and citrulline) in
30 h of 5-L jar fermentor cultivation at a suboptimal temperature of 38 °C (Fig. 5b
and 6).
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Fig. 13 Different approaches of metabolic engineering applied to the production of arginine

Recently, a classically derived arginine-producing mutant of C. glutamicum was
improved through stepwise metabolic engineering, including deregulation of argi-
nine biosynthesis, increased NADPH availability, disruption of the glutamate
exporter, and adequate modifications of the terminal pathway (Fig. 13). This sys-
tematic approach has ultimately led to the arginine hyper-producer AR6, which
achieved a final titer of 92.5 g/L. with a conversion yield of 40% on glucose plus
sucrose after 72 h of 5-L jar fermentor cultivation (Park et al. 2014). It is notable that
citrulline by-production was not observed in the fermentation.

Likewise, a Chinese group has employed a similar metabolic engineering strategy
for the development of the C. glutamicum arginine hyper-producer Cc6 (Fig. 13),
which achieved a final titer of 87.3 g/L. with a yield of 43.1% on glucose after 72 h of
5-L jar fermentor cultivation (Man et al. 2016b). They have also shown that
modifications leading to decreased H,O, synthesis and increased NADH and ATP
levels contribute to improved arginine production (Man et al. 2016a).

Meanwhile, a German group took a different approach to developing producers of
arginine, citrulline, and ornithine (Jensen et al. 2015). They first constructed the
C. glutamicum ornithine-producing strain ORN2 (AargF, AargR, AargG) as a
platform strain for subsequent development. Additional modifications, including
deregulation of ArgB, overexpression of gdh, attenuation of pgi, and duplication
of argCJB, resulted in the ornithine hyper-producer ORN6 with a yield of 52% on
glucose. This ornithine hyper-producer was then converted into strains capable of
producing citrulline (a yield of 41%) and arginine (a yield of 30%) by plasmid-
mediated overexpression of argFB and argGFB, respectively. It is worth noting that
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the two specific mutations (A49V, M54 V) used for deregulation of ArgB are the
same as those originally identified from the genomes of classical arginine producers
during the genome breeding process mentioned earlier (Ikeda et al. 2009, 2010a).

Metabolic engineering of C. glutamicum has also led to industrially potent
ornithine producers. For example, a Korean group has generated an ornithine
producer by removal of competing pathways (AargF, AproB), deregulation of
ornithine biosynthesis (AargR), overexpression of the terminal pathway with the
use of plasmid pSY223 carrying argCJBD, and increased NADPH availability
(pgi®"C, TS, PusPi,). The resulting strain YWO06 (pSY223) produced
51.5 g/L of ornithine with a yield of 24% on glucose after 40 h of 6.6-L jar fermentor
cultivation (Kim et al. 2015).

Chinese groups have also developed C. glutamicum ornithine producers through
systematic metabolic engineering (Jiang et al. 2013a, b; Zhang et al. 2017a,
2018a, b, c¢). One of their strategies was to convert an industrial glutamate producer
into an ornithine producer by adequately attenuating argF, followed by combining
the common strategies including deregulation of ornithine biosynthesis, increased
NADPH availability, disruption of the glutamate exporter, removal of competing
pathways, and adequate modifications of the terminal pathway. The resulting strain
SO16 produced 32.3 g/L of ornithine with a yield of 39.5% on glucose in shake flask
cultivation (Zhang et al. 2018b). It is notable that overexpression of /ysE contributed
to increased ornithine production (Zhang et al. 2017a). Considering that the lysine
and arginine exporter LysE was shown not to accept ornithine and citrulline as
substrates (Bellmann et al. 2001), the positive effect of LysE on ornithine production
remains elusive.

3.4 Tryptophan

Tryptophan is one of the essential amino acids required in the diet of humans and
other mammals such as pigs and poultry. Since tryptophan is particularly scarce in
cereal grains, this amino acid is of considerable value for animal nutrition. Further-
more, tryptophan is known to improve the sleep state and mood as it is a precursor of
serotonin which acts as a neurotransmitter in the nervous system (Bender 1985). Due
to these nutritional and medicinal benefits, the amino acid has various application
fields including food additives, pharmaceuticals, and feed supplements. Accord-
ingly, the scale of the tryptophan market has expanded from about 500 tons in the
year 2000 to approximately 33,000 tons in 2016 (Ajinomoto 2016). As the scale of
production has increased, tryptophan prices per kilogram have dro