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SUMMARY ArcAB, also known as the Arc system, is a member of the two-compo-
nent system family of bacterial transcriptional regulators and is composed of sensor
kinase ArcB and response regulator ArcA. In this review, we describe the structure
and function of these proteins and assess the state of the literature regarding ArcAB
as a sensor of oxygen consumption. The bacterial quinone pool is the primary mod- Address correspondence to Harry L. T. Mobley,
ulator of ArcAB activity, but questions remain for how this regulation occurs. This hmobley@umich.edu.

review highlights the role of quinones and their oxidation state in activating and The authors declare no conflict of interest.
deactivating ArcB and compares competing models of the regulatory mechanism. Published 20 April 2022
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The cellular processes linked to ArcAB regulation of central metabolic pathways and
potential interactions of the Arc system with other regulatory systems are also
reviewed. Recent evidence for the function of ArcAB under aerobic conditions is
challenging the long-standing characterization of this system as strictly an anaerobic
global regulator, and the support for additional ArcAB functionality in this context is
explored. Lastly, ArcAB-controlled cellular processes with relevance to infection are
assessed.

KEYWORDS facultative anaerobes, global regulatory networks, metabolic regulation,
metabolism, two-component regulatory systems

INTRODUCTION

he ability to regulate and optimize metabolism based on environmental conditions

is a hallmark of life. The metabolic capacity of bacteria is extremely diverse and for
facultative anaerobes can include mechanisms for aerobic respiration, anaerobic respi-
ration, and fermentation to generate energy in the form of ATP (1). Accordingly, many
genes encoding metabolic functions are transcriptionally regulated by multiple sys-
tems to optimize metabolism depending on the substrates and electron acceptors
available (2).

The average bacterial species encodes 30 two-component regulatory systems, but
extreme examples have been described with more than 200 systems encoded in a sin-
gle genome (3, 4). A canonical two-component system consists of a sensor kinase and
a response regulator. Upon recognizing a specific stimulus through a sensor domain or
by interaction with an adaptor molecule, the sensor kinase phosphorylates and thus
activates the response regulator. Once activated, the response regulator can bind DNA,
RNA, or other proteins, or act as an enzyme itself depending on the system (5).
Hundreds of two-component regulatory systems have been characterized and regulate
a multitude of processes, including pathogenesis, stress responses, and symbiotic
interactions (6, 7). Despite substantial advancements in understanding bacterial two-
component regulatory systems, there is still much to learn about specific systems and
the processes they regulate.

The anoxic redox control (or aerobic respiration control) (Arc) two-component regulatory
system senses the modulation of oxygen availability for use as an electron receptor (8). The
Arc system is found in facultatively anaerobic bacteria that can switch from utilizing aerobic
respiration to fermentation or anaerobic respiration when oxygen is not being consumed.
During fermentation and anaerobic respiration, bacteria continue to utilize glycolysis, but in-
termediate metabolites are shuttled to different pathways depending on the availability of
alternative electron acceptors. The Arc system is involved in mediating the switch to fermen-
tation and was touted early for its potential for global control of gene expression (9, 10). The
sensor kinase ArcB is typically described as sensing microaerobic and anaerobic conditions,
and after autophosphorylation, ArcB transphosphorylates the response regulator ArcA (11—
13). Phosphorylated ArcA promotes fermentation as a primary energy-generating pathway
by mainly repressing pathways associated with aerobic respiration. The active form of ArcA,
often denoted as P-ArcA, is a cytosolic transcription factor and is projected to regulate over
1,100 genes directly or indirectly in Escherichia coli (Table 1) (14). Together, these proteins
are referred to as the ArcAB or ArcBA system (Fig. 1). In an analysis of 698 bacterial species,
>110 orthologs of ArcA and >130 orthologs of ArcB have been identified (15). Genomes
have also been identified in which only ArcA or ArcB are encoded, but the significance of
this finding remains unclear (15).

ArcAB has been the subject of extensive research over the past 35 years. Most of this
work was conducted in E. coli and has uncovered the structure and function of the Arc
system (16). Since ArcB is often referred to as a sensor of anaerobic and microaerobic
conditions, the system is implied to be primarily relevant to bacteria when encountering
low oxygen conditions. An increasing number of recent studies, however, have reported
phenotypes for ArcAB mutants under higher-oxygen conditions, establishing that ArcAB
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FIG 1 Working model of ArcAB in detecting oxygen consumption for redox maintenance. The two-component
regulatory system ArcAB responds to changes in oxygen consumption within the bacterial cell. Oxygen consumption
can be influenced by a multitude of factors, including oxygen availability and the energetic needs of the cell. As
activity at the electron transport chain decreases, quinones (Q) interact with sensor kinase ArcB, causing a
conformational change and homodimerization. Now active, ArcB autophosphorylates and transphosphorylates
response regulator ArcA via a phosphoryl relay. In turn, phosphorylated ArcA multimerizes and serves as a global
transcription factor suppressing aerobic metabolic pathways and promoting fermentation among other processes.

is responsive to more than oxygen availability alone (17, 18). In strains in which the
genes encoding terminal oxidases are removed, ArcA is activated in aerobic conditions
due to the inability of the cell to utilize oxygen as a terminal electron acceptor (19, 20).
Accordingly, ArcB has been more accurately described as sensing the oxygen consump-
tion rate or the degree to which bacteria acquire and utilize oxygen, rather than simply
dissolved oxygen concentrations (21). Oxygen consumption may decrease even when
abundant oxygen is available, so this distinction is important when considering the con-
text of ArcA regulation. ArcAB has been described as not only a sensor of oxygen con-
sumption but also as a general redox sensor (22). Metabolic activity and redox regulation
are intimately linked processes, making these various descriptions of ArcAB compatible
(23). Many studies included in this review report functions of ArcAB in microaerobic and
anaerobic conditions, but these findings may apply to other instances where oxygen
consumption is also affected. ArcAB functions in conjunction with multiple other tran-
scriptional regulators of metabolism, especially the fumarate and nitrate reductase regu-
lator (FNR) (24, 25). Since they are often studied together, the relationship between
ArcAB and FNR will specifically be reviewed here.

An exciting area of current research aims to determine how ArcAB is activated and
deactivated. Some groups report that the system is controlled by the cellular pool of
quinones, while others suggest different modulators, including fermentation products
(26-30). These competing hypotheses indicate that ArcAB is at the intersection of mul-
tiple signaling pathways and underscores again that this system may be active in mul-
tiple conditions, including aerobiosis. Because of its extensive regulatory capabilities,
ArcAB systems have been linked to a wide array of cellular processes beyond central
metabolism in recent years, including bacterial conjugation, acid tolerance, biofilm for-
mation, and even bioluminescence (31-35). ArcAB may govern the elegant coordina-
tion of these processes with the appropriate metabolic pathways to provide the energy
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and resources cells require to perform them (36-39). The significance of ArcAB regula-
tion is perhaps especially evident during infection, an instance where pathogens must
balance metabolic needs with survival in the host environment. Over the last 35 years
since the discovery of ArcAB in E. coli, much progress has been made in understanding
this complex regulatory system in multiple bacterial species. Here, we explore the sem-
inal discoveries made along the way and highlight active and future areas of ArcAB
research.

ORGANIZATION OF THE Arc SYSTEM
Expression of arcB and arcA

E. coli cells have approximately 1,088 to 8,000 molecules of ArcA and 85 to 226 cop-
ies of ArcB in each cell, depending on media and experimental techniques (28, 40-42).
The two genes encoding these proteins are not found together in the same operon in
contrast with many other two-component systems (7, 43, 44). Their expression and reg-
ulation must therefore be considered independently. The arcB gene encoding the sen-
sor kinase was initially thought to be expressed constitutively and not influenced by
respiration (45). It is intuitive that a basal level of arcB expression is needed to ensure
that at least some amount of sensor is present and responsive to stimulus (7). More
recently, however, arcB transcription was shown to be increased at lower oxygen con-
centrations (3.3-fold higher at 1% O, versus 10% O, in the headspace of cultures), and
ArcA itself may be a regulator of arcB transcription (46). Expression of arcB is also
known to be affected after treatment with antibiotics including gentamicin and poly-
myxin B, suggesting that cell envelope stress influences ArcAB activity (41, 47). The
small regulatory RNA ArcZ can destabilize arcB mRNA in aerobic conditions, which
demonstrates posttranscriptional control of arcB is also possible and provides a poten-
tial mechanism by which ArcAB activity is limited (48).

The arcA gene is under the control of FNR, as well as ArcA itself, and is upregulated
about 4-fold once E. coli encounters increasingly anaerobic levels (46, 49, 50). FNR and
ArcAB respond to oxygen availability and consumption, respectively (21, 51, 52).
Regulation of arcA by FNR thus demonstrates a coordinated response to related stim-
uli. Interestingly, a study simultaneously analyzing the regulons of ArcA, FNR, and IHF
(integration host factor) found that arcA expression was upregulated in the ihf mutant
but not the fnr mutant, a contradiction suggesting that additional levels of regulation
are likely present (38). Expression of arcA is also upregulated in acidic relative to neu-
tral microaerobic conditions, which is further indicative of ArcAB's role as responding
to redox changes (53). The degree to which changes in ArcA abundance affect activity
remains an open question since contrary evidence has shown that ArcA protein levels
do not change between aerobic and anaerobic conditions (28, 54). Groisman describes
in a review of mechanisms of two-component system regulation the potential impact
of length of stimulus exposure on response regulators’ autoregulatory abilities (7). It is
unknown whether ArcA autoregulation is also temporally dependent, but this type of
mechanism could explain the difference here. Although regulation of the expression of
ArcA may influence overall activity, the primary determinant of ArcA regulatory activity
is likely its phosphorylation state.

Structure of ArcB

ArcB's structure is atypically configured compared to canonical sensor kinases (Fig. 2)
(11). It has two transmembrane helices that function solely as an anchor into the mem-
brane (55, 56). The intramembrane domains are connected by a conspicuously short peri-
plasmic domain of only 16 amino acids (57). Many sensor kinases that are directly involved
in interacting with external stimuli have more complex periplasmic domains (58). The peri-
plasmic bridge of ArcB’s two intramembrane domains has been shown not to be involved
in signaling, providing evidence that ArcB requires interactions with adaptor molecules to
ultimately sense stimuli (55). Canonical sensor kinases have a single domain with an invari-
ant histidine residue for autophosphorylation whereas ArcB is a tripartite sensor kinase,
meaning it has two additional domains (59-63). These domains have an additional

June 2022 Volume 86 Issue 2 10.1128/mmbr.00110-21 5


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00110-21

Global Regulation by ArcAB

®

oAddAALaLULLLLLLILLY ™ shor WULLLLLLLILIU

periplasmic
domain

““““ A
| LI

__ leucine
zipper
s [
domain
primary
— transmitter
domain
catalytic| | phosphotransfer central
fegion domain T —  receiver
domain
His 717 — — Asp 576
winged
Asp 56 linker helix-turn-helix
| | domain
receiver _ I
domain additional B
sheets

FIG 2 Schematic of ArcA and ArcB domains. Sensor kinase ArcB is composed of two transmembrane
domains connected by a short periplasmic domain. This anchor to the membrane is connected to the
catalytic region of the protein by a linker. Within this linker are domains involved in interaction with
regulators of ArcB and homodimerization. Once active, the atypical tripartite kinase region of ArcB can
transphosphorylate ArcA. ArcA is composed of a receiver domain that once phosphorylated causes a
conformational change in the helix-turn-helix domain. This change allows the second domain to bind
DNA elements for ArcA-mediated transcriptional regulation.

histidine residue and an aspartate residue to participate in the phosphorylation process.
Early studies examining the structure and phosphorylation of ArcB were indeed con-
founded by three domains participating in the enzymatic reaction (29, 45, 64, 65). The cat-
alytic region of the protein was subsequently identified to be composed of a primary
transmitter domain, a central receiver domain, and a secondary transmitter (or phospho-
transfer) domain (66). A single residue in each of these domains was later determined to
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play a role in phosphorylation and were identified as His292, Asp576, and His717, respec-
tively (12, 29). The membrane anchor domain of ArcB is connected to these three catalytic
domains by a linker slightly less than 200 amino acids in length. Within the linker are a leu-
cine zipper, which is necessary for ArcB homodimer formation, and a Per-Arnt-Sim (PAS)
domain, which is important for signal transduction (67-70). Within the PAS domain are
two redox-sensitive cysteine residues (Cys180 and Cys241), which are in proximity with the
cysteine residues of a second ArcB protein (57, 67). The oxidation state of these residues
determines whether ArcB functions as a kinase or phosphatase (57). Two intermolecular di-
sulfide bridges form between adjacent ArcB proteins when the cysteines are oxidized, pre-
venting kinase activity. In contrast, the ArcB proteins can homodimerize to facilitate kinase
function when the cysteine residues in the PAS domain are reduced and disulfide bridges
are absent. Interestingly, the PAS domain is not present in the ArcB of Haemophilus influen-
Zzae, suggesting that activation and deactivation of this homolog is accomplished via a dif-
ferent mechanism than E. coli (71).

Structure of ArcA

ArcA is configured in a manner characteristic of the OmpR/PhoB superfamily of two-
component system response regulators (reviewed by Nguyen et al. [72]) (Fig. 2). At the N
terminus of ArcA is a receiver domain (also referred to as a regulatory domain) where
the protein is phosphorylated and dephosphorylated by ArcB at an aspartate residue
(Asp56) (9, 29, 64). The receiver domain is connected to the C-terminal output or effector
domain consisting of a helix-turn-helix (HTH) for DNA binding (72, 73). Phosphorylation
of the ArcA receiver domain results in a conformational change that allows the effector
domain to bind DNA targets (74). Connecting the receiver and effector domains is a
short linker of unknown function (72). The output domain can further be described as a
winged HTH domain as with other OmpR-like regulators (75-77). The wings refer to addi-
tional small B sheets that can impact the DNA binding properties of the response regu-
lator. The HTH motif subtype of the OmpR superfamily is further identifiable by a charac-
teristic string of four additional B strands, forming an antiparallel 3 sheet, in front of the
prototypical winged HTH. Variation in residues contained within these 3 strands is pro-
posed to be instrumental in determining which DNA sequences the domain can bind
(72, 78). Techniques have thus been developed to predict sequence binding by these
transcription factors based on residue differences (72, 78).

ArcB-to-ArcA Phosphorelay

The passage of phosphoryl groups from ArcB to ArcA, known as a phosphorelay,
results in the activation of ArcA and has been well characterized (12, 13, 61, 64). Under
reducing conditions and subsequent homodimerization, ArcB autophosphorylates via an
intramolecular reaction with ATP as the phospho-donor (79). In a study comparing 25
histidine kinases, a population of ArcB was able to autophosphorylate most quickly (44).
Relative to the other kinases, ArcB had a considerably lower level of saturation, referring
to the percentage of the ArcB population that ultimately is phosphorylated. Yamamoto
et al. suggested rapid autophosphorylation coupled with a low level of saturation
implies ArcB is also quickly dephosphorylated. Following autophosphorylation, ArcB
transphosphorylates ArcA via a ArcB,His292 — ArcB,AP>76 — ArcB,Mis717 — ArcAAsP5# phos-
phorelay, ending in P-ArcA activation (13, 80). Early findings suggested His292 of ArcB
could directly phosphorylate Asp54 of ArcA, bypassing the other catalytic domains, but
no evidence was found later to support this transfer (12, 13). The molecular mechanism
of this phosphorelay, including the uncovering of intramolecular versus intermolecular
interactions of the homodimers, was described by Teran-Melo et al. (80). Under condi-
tions that activate ArcB kinase activity, the phosphoryl group is initially passed from the
primary transmitter domain (His292) to the central receiver domain (Asp576) of the
same ArcB molecule. Then, the phosphoryl group is transferred to the phosphotransfer
domain of another proximal ArcB molecule (His717), which further illustrates the impor-
tance of homodimerization. From here, the phosphoryl group is passed to the receiver
domain of ArcA (Asp56). In some cases the phosphotransfer to the receiver domain of
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ArcA has been described as a dynamic process requiring catalytic contributions from
ArcA (81). ArcA can in fact be autophosphorylated in the presence carbamoyl phosphate
and acetyl phosphate, but this connection has not been found to be physiologically rele-
vant (82-84).

DNA Binding by ArcA

Initial studies of ArcA-DNA complexes at the promoters of ArcA-controlled genes
predicted that ArcA binds to multiple sites or that ArcA multimerizes following phos-
phorylation (82, 85). The ability of ArcA to multimerize has since been shown to be
dependent on both the receiver domain and DNA binding domain and may be a
requirement before proper DNA binding (73, 86). The ArcA dimer ultimately forms at
the a,-Bs-as faces within the DNA-binding domain with « referring to alpha helixes
and B referring to beta strands (72, 73). Multiple studies have provided additional evi-
dence that ArcA forms dimers, but it is possible that higher orders of oligomerization
also exist (72, 86). Only phosphorylated forms of ArcA are thought to form higher order
oligomers (73, 87). Other evidence suggests that nonphosphorylated ArcA can form
dimers and bind regulatory regions, though this has been attributed to nonspecific
binding by some groups (86, 87). Regulation is dependent on phosphorylated ArcA
binding to multiple repeats in the promoter of target genes, but it has not yet been
fully determined to what extent dimers of P-ArcA interact with one another at these
direct repeat binding sites (54). P-ArcA has been shown to bind the -35 and -10 ele-
ments of promoters, at the transcription start site itself, and even at loci almost 500 nu-
cleotides upstream, depending on the target gene being regulated (36, 39). The con-
sensus ArcA binding box, the DNA motif to which activated ArcA binds, has been
extensively studied (36, 39, 74, 88-95). The prototypical ArcA consensus binding motif
is approximately 15 bp in length and is highly conserved. The most common consen-
sus sequence 5'-3" GTTAATTAAATGTTA has been identified in multiple species includ-
ing E. coli, Salmonella enterica, and Shewanella oneidensis (91-93, 95). Within this
sequence are two direct repeats (GTTA). Notably, the oscillation of the motif (11 bp)
aligns well with the length of helical turns of DNA (10.5 bp) (39, 78). Park et al. noted
that binding sequences longer than 15 nucleotides have been identified with more
advanced techniques and further described an extended 18-bp consensus sequence in
E. coli (36). Analysis from this study showed that sites bound by ArcA contain up to five
direct repeats with various lengths of space between each repeat. The amount of phos-
phorylated ArcA at each repeat can be variable and appears to be related to the num-
ber of repeats present (36). Bidirectional transcriptional regulation by ArcA has also
been reported and can result in dual activation/repression or inverse regulation of
opposing operons sharing a promoter region (39).

Dephosphorylation of ArcAB

The ability of cells to deactivate regulatory systems is as important as the mecha-
nisms required to turn them on. During signal decay, ArcB kinase activity ceases, and
ArcB in turn acts as a phosphatase to directly dephosphorylate ArcA (29). P-ArcA is
dephosphorylated via an ArcAAsP>6 — ArcB,"is717 — ArcB,AsP>76¢ — P, intermolecular
phosphorelay in which the domains of only a single ArcB protein are involved (96, 97).
The phosphoryl group is transferred from the ArcA receiver domain (Asp56) back to
the phosphotransfer domain (His717) of ArcB during this process. From here, the signal
is passed to the central receiver domain (Asp576) of the same ArcB molecule before
finally being released as inorganic phosphate. Following cessation of the stimulus,
ArcB likely dephosphorylates due to the instability of the phosphoryl group bound at
the aspartate residue in the central receiver domain (Asp576) (12, 97). Evidence has
been described that ArcB can also be dephosphorylated by SixA during this process
(98-100). SixA, a phosphohistidine phosphatase, is one of the first proteins described
to have this enzymatic ability. However, a recent study challenges the connection of
SixA to the ArcAB system, demonstrating that deletion of sixA did not impact a P-ArcA
reporter assay (101). Pending further studies, the role of SixA in the dephosphorylation
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of ArcB remains open but highlights the potential for modulation of ArcAB by addi-
tional regulatory components. If SixA can dephosphorylate ArcB, more research will be
needed to determine whether SixA activity is condition dependent and if it works in
tandem with spontaneous release of the phosphoryl group. It is unlikely that ArcB-in-
dependent spontaneous hydrolysis of the phosphoryl group from ArcA contributes sig-
nificantly to the decay pathway as the half-life of phosphorylated ArcA is long (30 min
to longer than 1 h) (44, 86, 96).

REGULATION BY QUINONE POOLS

The nature of the signal for the Arc system has been a consistent focus of the field
since the initial identification and characterization of the protein components themselves.
arcA and arcB were identified in an E. coli genetic screen performed under anaerobic con-
ditions for the purpose of identifying mutants that upregulate sdh, an operon that is nor-
mally repressed in the absence of oxygen (9, 10). The genes subsequently determined to
comprise the ArcA regulon suggested that ArcAB was involved in regulating metabolism
during anaerobiosis (11). arcA was also determined to be the same gene previously iden-
tified as dye, so named because loss of dye/arcA resulted in increased sensitivity to tolui-
dine blue (9, 102). Toluidine blue induces photosensitizer-mediated oxidative stress and
further served as an indication that ArcAB is linked to redox control or metabolism (9, 10,
103, 104). The short length of the periplasmic domain of ArcB and lack of potential redox
reaction sites in this region suggested that the sensor kinase does not directly interact
with a molecular signal, such as oxygen (57). Molecular oxygen was subsequently dis-
counted as the signal because ArcA activity was shown to also decrease when alternative
electron acceptors are present (9). Fermentation products were found to enhance ArcB ki-
nase activity and inhibit phosphatase activity in anaerobic conditions, which supported
ArcAB as a two-component system for anaerobiosis (28, 29, 105, 106). In this model, fer-
mentative metabolites such as p-lactate, acetate, and pyruvate are the dominating influ-
ence on ArcB activity and thus serve as the signal for the system. Initial studies reported
inhibition of ArcB phosphatase by such metabolites as an important mechanism by which
ArcB transphosphorylates ArcA following autophosphorylation in anaerobic conditions
(29). p-Lactate was also found to amplify ArcB kinase activity but ultimately was not alone
sufficient for activation, suggesting other layers of regulation (106). Along these lines,
Georgellis et al. highlighted that the genuine signal needs to be able to suppress ArcB ki-
nase under oxidizing conditions (30). While fermentative metabolites may enhance ArcB
kinase activity, the absence of these metabolites under most oxidizing conditions likely
disqualifies them from being the primary contributors to regulation.

Identification of Quinone Involvement

The observed derepression of an ArcA-regulated promoter during anaerobic respi-
ration indicated that a reduced component of the electron transport chain such as qui-
nol may be the stimulus for ArcB (107). Quinones are comprised of a hydrophobic iso-
prenoid tail attached to a polar head group with a characteristic cyclic dione moiety
(108). Quinones were considered good candidates for modulating ArcB since they are
intricately linked to the redox state of the cell and located at the membrane. Indeed,
the connection between quinones and ArcAB was firmly established in the early 2000s
following a key set of experiments (30, 57). Radiolabeled ATP was used to track ArcB
autophosphorylation, which was shown to be inhibited in the presence of soluble ana-
logs of ubiquinone and menaquinone (30). When the quinones were reduced in the
presence of hydrosulfite, they no longer inhibited ArcB kinase activity. Conclusively,
oxidized forms of quinones were shown to repress ArcB autophosphorylation. These
results ushered in a new focus of ArcAB research in which different quinone species
were tested for their capability of interacting with ArcB.

Overview of Quinone Structure and Role

A combination of ubiquinone (UQ), menaquinone (MK), and demethylmenaquinone
(DMK) are typically found in Gram-negative facultative anaerobes (109). UQ is classified
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as a benzoquinone and MK and DMK are classified as naphthoquinones based on their
variable head groups (110, 111). UQ is the dominant quinone during aerobiosis, while
MK and DMK are the major quinones during fermentation and anaerobic respiration.
Each type interacts with different enzymes to modulate aerobic and anaerobic respira-
tory pathways (112, 113). The structure and function of quinones aligns well with the
role of these molecules as excellent candidate transmitters of the cellular redox state to
ArcB. The small size of quinones in general and overall hydrophobic nature allow for
movement within the cellular membrane; the hydrophilic ringed head group can then
interact with proteins imbedded within the membrane (108). As part of the electron
transport chain (ETC), quinones accept both electrons and protons but only donate elec-
trons. Quinones receive electrons from dehydrogenases specific to substrates such as
NADH and succinate (114). The electrons are then shuttled to various reductases
depending on the quinone and the electron acceptor. For example, UQ passes electrons
to cytochrome bo; which reduces oxygen to water and MK can pass electrons to fuma-
rate via fumarate reductase (114-116). The quinone pool is an important component in
the ETC, which supports the notion that quinones rapidly reflect the redox conditions
within the cell. In turn, quinones can interact with ArcB, resulting in a response to
changes in metabolic activity. Notably, ArcA downregulates expression of the nuo and
sdh operons, which encode the dehydrogenases at the beginning of complexes | and II,
respectively (36, 38). As complexes | and Il feed directly into the quinone pool, ArcA reg-
ulation of these complexes serves as example of a feedback loop linking metabolic activ-
ity with maintenance of the ETC, a concept that warrants further interrogation.

When oxygen is present, the quinone pool is oxidized as electrons are shuttled
through to terminal oxidoreductases (oxidases), ultimately reducing oxygen to water
(114). Oxidized quinones function as a negative signal and prevent ArcB kinase activity
under aerobic conditions (30). The two aforementioned redox-sensitive cysteines in
the linker region of ArcB are the site of quinone-mediated regulation (57). The redox
state of the quinone pool becomes reduced when electron acceptors are absent and
cannot complete the ETC. Under anaerobic conditions, reduced quinones (quinols)
reduce the cysteines of the PAS domain, resulting in the breakage of disulfide bonds
between ArcB homodimers. When oxygen is not being utilized as an electron acceptor,
ArcB’s kinase is “on,” resulting in autophosphorylation and subsequent transphosphor-
ylation of ArcA. In contrast, oxidized quinones turn “off” the ArcAB system as electrons
are transferred from the cysteine residues to the quinones. The pool of oxidized qui-
nones is theoretically maintained under conditions where electrons are continuously
transferred to oxygen (30). The maintenance of the disulfide bonds between the ArcB
cysteines silences kinase activity (57). The position of the cysteines in relation to the inner
membrane of the cell ensures proximity to quinones and further supports the working
model of the adaptor molecule of ArcB activation being kept in or close to the inner mem-
brane (30, 117). Quinones are also hypothesized to be reduced under conditions in which
an abundance of carbon sources results in flooding of the ETC with electrons, which may
be an avenue by which ArcAB becomes activated in aerobic conditions (87). Overall, the
proposed regulation of ArcAB by the quinone pool couples ETC activity with transcrip-
tional regulation and provides a mechanism by which ArcAB receives and transmits respi-
ratory activity by an organism.

Modeling Quinone-Based Regulation of ArcAB

Although a compelling link has been established between the redox state of qui-
nones and the activity of ArcB, there are discrepancies regarding which subsets in the
quinone pool regulate the sensor kinase and when they do so (26, 27, 118). Quinones
are difficult to isolate in the laboratory due to their hydrophobic nature, and in instances
where they can be isolated from bacterial cells, maintaining the native oxidation state ex
vivo has proven to be challenging (27, 119, 120). Characterizing the overall quinone pro-
file of cells cultured in different conditions is therefore not trivial. Many studies rely on
the analysis of mutants lacking specific species of quinones (26, 27, 118). These studies
utilizing quinone mutants are complicated by the fact that different species of quinones
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FIG 3 Quinone regulation of ArcAB. Activity of the sensor kinase ArcB is controlled by redox sensitive
cysteine residues within its linker domain. Quinones are a major determinant of the oxidation state of
the cysteine residues. In reducing conditions (e.g., anaerobic culture), quinones reduces these
residues, allowing for ArcB homodimerization. ArcB then functions as a kinase, and a phosphorelay
ends with phosphorylation of the phosphotransfer domain of the partner ArcB molecule. In oxidizing
conditions (e.g., aerobic culture), quinones oxidize the cysteines, which form disulfide bonds with the
corresponding cysteines of a neighboring ArcB molecule. This formation silences ArcB kinase activity
and phosphorylation does not occur. Ubiquinone, menaquinone, and demethylmenaquinone can
activate or inactivate ArcB kinase activity depending on their own oxidation state and abundance.
See the text for further details. Key: C-S-H, reduced cysteine residue; C-S-S-C, disulfide bond; L, linker
domain; H,, primary transmitter domain; D, central receiver domain; H,, phosphotransfer domain. This
model has been adapted from Alvarez et al. (26) and Bekker et al. (119) with permission.

share precursor molecules and biosynthesis pathway components. DMK for example is a
direct precursor for MK, making it difficult to separate the roles of these quinone mole-
cules (118). Furthermore, UbiE, the enzyme catalyzing the conversion of DMK to MK, is
also required in the UQ synthesis pathway (27, 121). When studying mutant strains lack-
ing specific quinones, the possibility of redundancy and compensation should be consid-
ered. E. coli mutants lacking ubiquinone have been shown to have higher levels of
menaquinone and demethylmenaquinone for example (113). Functional substitutions
by these quinones could impact how the different species interact with ArcB in mutant
strains. There is also the concern that mutation of synthesis genes (ex. ubiE) to engineer
strains lacking specific quinones may result in the accumulation of quinone intermedi-
ates (27). The ability of these intermediates to interact with ArcB is unknown. Despite
these experimental considerations, two prevailing models regarding regulation of the
Arc system by the quinone pool have been developed.

Model A

Model A (Fig. 3) is based on comparing reduction potentials (E°.q) of the quinone
species with ArcB (26). The E°,.4 values for UQ, MK, and DMK are approximately +110,
-80, and +36 mV, respectively (116). Based on its cysteine residues, the midpoint
potential of ArcB was calculated to be -41 mV (26). MK is the only quinone of the three
species to have a more negative reduction potential than ArcB. When menaquinol
(reduced state) and ArcB interact, electrons flow from menaquinol to ArcB, reducing
the ArcB cysteine residues and activating kinase activity. MK is the dominant species in
anaerobic conditions, so the redox coupling of MK and ArcB would provide a mecha-
nism for how ArcB can be activated in the absence of oxygen consumption.
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Conversely, when ubiquinone (oxidized state) and ArcB are in proximity, electrons flow
from ArcB to ubiquinone since the E°.4 of ubiquinone is more positive (26). The result
of such an interaction would be an oxidation of ArcB and silencing of kinase activity.
UQ is the most abundant quinone under aerobic conditions, and it is expected that the
UQ pools leads to repression of ArcAB function as the cell utilizes oxygen (112). This
model therefore relies on the abundance of reduced MK relative to oxidized UQ for
ArcAB to be active in anaerobic conditions. DMK can also be reduced by ArcB based on
reduction potentials and thereby inactivate ArcB kinase activity. At first glance, this
interaction appears counterintuitive since DMK is associated with anaerobic conditions
in which ArcB should be active. In cells transitioning into anaerobic conditions in mini-
mal media, the DMK pool increases more rapidly compared to the MK pool (120). One
may hypothesize that DMK serves as a direct counter to MK and that this may be im-
portant in fine tuning ArcB activity in microaerobic conditions where ArcB could be
partially active and UQ is not as abundant (26). Such a relationship is consistent with
the notion that the overall enzymatic activity of ArcB as a kinase or phosphatase func-
tions on a continuum. The activity of the ArcAB system can therefore not be simplified
to function as an on/off switch, especially in intermediate conditions. The shift from
UQ to MK in the quinone pool during anaerobiosis and the subsequent effect on
ArcAB activity was shown previously (19). The same change in relative abundance of
quinone species and activation of the Arc system was also seen in aerobic conditions
in E. coli strains lacking terminal oxidases, providing more evidence that it is the utiliza-
tion rather than the presence of oxygen that impacts the quinone profile of the cell
and its interaction with ArcB (19). In support of this model is a study that measured
ArcA activity as a readout of quinone modulation using an expression reporter system
and included promoters for which ArcA acts as either an activator (cydA) or a repressor
(sdh) (26). ArcA phosphorylation levels are not measured directly in these experiments,
so there is a possibility of other regulators interfering with the reporter expression. An
ArcA-P specific promoter system edited to remove binding sites of coregulator FNR
was not used in this case but may be useful in addressing these concerns (119).

Model B

The next model (Fig. 3) operates under the hypothesis that any quinone species
can reduce or be reduced by ArcB (27). In this model, the redox reaction is dependent
on the overall redox potential of the quinone and ArcB complex rather than just the
midpoint potential of the individual cysteines of the ArcB linker region (27). The first
study reporting that ArcB autophosphorylation is blocked by quinones demonstrated
this relationship with both ubiquinone-0 and menadione (30). Multiple quinone spe-
cies simultaneously contributing to the redox state of ArcB could help explain findings
that there is not a linear correlation between oxygen availability and ArcA activity (21,
22, 119, 122). In utilizing single quinone mutants, van Beilen and Hellingwerf demon-
strated that ArcA can still be phosphorylated and dephosphorylated in response to aer-
obic transitions, referred to as the “ArcB activation/deactivation cycle” (27, 118). A
strength of the latest study is the use of a nitrogen gas sparging system to capture qui-
none composition of E. coli cells during the transition from aerobic to anaerobic condi-
tions (27, 118, 119). The timing of ArcA phosphorylation here clearly correlates with
the changes in the quinone profile of wild-type E. coli. While the study demonstrates
that three mutant strains, each employing a different quinone, can still phosphorylate
ArcA during changes in oxygen availability, the rate at which the different oxidized qui-
none species activate ArcB has not yet been determined. This model is therefore con-
tingent on the overall amount of the quinone pool with the possibility that individual
quinone species may differ in magnitude of effect on ArcB. Since the study relied on
phosphorylation status of ArcA as a readout of system activity, additional investigation
of target gene transcription activity would provide additional support for this model.
All the quinone mutant strains in this study showed stunted growth during the sparg-
ing experiment, so the overall physiology of the mutant strains may also need further
analysis.
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Consolidation of ArcAB Regulation Data

Although the above two models share some commonalities with regard to quinone
function in ArcB activation, variations in growth phenotypes of quinone mutants and
specific roles of quinone species currently limit consolidation of these studies.
Importantly, mutation of arcA and arcB did not impact the quinone profile of cells in ei-
ther aerobic or anaerobic conditions, ruling out the possibility of direct regulation of
quinone production by ArcAB (123). Mutants lacking UQ have been shown by others
to have normal levels of ArcA phosphorylation in aerobic conditions (113). This finding
is in opposition to both models which agree that UQ is necessary to inhibit ArcB kinase
function in aerobic conditions and thus prevent ArcA phosphorylation (26, 27). The
same group also reported nearly normal fermentative growth in anaerobic conditions
in the mutant strains lacking UQ despite lower ArcA phosphorylation levels (113). The
authors note these discrepancies and speculate that the differences may be due to
effects of short-term versus long-term changes to aerobiosis. Disrupting quinone pro-
duction affected ArcA phosphorylation only in anaerobic conditions in this study and
was contingent on the presence of MK or MK and DMK. The requirement of MK for
ArcA phosphorylation in anaerobic conditions may lend support to either model.
Model A relies on MK as being the sole quinone capable of reducing ArcB, and MK is
the dominant anaerobic quinone in facultative anaerobes. Model B infers that MK must
be the quinone reducing ArcB as it is the most abundant quinone in anaerobic condi-
tions in which ArcB is activated. Furthermore, the follow-up study by Nitzschke and
Betterbrock demonstrates the importance of all three quinone species for proper
growth in aerobic and anaerobic conditions and highlights that the single quinone
mutants likely do not reflect quinone activity of wild-type strains (113).

Modulation of ArcA-P activity through ArcB phosphatase activity has not been fully
explored but should not be discounted because ArcA can be phosphorylated even in
relatively aerobic conditions (28). In this scenario, ArcB would constitutively phospho-
rylate ArcA, and the changes in ArcB phosphatase activity would ultimately control
ArcA. This case is not likely to be the main mechanism of regulation given the
extended evidence that ArcB kinase activity is indeed inhibited by quinones. The phos-
phatase function of ArcB should still be studied in the context of quinone-based regu-
lation to more fully encompass the physiological continuum of ArcB function. The dis-
crepancies between various models of ArcAB regulation may also be due to the use of
different strains of E. coli, culture conditions, or the presence or absence of additional
regulators. Multiple questions certainly remain regarding regulation of ArcAB. Are qui-
nones the main regulator of ArcB function in species other than E. coli? Which qui-
nones modulate ArcAB activity in periods of transition during anaerobiosis such as
from fermentation to anaerobic respiration? Which other factors impact the redox state
of quinones and ultimately their interaction with ArcB?

CONTROL OF CENTRAL METABOLISM

ArcA meets the definition of a global regulator set forth by Martinez-Antonio and
Collado-Vides based on the large number of operons under its control and its ability to
regulate diverse metabolic pathways (124). Global regulation of metabolism by ArcA is
thought to be achievable because of the flexibility of its DNA-binding architecture (54).
Up to 150 different operons across various networks are under the direct control of
ArcA in E. coli (36, 90). ArcA coregulates these networks not only in conjunction with
specific transcription factors but also with other global regulators (36, 124). Indeed,
ArcA has been identified as one of five major global regulators of anaerobic fermenta-
tion in E. coli. (reviewed by Kargeti and Venkatesh [125]). Further complicating this
global regulatory network is the regulation of other transcription factors by ArcA. Park
et al. determined that 17 transcription factors are under direct regulatory control of
ArcA in strict anaerobic conditions (36). Analysis of ArcA’s influence of vital cellular
processes includes energy production and redox balance, demonstrating the impor-
tance of this global regulator. Catabolism of carbon sources to generate usable energy
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is highly dependent on the availability of electron acceptors and thus is presented as
three possibilities: dependency on oxygen (aerobic respiration), dependency on alter-
native acceptors for the ETC (anaerobic respiration), or fermentation. It is important to
consider, however, that the switch between aerobiosis and anaerobiosis works on a
continuum and regulatory systems allow for fine tuning of the response to these
changes (126). The activity of the Arc system has an inverse linear correlation to
increasing aerobiosis, conferring maximal ArcA regulation under total anaerobic condi-
tions (28). This description is somewhat at odds with earlier reports that found ArcA ac-
tivity was most relevant in microaerobic conditions (22, 122). Once again, the observed
differences may be due to variable laboratory methods that impact oxygen consump-
tion and testing metrics. A review of the literature regarding ArcAB contributions to
growth phenotypes reveals a wide range of results for arcA and arcB mutants across
multiple species and in various conditions. For example, one study demonstrated
growth defects with E. coli arcB deletion mutants in aerobic conditions in contrast to
another that showed arcB deletion mutants of E. coli did not exhibit growth defects in
these conditions (127, 128). Despite some lab-to-lab discrepancies in defining ArcAB
regulon function, much progress has been made toward the study of metabolism con-
trolled by the Arc system.

ArcA Regulon

Because of ArcA’s extensive regulatory network, studies exploring global gene
expression have been important in pinpointing the control of metabolism by this tran-
scription factor (Table 1). Many of these studies are performed in aerobic or anaerobic
conditions, but ArcA’s role is perhaps best showcased during periods of transition
when the availability of electron acceptors varies (39). The presence of alternative elec-
tron acceptors such as nitrate have indeed been shown to heavily influence activity of
ArcA and the ArcA regulon independent of oxygen availability, providing yet further
evidence that ArcAB is more closely linked to the redox state of the cell than oxygen
availability alone (39, 129). Key themes of ArcA’s regulatory function have emerged
and will be covered in depth here. The most notable function of ArcA is repression of
oxidative metabolic pathways. Closer inspection of the ArcA regulon reveals a role for
ArcA in promoting fermentative pathways, the stress response, contributing to acquisi-
tion and utilization of the key elements nitrogen and iron, and metabolic overflow.
Despite reportedly high homology of ArcA proteins and conservation of its binding
consensus sequence, the ArcA regulon can be highly variable between bacterial spe-
cies. For example, only six genes are shared between the E. coli and S. oneidensis ArcA
regulons (93). It is therefore pertinent to reiterate that the metabolic themes described
here apply largely to work done in the model E. coli system and that the regulons of
other species are currently less well defined.

Repression of Carbon Oxidation Pathways

ArcA represses genes of multiple pathways needed for the oxidation of carbon
sources. In studies in which glucose is the sole carbon source for cells cultured anae-
robically, ArcA directly downregulates catabolism of fatty acids, aromatic compounds,
amino acids, and polyamines, among other compounds (36, 130). These pathways can
all feed into the tricarboxylic acid (TCA) cycle, which is noteworthy as ArcA represses
each gene corresponding to an active enzyme in the oxidative TCA cycle (39).
Repression by ArcA thus targets pathways needed for the catabolism of carbon sources
downstream of glycolysis. Notably, ArcA regulation has been tied to maintenance of
the NADH/NAD™ ratio, an electron carrier and critical cofactor that connects pathways
of central metabolism (22, 131). Furthermore, this ratio has been linked to metabolic
flexibility and the redox state of the cell - concepts that have already been described
in the context of ArcAB regulation (23). After exposure to increasingly aerobic condi-
tions, arcA mutants had a significantly higher NADH/NAD™ ratio in comparison to wild-
type cells (22). This effect of a skewed NADH/NAD* ratio on metabolism in arcA
mutants is evident by elevated levels of acetate production, which can be prevented
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by overexpression of NADH hydrogenase (131). Intriguingly, there is evidence of dimin-
ished activity in the TCA cycle in arcA mutants even though ArcA is a prominent
repressor of key genes in this pathway (38). While there are inherent difficulties in
measuring metabolic flux alongside transcriptional regulation, these results neverthe-
less serve as foundational evidence for two important points. First, global regulators of
metabolism, including ArcA, cooperate to optimize metabolism, and impairment of
only one such regulator can have dramatic consequences. Indeed, deletion of arcA
results in increased flux through the TCA cycle in anaerobic conditions rather than fer-
mentation, wasting metabolic substrates and energy (39, 132). Second, metabolism is
regulated not only at the transcriptional level but also at the enzymatic level (i.e., by
posttranslational modification and allosteric control). Predicting metabolic activity
based on gene regulation alone is therefore difficult, especially when regulation by
multiple transcriptional factors is considered. Application of different approaches,
including transcriptomics and metabolomics, must be employed in multidisciplinary
studies to understand the role of ArcA and other global regulators at the cellular level.

Promotion of Fermentation

In addition to repression of pathways necessary for oxidation of non-glycolytic car-
bon sources, P-ArcA promotes expression of genes involved in mixed acid fermenta-
tion, the primary metabolic pathway of E. coli cells that are unable to respire (133).
Glycolysis is the main energy-producing pathway of fermentation, and certain enzymes
in the glycolytic pathway are in fact upregulated by ArcA (39). Some groups have
manipulated (or suggested the manipulation of) the ArcAB system in industry and bio-
technology for over-producing a variety of fermentative compounds such as deriva-
tives of acetyl coenzyme A (acetyl-CoA) (19, 134-140). In a strain of E. coli engineered
to overproduce ArcA, fermentative pathways were induced based on an increased
secretion of acetate (135). As expected, arcA and arcB mutant strains of E. coli produce
less acetate relative to wild-type strains (132, 134). Deletion of arcA had been shown
earlier to negatively affect expression of ackA, the gene that encodes the second
enzyme in the acetyl-CoA to acetate pathway. Regulatory control of the genes in this
pathway are more directly under the control of FNR. ArcA has, however, been well
documented to strongly repress production of acetyl-CoA synthetase, which ultimately
would prevent the conversion of acetate back to acetyl-CoA (36, 38). A decrease in ace-
tate production in arcA and arcB mutants is thus likely a combinatorial effect of an
increase in carbon flux through nonglycolytic pathways and decrease in expression of
acetate-related genes.

Dysregulation of fermentation is also evident in E. coli strains lacking arcA or arcB
through increased secretion of succinate and lactate relative to the isogenic wild-type
strains (132, 134, 139). E. coli strains lacking ubiquinone also produce more lactate rela-
tive to the wild-type strain during changes in oxygen availability, which supports the
notion that disruption of the ArcA activation pathway impacts fermentation based on
the close link previously described between ArcB and quinones (27). The change in fer-
mentative products for mutant strains indicates a skew toward reduction reactions
regenerating NAD™" (e.g., pyruvate to lactate) over oxidation reactions producing ATP
via substrate-level phosphorylation (acetyl-CoA to acetate) (134). These changes in
metabolic flux of arcA and arcB mutants underscore the link between redox state and
metabolic activity, as well as the difficulty in predicting metabolic activity of global reg-
ulator mutants (38, 134, 141). One might expect all fermentative products to decrease
when ArcAB is absent if this regulatory system promotes fermentation. The overall
change in profile of mixed acids produced during fermentation seen in arcA and arcB,
however, is more telling when considering the number of metabolic pathways
affected. Again, global metabolic changes rather than just individual metabolites must
be accounted for when analyzing ArcAB mutants.

Although ArcA regulates anaerobic processes such as fermentation, there are
exceptions to the classical description of ArcA as functional under anoxic conditions.
Early studies focused on nitrate respiration found that ArcA-controlled genes encoding
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succinate and lactate dehydrogenases were less repressed in the presence of nitrate
under low-oxygen conditions (142, 143). In an experiment where trimethylamine-N-ox-
ide was added to anaerobically cultured E. coli as a terminal electron acceptor, cells
shifted from fermentation to anaerobic respiration, and ArcA activity was momentarily
repressed (144). The reductive TCA cycle shares some enzymes with the oxidative TCA
cycle, which is why repression of ArcA activity in the context of anaerobic respiration is
necessary. A study by Federowicz et al. also highlights genes in pathways downregu-
lated by ArcA are de-repressed while transitioning from fermentation to nitrate respira-
tion (39). These results further underscore the complexity of metabolic regulatory cir-
cuits and demonstrates the ability of cells to prioritize metabolic pathways based on
energetic output, among other factors.

Nitrogen Metabolism

Catabolic processes controlled by ArcA inevitably affect the flux of glycolytic and
TCA intermediates into anabolic pathways needed for the synthesis of the four major
macromolecules (amino acids, nucleotides, lipids, and carbohydrates). ArcAB is likewise
associated with nitrogen metabolism, an essential nutrient critical to anabolism. The
cell must balance activity of anabolic pathways with overlapping pathways utilized for
energy production via chemiosmosis (39). Major disruptions in nitrogen homeostasis
have been observed in arcA mutants, affecting the balance between energy produc-
tion pathways and protein synthesis. An arcA deletion mutant of E. coli was shown to
have a decreased intake rate of ammonia, an important source of nitrogen, relative to
an isogenic wild-type strain under strict anaerobic conditions with glucose as the sole
carbon source (38). Nitrogen metabolism is of course critical to amino acid synthesis,
and ArcA is an important regulator of amino acid fate. For instance, multiple studies
have corroborated that ArcA upregulates arginine transporter gene transcription and
downregulates the arginine degradation pathway (36, 38). Unexpectedly however, ar-
ginine was among the amino acids that accumulated in an arcA E. coli mutant strain.
Loss of ArcA was subsequently associated with major metabolic dysregulation impact-
ing the biosynthesis and utilization of amino acids which could not be predicted by ex-
amination of the ArcA regulon alone (38). Further, the rate of metabolic flux relative to
translation was calculated to be higher in this arcA deletion mutant, indicating an
imbalance of cellular activities critical to homeostasis and growth (38). When the pro-
teome of wild-type cells was compared to that of arcA mutant cells in fermentative
conditions, a larger portion of the proteome deemed “unused” or “unnecessary” was
found in the mutant cells. The authors classified metabolic proteins as unnecessary if
they had potential to be beneficial during adaptation to environmental conditions but
were otherwise burdensome during fermentation. The wild-type cells were deemed to
be more metabolically efficient as a result. Therefore, while cells can survive without an
intact ArcAB system, they are at a clear disadvantage regarding balancing metabolic
and translational efficiencies. In effect, ArcA regulation contributes to optimized cellu-
lar activity based on availability and utilization of metabolic precursors for energy pro-
duction and biomass.

RESPONSE TO GROWTH LIMITATION
Stress Response

The ability of a cell to switch from generating energy for growth to conserving
energy and making repairs under stress relies on careful metabolic regulation. Control
of the bacterial stress response is indeed linked to ArcA-mediated regulation of central
carbon metabolism such as the TCA cycle (145). The general stress response involves a
metabolic shift during less favorable conditions, including nutrient deprivation and the
entry into stationary phase (146). o> (or RpoS) is a sigma factor that coordinates the
stress response in E. coli and influences the regulation of a wide range of genes that
promote survival (147). Because multiple factors can lead to cellular stress, the com-
plexity in connecting o to simultaneous responses cannot be overstated (146, 148).
With this in mind, o activity has been shown to be influenced by central metabolic
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pathways of the cell, which in turn are regulated by o°. For example, mutation of pyru-
vate dehydrogenase, which provides acetyl-CoA for the TCA cycle, leads to an increase
in o> levels (148). The relationship between metabolic enzymes and o° levels suggests
an interesting connection to ArcA, an important repressor of the TCA cycle. ArcA exerts
partial control of o> through the small activating RNA ArcZ, which binds rpoS tran-
scripts (48). When ArcA is active, such as in anaerobic conditions, ArcZ is repressed and
translation of RpoS is low. ArcZ has been proposed to support translation of rpoS while
also repressing the Arc system. ArcAB was connected to the coordination of synthesis
and proteolysis of RpoS with RssB, which facilitates degradation of RpoS by the prote-
ase ClpXP (87). During exponential phase, rpoS is directly repressed by ArcA and kept
at basal levels (48, 87, 149). During rapid cell growth, quinones are expected to be
reduced following flooding of the ETC with electrons, corresponding to ArcB kinase ac-
tivity and phosphorylated ArcA. As cells enter stationary phase, phosphorylated ArcA
level are thought to diminish and o° levels in turn increase (87). Comparable to condi-
tions in which high levels of oxygen result in oxidized quinones, nutrient-poor condi-
tions might also result in oxidized quinones as fewer electrons pass through the ETC
(87). Oxidized quinones would lower ArcB activity and subsequently lead to de-repres-
sion of o> under the current mechanistic model. Although ArcA represses rpoS, dele-
tion of arcA results in increased sensitivity to dehydration in E. coli (149). This pheno-
type is striking as o° is thought to be an important regulator active during
dehydration tolerance and raises the question of how does ArcA coordinate with o to
resist the effects of dehydration. Expanding studies to include interrogation of ArcA
alongside o> during various stressors will not only further untangle the connection of
these two vast regulators but also provide more insight into cellular stress overall.

Starvation

Starvation is one potential trigger of the stress response, as noted above. Cells ex-
perience starvation when key nutrients such as amino acids become limited and cellu-
lar processes must be modified as a result. In culture, bacteria often begin to experi-
ence starvation when transitioning from exponential to stationary phase growth.
ArcAB has been identified as an important metabolic regulator during stationary phase
in which cells must balance a lack of available nutrients with a potentially harmful
accumulation of metabolic by-products (150). Nystrém et al. demonstrated that gene
expression during anaerobiosis and aerobic stationary phase was similar. Despite the
availability of oxygen and usable carbon sources, cells shutdown the TCA cycle via
ArcA during stationary phase. The authors concluded that during starvation in station-
ary phase, cells lessen respiratory activity to prevent oxidative damage and to conserve
endogenous resources. ArcAB plays a protective role in this case by repressing aerobic
pathways, ultimately aiding cells in the aging process (150). These results may, how-
ever, be dependent on carbon source availability since the finding that ArcAB is impor-
tant for survival during stationary phase was not apparent when arcA mutant cells
were cultured in rich Luria-Bertani (LB) medium instead of minimal medium (151, 152).
Intriguingly, TCA cycle mutants did live longer than wild-type counterparts in a rich
medium during stationary phase, which may be due to lower reactive oxygen species
(ROS) levels (152). Because active ArcA can downregulate the genes of the TCA cycle,
one might expect that loss of ArcA resulting in increased TCA cycle activity would
lower levels of survival. The authors speculate that in LB medium, starving cells must
continue to rely on the TCA cycle to generate energy, so ArcA function would be coun-
terintuitive. This same study also revealed that mutants lacking lipA, which encodes
lipoyl synthase involved in lipoic acid biosynthesis, outlive wild-type cells in rich media
but that this increased life span was in fact ArcA dependent (152). lipA mutants are
unable to convert pyruvate to acetyl-CoA to enter the TCA cycle. The result is that py-
ruvate is converted to acetate, which can occur during fermentation and overflow me-
tabolism, a concept described later. Therefore, ArcA repression of the TCA cycle would
indeed be advantageous in conserving energy and resources to promote survival in
the lipA mutant.
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Iron Limitation

Iron is a critical nutrient which cells must acquire from the extracellular environment,
and ArcAB is implicated in iron homeostasis in anaerobic conditions (153). Iron homeosta-
sis and metabolism are closely connected as enzymes found in the TCA cycle and the ETC
rely on the availability of iron for proper regulation and function (154, 155). Predictably,
cells are likely to switch from using aerobic respiratory enzymes when iron is scarce and
not available as an enzymatic cofactor (156, 157). Under conditions of iron starvation, cells
then rely on alternative metabolic pathways, including fermentation. Accordingly, an arcB
mutant of Actinobacillus actinomycetemcomitans grew poorly under iron-limiting condi-
tions aerobically relative to an arcB complemented strain (158). This is a clear example in
which sensing of environmental conditions through ArcAB leads to metabolic changes to
optimize growth. When considering the regulatory response to iron, the regulons of Fur,
the master regulator of iron metabolism, and ArcA have in fact been found to overlap (38,
159). ArcA specifically downregulates genes encoding enzymes that contain iron-sulfur
clusters, including succinate dehydrogenase and NADH:ubiquinone oxidoreductase (160,
161). Of note, all of these genes are also controlled by at least one other regulator such as
FNR, further demonstrating the ability of ArcA to interconnect multiple regulatory net-
works (160). ArcA is also well established as a regulator of genes encoding cytochromes
that utilize heme-bound iron. ArcA can upregulate cydAB and downregulate cyoABCDE,
which both encode terminal oxidases of the ETC (36, 162). Interestingly, less ArcA protein
is found in iron-limited conditions (163), though, as stated earlier, the regulatory outcomes
of a transcription factors cannot be determined by protein abundance alone. Nevertheless,
the relationship of ArcAB activity to iron availability and utilization is evidently intricate,
and future research should focus on further integrating ArcA-controlled metabolism into
iron homeostasis.

Overflow Metabolism

Optimal metabolism is not solely based on the availability of substrates; therefore,
the role of ArcA in repression of the TCA cycle needs to be considered from other per-
spectives. For example, E. coli can perform fermentation during periods of rapid
growth in the presence of oxygen to quickly produce ATP (164, 165). It is hypothesized
that the growing cell membrane may be unable to accommodate room for respiratory
enzymes, so the cell must utilize other metabolic processes (164). Not surprisingly,
ArcAB has been implicated in this process, known as “overflow metabolism,” as it con-
trols multiple operons involved in these pathways (18, 131, 160). The term “overflow”
refers to the increased production and release of metabolites such as acetate as the
cell oxidizes substrates that could have otherwise been further catabolized through
aerobic respiration. Because of the extensive regulatory network of ArcA, investigators
have also noted that the connection between this system and an overflow of acetate
could be an indirect relationship (131). Increased activity of the TCA cycle in arcA
mutants may incidentally result in decreased acetate production because acetyl-CoA, a
potential precursor of acetate, is continuing to be used in the oxidative TCA cycle. At
the cellular level, overflow metabolism is perhaps the most striking example in which
ArcA is active in the presence of oxygen and an abundance of carbon sources.

INTERACTIONS WITH OTHER REGULATORY SYSTEMS
Fumarate Nitrate Reductase

Multiple transcription factors regulate metabolism during anaerobiosis, but fumarate
nitrate reductase (FNR) is the one most closely associated with ArcAB in E. coli. Together,
ArcA and FNR control more than 80% of metabolic flux during anaerobiosis (39). Unlike
ArcA, FNR uses iron sulfur clusters to directly senses molecular oxygen, which passes freely
through the cellular membrane (25, 166, 167). Upon encountering oxygen-limited condi-
tions, iron-sulfur clusters become reduced and FNR is activated. There is no concrete evi-
dence that FNR can also be affected by other oxidizing agents that reduce the iron-sulfur
cluster, implying a specificity for oxygen (166). As its name implies, FNR promotes the
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transition from aerobic respiration to anaerobic respiration with alternative terminal elec-
tron acceptors such as fumarate and nitrate. When fumarate and nitrate are available as
electron acceptors during anaerobic respiration, FNR upregulates reductases encoded by
the frdABCD and nirBD genes to properly utilize them as part of its role in controlling me-
tabolism (39, 168). The apparent overlap between the ArcAB and FNR regulons was noted
early on after it was reported that the expression of genes related to anaerobiosis was de-
pendent on both systems (24, 49, 162, 169). For example, the binding of FNR at the pro-
moter of cydAB, a component of the ETC, is contingent upon the presence of ArcA also
binding in some cases (162). One group initially reported that 303 genes are regulated by
both ArcAB and FNR, demonstrating extensive overlap of their regulons (14). FNR and
ArcA dually contribute to repression of the tricarboxylic acid pathway (38). Both regulators
repress the operons encoding a-ketoglutarate dehydrogenase, succinyl coenzyme A syn-
thetase, and succinate dehydrogenase, enzymes critical to the oxidative tricarboxylic acid
pathway (38). Like ArcAB, FNR also promotes fermentation by upregulating genes involved
in non-oxidative pyruvate catabolism (pfIB) for example (168). Multiple hypotheses have
been proposed to differentiate the seemingly redundant roles of these regulators (14). It is
speculated that ArcAB is more critical in microaerobic conditions, while FNR becomes the
major regulator as cells encounter strict anaerobic environments (22, 122, 130, 170). This
notion is complicated by studies that show ArcA becomes increasingly phosphorylated as
conditions become more anaerobic. Whether this directly correlates with increasing ArcA
activity or whether maximal ArcA function is reached before complete anaerobic condi-
tions could inform the functionality of ArcA versus FNR. Curiously, mutations of arcA and
arcB are epistatic over mutation of far under nitrate respiratory conditions (142). Another
theory for explaining how the two systems work in tandem is FNR mediating a fast initial
response to low oxygen levels with ArcAB becoming active only after sustained exposure
(171).

Despite the partial overlap between the ArcA and FNR regulons, the transcription fac-
tors also serve distinctive functions. At the cellular level, ArcA’s major role is repression of
catabolism while FNR activates chemiosmotic and anabolic pathways (39). In anaerobic
conditions with glucose as the sole carbon source, there are only seven reported operons
directly regulated by both ArcA and FNR in E. coli (36). There are additionally instances of
ArcA and FNR having opposing activities on coregulated genes (130, 160, 171). This is
especially evident in the regulation of cytochromes of the ETC. ArcA is involved in the up-
regulation and downregulation of cydAB and cyoABCDE, respectively; however, FNR down-
regulates both of these operons (20, 172). This multilayer regulation of cytochromes has
again been attributed to the varying activity of both regulators under microaerobic and
anaerobic conditions. Under microaerobic conditions, ArcA-mediated transcription of
cydAB ensures the presence of cytochrome bd-/ oxidase, which has a higher affinity for ox-
ygen than cytochrome bo, oxidase from cyoABCDE and therefore is useful for scavenging
(162). When levels become anaerobic, FNR is then active to downregulate both cyto-
chrome complexes as oxygen can no longer be utilized. In summary, ArcA and FNR activity
is dependent on available substrates and electron acceptors, and they coordinate metabo-
lism in complex networks with other regulators (160). The functionality of these inter-
twined regulators further illustrates the ability of bacterial cells to integrate multiple signals
to optimize metabolic activity.

Phage Shock Protein System

The simplest two-component regulatory systems have one sensor and one
response regulator. Cross-talk occurs when the sensor kinase of one system phospho-
rylates the response regulator of another system. Conventionally, coordinated cross
talk between bacterial two-component systems, also referred to as cross-regulation, is
thought to be kept to a minimum to promote specificity during a response to a stimu-
lus (173). An investigation into cross talk of ArcAB with the two-component systems
UhpBA, NtrBC, and PhoRB provided no evidence for physiologically relevant cross talk
between these tested systems (174). Evidence has been presented suggesting ArcB
can phosphorylate the previously mentioned orphan response regulator RssB, but the
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significance of this interaction has not been fully elucidated (44, 87). Regulatory net-
works involving multiple kinases have been identified and may be useful in integrating
multiple stimuli (175). Along these lines, studies have suggested that ArcB interacts
with targets in addition to ArcA (87, 176). For instance, ArcB reportedly cooperates
with the phage shock protein (Psp) system in E. coli cells (177, 178). While initially iden-
tified in the response to damage by bacteriophage, the Psp response is now associated
with various agents that result in compromised membrane integrity (reviewed by Joly
et al. [179]). Homologs of the Psp system have been found in many organisms (15). In
Gram-negative bacteria, where it was first identified, it is thought that the Psp system
maintains the proton motive force when the inner membrane is damaged. It has been
proposed that a not yet fully characterized direct interaction between ArcB and PspB, a
membrane-bound component of the Psp system, is important for this function (178).
The ArcB and PspB interaction was shown to be conditional on microaerobiosis. It was
also proposed in the same study that the ArcAB regulon amplifies expression of the
psp system. Although the initial stimulus of the Psp system has yet to be definitively
identified, the contribution of ArcB to the activation of the Psp system in microaerobic
conditions suggests that the redox state of the cell is an important aspect of Psp acti-
vation. Maintaining integrity of the cell envelope is critical for redox homeostasis, so
the contribution of redox status to Psp activity is logical. The connection between a
system that ultimately senses changes in redox conditions (ArcAB) to a system that
senses membrane damage (Psp) would be largely based on the notion that the proton
motive force generated at the membrane needs to be maintained following envelope
stress. In agreement with this concept, the Arc system has been referred to as a “proto-
meter,” describing how activation of ArcAB coincides with changes in the electrochem-
ical gradient at the inner membrane (180).

Cell Envelope Maintenance

The role of ArcAB in response to perturbations at the cell envelope has also been
demonstrated in Shewanella oneidensis in connection with the sigma factor ot
(encoded by rpoE) (181). of becomes active when envelope stress results in accumula-
tion of misfolded outer membrane proteins and lipopolysaccharides in the periplasm
and modulates envelope biogenesis as a result. Under stable conditions, oF is seques-
tered by the anti-sigma factor RseA. In arcA mutants of S. oneidensis, rseA gene expres-
sion is considerably elevated. Through a yet undefined mechanism, ArcAB and RseA
are accordingly theorized to cooperate in mediating oFf activity. The relationship
between ArcAB and oF has been further supported by evidence that proper function-
ing of the lipopolysaccharide transport system relies on both systems (182). rpoE is up-
regulated in AarcA E. coli mutants relative to the wild-type strain, indicating the con-
nection extends to other species (38). Interestingly, these studies connect ArcA
function specifically to the outer membrane. As ArcAB has now been linked to inner
and outer membrane maintenance (albeit in different organisms), general envelope in-
tegrity preservation by this system may be necessary for optimal redox homeostasis. It
is noteworthy that in clinical strains of Klebsiella pneumoniae, arcB is upregulated fol-
lowing exposure to polymyxin B, a cationic peptide used as a model for antimicrobial
peptides of the immune system (47). This study highlights that metabolic rewiring was
an important aspect of response to this antibiotic. Specifically, genes encoding respira-
tory enzymes repressed by ArcA are downregulated following polymyxin B exposure.
As the cellular response to polymyxin B includes a metabolic shift to fermentation, it is
not surprising that ArcAB was implicated as a mediator in the process (47). Polymyxins
are well recognized for perforating the outer membrane of bacterial cells, but the pre-
cise mechanism of how this leads to cell death is unclear. From inducing ROS damage
to stiffening the membrane, a growing body of evidence implicates perturbations at
the inner membrane by polymyxins (183-185). We can speculate that these changes
can influence or impede ETC and specifically quinone activity at the membrane, which
would in turn impact activation of the ArcB kinase. Damage by polymyxins has indeed
been shown to impact enzyme activity at the respiratory chain (186). The Arc system
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has also been implicated in the response to multiple classes of antibiotics, including
aminoglycosides and the cephalosporin cefixime that inhibits cell wall synthesis (41,
187, 188). This is notable since ArcAB has also been connected to cell envelope mainte-
nance in S. oneidensis (181, 189, 190). These findings further display the complex net-
works dedicated to responding to stressors. Whether ArcAB controls functions directly
in structural maintenance of the cell envelope, or whether redox homeostasis is so
tightly dependent on envelope integrity that ArcAB metabolic regulation is inextricably
tied to perturbations, remains to be determined.

RESPONSE TO REACTIVE OXYGEN SPECIES

Aerobic metabolism efficiently provides ATP to cells, but this benefit must be balanced
with the cost of redox stress produced when using these pathways (191, 192). Cells have
evolved sophisticated mechanisms for responding to these stressors and ultimately main-
taining redox balance within the cell (193, 194). With the redox state of the cell closely
linked to metabolism, involvement of ArcAB activity in maintaining redox balance within
the cell across oxygen conditions are expected (137, 138). As noted above, ArcAB has been
linked to the ratio of NADH/NAD™ in the cell and by proxy also ATP/ADP (129). Redox ho-
meostasis by ArcAB may also involve maintenance of the extracellular microenvironment,
such as release of reactive oxygen species (ROS), in addition to ROS levels inside the cell
(195). In conditions in which the cell is not using oxidative phosphorylation, ArcA regulation
promotes glutathione export as well as extracellular superoxide production (128). As al-
ready described, ArcAB has been implicated in “overflow metabolism” in which low-yield
metabolic pathways replace higher-yield pathways. This diversion also helps maintain redox
balance within the cell (196). The role of ArcA in responding to various forms of redox stress
not only highlights the broad array of cellular processes impacted by ArcAB but also serves
as an indication for other potential mechanisms of ArcA activation.

Mechanisms of ROS Resistance

The cell must respond to ROS, which are oxygen and its derivatives including perox-
ides, superoxide, and hydroxyl radicals, as they can damage bacterial DNA, proteins, and
lipids (197). Accordingly, bacteria have evolved ways to scavenge and reduce ROS into
less harmful products (193). ArcAB has been characterized by multiple studies to play a
role in such ROS resistance. Indeed, in E. coli deletion of arcA or arcB resulted in increased
susceptibility to hydrogen peroxide in aerobic conditions (198). In Salmonella enterica
serovar Typhimurium, the ArcA regulon overlapped very little in comparison to the regu-
lon of untreated aerobically grown cells following hydrogen peroxide treatment (199).
Accordingly, the function of ArcA in the context of ROS may be difficult to predict utilizing
established regulons defined in anaerobic conditions (36, 38, 39). The role of ArcAB in
resisting hydrogen peroxide was shown to be independent from the ability to detoxify
ROS since arcA and arcB E. coli mutants were shown to neutralize peroxide to wild-type
levels (198). Similarly, the gene encoding superoxide dismutase in Haemophilus influenzae
is not under the control of arcA despite arcA mutants being more susceptible to hydrogen
peroxide (200). Other studies have since explored alternative mechanisms of ArcAB-medi-
ated hydrogen peroxide resistance in Salmonella enterica, S. oneidensis, and H. influenzae
(Fig. 4) (190, 200, 201). S. Typhimurium arcA mutants are more sensitive to the effects of
hydrogen peroxide because ArcA downregulates a porin that enhances entry of this ROS
(201). In H. influenzae, ArcA controlled expression of dps contributes to resistance via Dps-
dependent protection against hydrogen peroxide-mediated DNA damage (200). Since
ROS are also primary anti-bacterial effectors of innate immune cells, it is noteworthy that
ArcAB has been described as promoting survival of S. Typhimurium in macrophages and
neutrophils (202). Killing by the host cells in this study was not shown to be explicitly
ROS-mediated, but ROS levels were not different in immune cells infected with wild-type
or arcA/arcB mutant cells. Direct links between metabolic regulation by ArcA and oxidative
stress have already been suggested based on findings that resistance to hydrogen perox-
ide is restored via amino acid supplementation in E. coli (198). It has been demonstrated
in S. Typhimurium that arcA mutants have a skewed NADH/NAD™ ratio, which may result
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FIG 4 ArcA-mediated responses to hydrogen peroxide. Following reactive oxygen stress from
exposure to hydrogen peroxide (H,0,), cells utilize ArcA to respond by downregulating porins of
H,O, (S. enterica), producing proteins such as Dps to protect DNA from oxidative damage (H.
influenzae), and promote maintenance of the outer membrane following ROS damage (S. oneidensis).

in a higher proportion of ferrous versus ferric iron and thus more hydroxyl radical forma-
tion via Fenton chemistry (199, 203). Because of the pleiotropic effects of mutating arcA or
arcB, it is unlikely that a single mechanism for ROS resistance exists. Strikingly, ArcA has
been implicated in the regulation of soxS, a gene encoding an important mediator of the
ROS response (38, 204). Considering the multiple studies indicating that ArcAB does not
play a role in the neutralization of ROS such as hydrogen peroxide, the biological signifi-
cance of ArcAB-controlled soxS expression remains unclear. Ubiquinone has also been
identified an important antioxidant within the cell membrane preventing peroxidation of
lipids by hydrogen peroxide (205). Based on the earlier description of quinones as the
main signal for ArcAB activation, this finding may serve as a direction for future research
investigating how ArcAB can respond to oxidative stress through interaction with other
molecules.

Activation of ArcAB during ROS Response

ArcAB actively regulates the response to reactive oxygen derivatives yet is canoni-
cally known to be active in conditions in which oxygen consumption drops. This appa-
rent contradiction could be a starting point for novel research exploring an unknown
role for ArcAB in aerobic growth and may uncover other regulators of the system
beyond the quinone pool. The mechanisms for a relationship between ArcA-mediated
control of metabolism and the ROS response may already be evident. The metabolic
pathways ArcA controls are large sources of internal ROS production and thus may
need to be repressed when the cell faces an exogenous ROS threat (206, 207). In this
scenario, ArcA would need to be active under aerobic conditions, which could rely on
one of three mechanisms: (i) binding/regulatory activity by unphosphorylated ArcA; (ii)
an alternative kinase of ArcA; or (iii) kinase activity of ArcB under oxidizing conditions.
No direct evidence has been presented for points 2 or 3, but noteworthy evidence has
been reported for point 1. There are existing examples of response regulators not
needing phosphorylation to function (208). Unphosphorylated ArcA has indeed been
shown to bind the same DNA fragments as phosphorylated ArcA in experiments
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examining plasmid recombination (209). Subsequent DNase footprinting, however,
showed that the binding pattern by unphosphorylated ArcA was different (36, 86, 87).
In addition, apparent activity of ArcA under aerobic conditions may be attributed to
small amounts of phosphorylated ArcA (54). Most recently, it has been found that S.
enterica ArcA becomes partially active in the presence of ROS in a phosphorylation-in-
dependent manner (210). Zhou and colleagues demonstrated that ROS exposure leads
to disulfide bond formation in ArcA, allowing for ArcA dimers to form without activa-
tion from ArcB. The oxidized cysteines forming these bonds are reportedly highly con-
served, suggesting this new mechanism may be conserved in other species as well.
Barring the existence other ArcB activators, ROS damage would ultimately have to
impact quinone oxidation or abundance for ArcB to become active. One could theorize
damage at the ETC affects the oxidation state of the quinone pool and ultimately its
connection to ArcB. Future studies could also examine whether high levels of ROS
result in the activation or release of other ArcB regulators. With the capability of ROS
to cause cell-wide damage and the capacity of ArcA to affect global change at the cel-
lular level, the role of ArcA in maintaining metabolic homeostasis during ROS response
in aerobic conditions cannot be overlooked.

CONTRIBUTION TO PATHOGENESIS

Cellular replication is one component of bacterial fitness during infection. Furthermore,
it is intuitive that transcriptional regulation is critical for optimal fitness and pathogenesis
in the host. Dynamic bacterial interactions with the host include responses to changes in
nutrient availability, oxygenation, and immune defenses, all of which are heavily depend-
ent on the site and stage of infection (211, 212). This may be especially true during the ini-
tial stages of infection and during dissemination from an initial site, in which the transition
between environments can be dramatic. Examples of two-component regulatory systems
in pathogenic bacteria are so ubiquitous that the regulatory pathways have now become
attractive targets of antimicrobial therapies (see reviews by Tiwari et al. [213], Rajput et al.
[214], and Hirakawa et al. [215]). Likewise, the function of ArcAB in controlling metabolic
functions in response to oxygen availability or consumption has prompted several groups
to investigate the impact of the ArcAB system on infection processes and outcomes.
Indeed, we have determined that arcB mutants of the opportunistic pathogens Serratia
marcescens and Citrobacter freundii exhibit a significant loss of fitness as assessed by Tn-
seq of bacteria recovered from an experimental bloodstream infection model (216, 217). S.
marcescens arcA was also identified as a fitness gene in the same study. Similarly, a loss of
fitness was also associated with a Klebsiella pneumoniae arcB transposon insertion mutant
in @ murine lung infection model (218). Growing evidence from the literature supports the
notion that ArcAB control of gene expression is required for optimal bacterial fitness in the
host environment. The diversity of organisms and infection models described in the sec-
tions that follow suggests that the importance of ArcAB is widespread among bacterial
pathogens. Understanding the function of the ArcAB system during infection will aid in
constructing models of pathogenesis and may provide viable targets for future therapeutic
development.

Bacterial Survival during Infection

A role for ArcAB in directly and indirectly supporting growth during infection has been
identified in several important pathogens. Disruption of arcA in S. Typhimurium signifi-
cantly reduces the recovery of bacteria from mice following oral inoculation or during sys-
temic infection following intraperitoneal injection (202, 219). Mutation of S. Typhimurium
arcA furthermore limits intracellular survival in epithelial cells, macrophages, and neutro-
phils (202). So important is ArcAB to the pathogenesis of this species that mutating arcA
alongside fnr and fliC has been proposed in developing an attenuated live S. Typhimurium
vaccine (220). A second example of ArcA contributions to gastrointestinal infections has
been observed using Vibrio cholerae in which arcA mutants exhibit reduced virulence and
colonization in an infant mouse cholera model (221, 222). ArcA function was also shown
to increase pathogenesis in a porcine pneumonia model using Actinobacillus
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pleuropneumoniae, with arcA mutant bacteria exhibiting lower clinical scores and reduced
bacterial recovery compared to wild-type A. pleuropneumoniae (223). Finally, multiple bac-
terial species have been shown to require ArcAB function for optimal fitness during blood-
stream infections, as previously noted (216, 217). The mammalian bloodstream presents
an interesting paradox of oxygen availability in that the blood is an oxygen-rich environ-
ment, yet it is likely that little oxygen is available to extracellular pathogens in circulation
as 98% of oxygen here is tightly bound to host hemoglobin within erythrocytes (224).
Similarly, little is known about bacterial oxygen availability in the spleen and liver, which
often harbor high concentrations of bacteria in murine models of bloodstream infections
(225). H. influenzae, a natural inhabitant of the human nasopharyny, is also capable of caus-
ing invasive infections. H. influenzae arcA mutants required a higher lethal dose than wild-
type bacteria following intraperitoneal injection of mice and decreased bloodstream recov-
ery of an independent arcA mutant strain has also been observed (200, 226). All the blood-
stream pathogens highlighted above can cause both localized and systemic infections and
can be found as nonpathogenic colonizers of the human microbiota, further highlighting
the need for pathogen adaptation during infection. For bacterial species that additionally
occupy niches outside the mammalian host, such as S. marcescens and C. freundii, the tran-
sition to colonization from environmental reservoirs undoubtedly represents a shift in the
metabolic requirements for fitness. The evidence for ArcAB function during pathogenic
bacterial interactions solidifies the importance of this regulatory system and highlights the
need for further investigation of the specific ArcAB-controlled metabolic pathways that
contribute to each type of infection and in different infection niches.

Virulence

While metabolic coordination is likely to be a critical function of ArcAB transcriptional
control during infection, additional ArcAB-regulated functions have also been implicated
in pathogenesis. The S. Typhimurium gene loiA encodes a positive regulator of Salmonella
pathogenicity island 1 (SPI-1) genes that are required for pathogenesis in a murine infec-
tion model, and a loss of Salmonella cellular invasion and reduced mouse virulence was
observed when loiA was disrupted (219). Interestingly, expression of /oiA is controlled by
oxygen availability in an arcA- and arcB-dependent manner (219). Virulence genes
encoded in SPI-1 were shown to be dependent on ArcA at the transcriptional and protein
level in a subsequent S. Typhimurium study analyzing the proteome of this serovar in an-
aerobic conditions (227). These examples of regulation of SPI-1 effector genes by ArcAB in
Salmonella are a clear demonstration of the diversity of ArcAB regulatory targets and
expands the mechanisms by which this global regulator modulates infection processes. A
second example of ArcAB-mediated control of virulence genes has been observed in V.
cholerae. Mutation of arcA in V. cholerae results in a loss of cholera toxin production, the
major virulence factor of this species and was further correlated to a loss of ctxAB (cholera
toxin) and tcpA (toxin-coregulated pilus) gene expression in aerobic conditions (221). It
was further suggested that the dysregulation of V. cholerae virulence genes was due to
ArcA-dependent modulation of ToxT, a known transcriptional activator of ctxAB and tcpA
expression (221). Finally, arcA mutants have been demonstrated to increase the sensitivity
of H. influenzae to the bactericidal activity of human serum (94, 226). In nontypeable H.
influenzae clinical isolate NT127, this loss of serum resistance was attributed to ArcA-de-
pendent transcriptional modulation of the lipooligosaccharide glycosyltransferase gene
lic2B, which participates in the lipooligosaccharide (LOS) biosynthesis pathway of this
strain (94). ArcA and FNR have also been shown to participate in lipid A modifications in
Salmonella Enteritidis based on oxygen availability (228).

CONCLUDING REMARKS

The two-component regulatory system ArcAB has been the subject of foundational
research for more than 3 decades. The uniqueness of the structure of its sensor kinase
ArcB and the complex binding architecture of the response regulator ArcA are some of
the attributes that have made this system a fascinating one for study. Future work is still
needed to address the discrepancies between models of how quinones regulate ArcAB
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BOX 1: KEY AREAS FOR FUTURE RESEARCH

e Further characterization of ArcA oligomerization at target DNA binding sites
and regulatory control by partially active ArcA

e Clarification of control of ArcB phosphatase activity and effects of sustained
stimulus exposure on ArcA activity

e Continued profiling of quinone-based regulation of ArcB with respect to each
quinone species

e Integration of ArcA regulons from more culture conditions into global
regulatory networks with a focus on coregulators such as FNR and o°

e Elucidation of the significance of ArcA-controlled metabolic pathways during
pathogenesis

under differing oxygenation conditions (see Text Box 1). Further development of techni-
ques allowing for individual study of all three quinones within the same cell in situ will
greatly aid in this matter. ArcA is a powerful repressor of central metabolic pathways, and
this function is critical in mediating global metabolic changes not only during anaerobiosis
but also in situations where the use of specific pathways is no longer efficient or even det-
rimental. From this perspective, ArcAB can incorporate feedback from the cell, including
electron acceptor availability, enzymatic capabilities, and redox homeostasis, into a
harmonized response. We have yet to fully characterize the operons under ArcA’s control
and how this control may extend to other conditions in which oxygen consumption is
impacted. This is especially true in species beyond E. coli and S. enterica. These discoveries
will be important in uncovering all the cellular functions, including ROS response and cell
envelope maintenance, that are becoming increasingly associated with ArcAB regulation.
While the concept of this two-component system is strikingly straightforward, ArcAB and
its vast regulon represent a sophisticated coordination of cellular processes. The numerous
examples of ArcAB contributions to bacterial infections further suggests this global regula-
tory system plays an important role in responding to the host environment and additional
work is needed to elucidate the specific nutrient and oxygenation requirements of each
species to better understand the mechanisms of ArcAB function during infection.
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