
1

Introduction

A complex regulatory network governs the microbial response to encounters with 
harsh environmental conditions. Such networks also influence essential decision-
making processes that coordinate metabolic pathways and maintain cellular ultra-
structure. The study of such networks has been a fruitful area of research over the 
years, and continues to be a major focus of biomedical, applied, and environmen-
tal studies. Investigations using model bacterial systems revealed conserved mech-
anisms that neutralize harmful conditions by destroying toxic agents or alleviating 
their damaging effects. Molecular genetic studies of the model enteric bacterium, 
Escherichia coli, uncovered complex signal transduction, and response systems 
that govern the processes of toxicity/damage control. Many of these are based 
on conserved regulatory architecture involving two-component signal transduc-
tion systems, alternative RNA polymerase sigma subunits, conserved members of 
transcription factor families, and post-translational control through modification 
and proteolysis. Explorations into the Gram-positive bacterial stress response sys-
tems have reinforced the importance of conserved regulatory factors, but have also 
uncovered quite novel players functioning as nodes in the stress management net-
work. Such nodes are the targets of multiple stress-induced regulatory devices and 
upon stimulation exert their effects on a variety of response effectors. Among the 
factors that have emerged as important contributors to stress response control in 
the low G+C Gram-positive bacteria are members of the Spx family of proteins. 
Spx of Bacillus subtilis has been shown to exert direct transcriptional control by 
interaction with RNA polymerase, by which it directs expression of a battery of 
genes whose products function in the oxidative stress response and likely other 
stress response processes. Control of Spx activity is exerted in part through a thiol/
disulfide switch that enables Spx to undergo activation directly upon reaction with 
toxic oxidants. Its concentration is also controlled at the levels of gene transcrip-
tion and post-translationally through proteolysis catalyzed by ATP-dependent 
proteases. Transcriptional control of spx in the Gram-positive spore-forming 
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bacterium, Bacillus subtilis is especially complex, involving three forms of RNA 
polymerase and at least two transcriptional repressors. Signal transduction systems 
connected to cell envelope stress transcriptionally control spx genes in orthologous 
Gram-positive systems. High levels of Spx not only lead to transcriptional activa-
tion, but also repression of genes functioning in complex developmental programs, 
such as sporulation and the development of genetic competence (see below). 
Accumulating evidence indicates that Spx represents a point of convergence to 
which signals derived from a variety of stress conditions are directed to enact tran-
scriptional and post-transcriptional control. Recent studies have linked these stress 
conditions, including encounters with clinically relevant antibiotics, to the genera-
tion of reactive oxygen species (ROS) and the induction of genes belonging to oxi-
dative stress stimulons. The positioning of Spx at a stress-signaling intersection 
may represent a preemptive strategy to mobilize defenses against ROS that are 
generated as a secondary consequence of encounters with toxic agents and harsh 
environmental conditions.

Spx is a direct participant in the control of gene expression in response to stress 
and is necessary to render cells resistance to toxic oxidants as well as the lethal 
conditions affecting the cell envelope of certain species. The importance of Spx 
is further highlighted by the demonstration that deletion of spx paralogous genes 
is lethal in some members of Firmicutes. Heightened Spx activity in B. subtilis 
results in the activation of a large regulon of over 140 operons and in elevated 
resistance to toxic agents. Because Spx can exert a profound effect on the opera-
tion of complex, global regulatory systems, the overview of Spx-dependent regula-
tion will be followed with a summary of stress-induced global gene regulation in 
Gram-positive microorganisms in which functional Spx is produced. The remain-
der of the review will highlight the research aimed at uncovering the regulation 
and function of Spx with emphasis on its relationship with other stress-induced 
control systems.

An Overview of Spx

Orthologs of Spx can be found in low GC Gram-positive bacteria, but the  
family of proteins to which it belongs encompasses a much wider spectrum of 
bacteria (Turlan et al. 2009). Spx is a member of the ArsC family, whose found-
ing member is the arsenate reductase encoded by the plasmid R775 that replicates 
in E. coli (Martin et al. 2001; Zuber 2004). Crystallographic studies have con-
firmed the conservation of 3D structure of the ArsC and Spx proteins (Newberry 
et al. 2005). Two domains can be discerned from inspection of the structure, with 
the N-and C-terminal segments constituting one domain, and the central seg-
ment of the protein forming the other (Fig. 1). The N- and C-terminal regions of 
Spx/ArsC are linked by a 4-stranded beta sheet. In ArsC, the domain composed 
of the N-and C-terminal regions contains the active site Cys residue that forms a 
covalent link with arsenate, thus generating the reaction intermediate. This Cys 
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residue is conserved among most of the Spx orthologs, where it is often partnered 
with another Cys residue to form a redox disulfide reactive center. Hence, the 
domain made up of the N- and C-terminal regions is referred to here as the redox 
control domain (Fig. 1).

A bioinformatic analysis was carried out by Turlan et al. (2009) to uncover 
the differences among the ArsC family members, which resulted in the estab-
lishment of four clades (bootstrap values between 92 and 98) of the ArsC/Spx 
homologs. Firmicutes proteins constituted two of the clades, which included a 
group of ArsC-like proteins, including Spr1316 of Streptococcus pneumoniae 
and YusI of B, subtilis, the gene for which resides in an Spx-controlled operon 
required for lipoate synthesis (Christensen et al. 2011). The other clade contain-
ing Firmicutes ArsC-family members is heavily represented by the transcrip-
tional regulator SpxA from Listeria monocytogenes, Streptococcus mutans, S. 
pyogenes, Staphylococcus aureus, Lactococcus lactis, the B. subtilis, and the B. 
cereus/thuringiensis/anthracis groups. The third clade is represented by the YffB 
protein and its orthologs from Brucellaceae (Buchko et al. 2011) and other mem-
bers of the alphaproteobacteria and a few members of gammaproteobacteria 
(Pseudomonas) (Teplyakov et al. 2004). Some are annotated as the “Spx/MgsR 
(modulator of general stress response)” group, but these are of unknown func-
tion. Confirmation of the ArsC-like structure of this third group was established 
from the crystal structure of the YffB proteins of B. melitensis and P. aeruginosa 

Fig. 1   Structure of Spx bound to RNA polymerase alpha C-terminal domain (pale blue). Two 
linker polypeptide coils link the redox control domain with the central domain. Red indicates 
the C-terminal portion of Spx that functions in Spx proteolytic control. Also shown is the alpha 
4 helix that functions in promoter DNA recognition, and the two Cys residues that constitute the 
thiol/disulfide redox center. The N- and C-terminal regions constitute the redox control domain 
are held together by a 4-stranded beta sheet. (Adopted from Newberry et al. 2005)
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(Buchko et al. 2011; Teplyakov et al. 2004). The fourth and largest clade is the 
“ArsC–ArsC” grouping that includes the bona fide arsenate reductase from E. coli 
and its orthologs from a variety of Gram-positive and -negative species.

Mutations in a gene encoding an ArsC-like protein were reported in 
Lactococcus lactis (Duwat et al. 1999). The mutation elevated temperature resist-
ance in a recA mutant, stimulated proteolysis, and enhanced stress tolerance. The 
gene is called trmA, but this assignment had already been given to the gene encod-
ing a highly conserved tRNA-rRNA methylase in bacteria, including members of 
the Firmicutes. In B. subtilis, the gene, yjbD (now known as spx), encoding an 
ArsC-like protein, was observed to be activated by several stress-inducing condi-
tions, including phosphate starvation and elevated temperature (Antelmann et al. 
2000; Petersohn et al. 2001). The spx gene resides within a dicistronic operon 
with yjbC that is controlled by several minor forms of RNA polymerase σ subu-
nit, including σM, which was observed to stimulate yjbCspx transcription (Jervis  
et al. 2007; Thackray and Moir 2003). An investigation into the role of the ATPase, 
ClpX in sporulation and competence gene expression uncovered mutations in 
spx (suppressor of clpP and clpX) of B. subtilis (Nakano et al. 2001, 2002). The 
ClpX protein is a subunit of the ATP-dependent protease ClpXP, where ClpX is 
the substrate-binding hexameric unfoldase that delivers the substrate protein to the 
proteolytic chamber formed by two heptameric rings of ClpP subunits (Sauer and 
Baker 2011). Mutations in clpX or clpP cause severe defects in sporulation, com-
petence development, and growth in synthetic minimal media (Liu et al. 1999; Liu 
and Zuber 2000; Nakano et al. 2003b). These defects were largely alleviated by 
second site mutations in spx. Mutations with a similar clpX-suppressing phenotype 
were discovered in the rpoA gene encoding the RNA polymerase α subunit of B. 
subtilis (Nakano et al. 2000), and one of these mutations was later shown to be in 
a codon specifying an amino acid within the contact interface between Spx and the 
C-terminal domain of the α subunit (Newberry et al. 2005).

The clpX phenotype was attributable to the accumulation of Spx, which is a 
substrate for ClpXP, and its interaction with RNA polymerase (Nakano et al. 
2003b). High concentrations of Spx lead to interference with the interaction 
between RNA polymerase and transcriptional regulators due to the occupa-
tion of regulator binding surfaces on the α subunit by Spx (Zhang et al. 2006). 
Recent data suggested that repression by Spx could also be exerted by a differ-
ent mechanism, possibly involving Spx-DNA interaction (Rochat et al. 2012). 
Transcriptomic studies showed that Spx at high concentrations activates the tran-
scription of genes that function in cysteine production and in thiol homeostasis 
(Nakano et al. 2003a). Null mutations of spx and a mutation of rpoA that disrupted 
Spx-RNA polymerase interaction conferred hypersensitivity to the thiol-specific 
oxidant, diamide. However, the Spx regulon is large and several of the genes that 
are activated greater than 3-fold are involved in other functions, including cell wall 
metabolism (Zuber et al. 2011). Recent chromatin immunoprecipitation studies 
using epitope-tagged Spx have uncovered genes directly contacted by Spx/RNA 
polymerase complex. While these data largely confirmed previous transcriptomic 
work, more Spx regulon members were uncovered, including the gene encoding 
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ClpX (Rochat et al. 2012). In all, 257 genes were identified as being potentially 
affected by Spx-RNA polymerase interaction.

In B. subtilis, Spx concentration is regulated at several levels. Transcription is 
regulated through several forms of RNA polymerase bearing alternative σ subunits 
(Cao et al. 2002b). Spx is under proteolytic control involving ClpXP protease and 
a substrate recognition factor, as discussed below. Finally, Spx activity is under 
redox control, as productive interaction with RNA polymerase requires forma-
tion of an intramolecular disulfide at the redox CXXC center (Nakano et al. 2005). 
Although Spx has been described as a regulator of the oxidative stress response, 
the fact that its production is induced by multiple stress conditions and its regulon 
encompasses genes specifying functions not directly related to the oxidative stress 
response suggest that Spx might participate more globally in the Gram-positive 
stress response.

To begin to address the position Spx occupies in the stress response network, 
the next section will provide a summary of the regulatory circuits governing stress 
response mechanisms in Gram-positive organisms that produce orthologous Spx 
proteins. The following is not an in-depth treatment of the subjects, and the reader 
is directed to several recent reviews (Gaup et al. 2012; Higgins and Dworkin 2012; 
Jordan et al. 2008; Price 2011; Zuber 2009) that cover the subjects in more detail.

Regulation of the Stress Response in Gram-Positive 
Bacteria

Members or the phylum, Firmicutes, represent a large family of Gram-positive 
bacterial species that share many common features within their regulatory net-
works that orchestrate stress responses. Most of the low G+C Gram-positive bac-
teria relevant to this review are members of Firmicutes. The species affiliated with 
Firmicutes include those within the orders Bacillales (Genera: Bacillus, Listeria, 
Staphylococcus), Lactobacillales (Lactobacillus, Enterococcus, Streptococcus), 
Clostridiales (Clostridium, Eubacterium, Peptococcus), and Erysipelotrichi 
(Catenibacterium, Coprobacillus). Members of the Firmicutes include notable 
pathogens and industrially important bacteria used in the large-scale production 
of enzymes and antibiotics. The Gram-positive bacteria are very diverse, encom-
passing species that inhabit many environments ranging from soil, fresh and 
saltwater, as well as on and within multicellular host organisms. They exhibit aero-
bic, anaerobic, or facultative lifestyles and conduct fermentative and respiratory 
metabolic processes. While members of the phylum inhabit wide-ranging envi-
ronments, some are restricted to narrow ecological spaces. Certain members of 
Erysipelotrichi, Clostridia, and Lactobacillales are found within the oral and/or 
gut microbiomes (Peris-Bondia et al. 2011). All possess a three-dimensional mesh 
of peptidoglycan that envelops a single cytoplasmic membrane. While similarities 
in ultrastructure characterize the phylum, there is much morphological diversity, 
even within orders. The Bacillales include the spore-forming, rod shape, motile 
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bacteria within the genus Bacillus and the nonspore-forming, nonmotile coc-
cus, Staphylococcus. The Clostridiales also include spore-forming anaerobes as 
well as nonspore-forming, anaerobic cocci (Peptostreptococcus). Despite these  
differences, genomic analyses have shown remarkable similarities in primary gene 
structure and close synteny in gene organization.

Figure 2 shows a schematic diagram of the position Spx occupies in the stress 
response network. The figure does not include all of the potential interactions Spx 
can establish with components of the regulatory network. The figure conveys the 
different ways Spx production and activity is influenced by response regulatory 
systems and how Spx exerts control over systems of differentiation and stress 
resistance.

Control Within Complex Developmental Programs  
and the Negative Impact of Spx

The diverse lifestyles, metabolic capabilities, and the complex developmen-
tal cycles in several members of the Firmicutes would suggest significant diver-
gence in regulatory network components and architecture. Inspection of genome 

Fig.  2   Relationship of Spx with control circuits governing developmental programs and stress 
responses in Firmicutes. Blue arrows (pointed and flat) represent connections between spx expres-
sion and activity with the developmental and stress response systems indicated in red letters
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composition and review of studies into gene regulation, to some degree, support 
this conclusion. Several members of the Bacillales, as noted earlier, can undergo 
sporulation in response to nutritional stress. This is a process of cellular differen-
tiation in which a vegetative cell transitions into a prespore state in which the cell 
is composed of two compartments, one of which will become the dormant spore 
and the larger compartment, or mother cell that supports spore development, but 
ultimately undergoes lysis when the mature spore is released. Genetic control of 
the process operates at several levels and requires fundamental changes to the gene 
expression machinery (de Hoon et al. 2010; Piggot and Hilbert 2004). Most nota-
ble among these are the spore-specific RNA polymerase forms bearing unique σ 
subunits (Stragier and Losick 1990). The assembly of alternative RNA polymerase 
forms, bearing spore-specific σ subunits, is the result of a signal-transducing phos-
phorelay responsive to the nutritional environment, and compartment-specific con-
trol of gene expression responsive to intercompartmental (mother cell-forespore) 
communication (Duncan et al. 1994; Hoch 1993; Stragier and Losick 1996). The 
process is relevant to Spx since transcriptomic analysis of an spx null mutant pro-
vided evidence for elevated sporulation gene transcription in a minimal medium 
that does not promote spore formation (Zuber et al. 2011). This would suggest 
that some oxidized Spx is present during the transition from exponential to sta-
tionary phase of the growth curve, where it could hinder transcriptional control 
of sporulation genes through RNA polymerase interaction. This is consistent with 
earlier work that demonstrated a requirement for ClpX in sporulation-specific gene 
transcription that could be overcome by mutations affecting Spx-RNA polymerase 
interaction (Liu et al. 1999; Nakano et al. 2000).

The master regulator of sporulation is Spo0A, a member of the response regu-
lator family of proteins that undergoes sequential levels of phosphorylation over 
time to reach a level of activity that triggers sporulation initiation (Fujita and 
Losick 2005; Hoch 2000). This requires a set of sensory histidine kinases, KinA-D 
(Banse et al. 2011; Jiang et al. 2000) that deliver phosphate to an intermediary 
response regulator, Spo0F. The phosphate is rapidly transferred via the phos-
photransferase, Spo0B to Spo0A (Burbulys et al. 1991). Spo0A, thus activated, 
stimulates transcription of early sporulation genes by direct interaction with RNA 
polymerase (Baldus et al. 1995; Seredick and Spiegelman 2007). Key to this inter-
action is the alternative RNA polymerase sigma subunit, σH, which is required for 
optimal transcription of the kinA, spo0F, and spo0A genes (Predich et al. 1992), 
increases in concentration by a Spo0A-dependent regulatory mechanism and accu-
mulates during stationary phase of the growth curve (Fujita and Losick 2005).

Sequentially higher levels of phosphorylated Spo0A (Spo0A~P) activate spe-
cific sets of genes, either through direct activation of transcription initiation (Fujita 
and Losick 2005) or by repressing the gene abrB (Strauch et al. 1990), whose 
product globally represses genes that are normally induced during the transition 
from vegetative growth to growth restriction resulting from nutrient depletion 
(Strauch 1993). Low concentrations of Spo0A~P are required for cells to make 
the adjustment into the transition state and to select an appropriate physiologi-
cal choice such as competence development and establishment of a motile state 
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(Fujita et al. 2005) depending on the conditions encountered. Higher concentra-
tions of Spo0A~P during prolonged exposure to nutrient depletion, trigger the 
expression of sporulation-specific genes through direct transcriptional activation. 
The genes activated by Spo0A, along with the σH form of RNA polymerase, are 
those residing in the spoIIA operon that specifies the sporulation sigma subunit, 
σF and proteins functioning in σF control (Baldus et al. 1995). Thus, the graded 
increase in Spo0A~P concentration leads the cell through the transition state of 
growth restriction to the developmental program of sporulation.

A further layer of control is enacted through post-translational control of RNA 
polymerase σ subunits and proteolytic processing of inactive pro-sigma proteins to 
yield active subunits. The mechanisms of sigma subunit activation are at the core 
of cellular compartment (forespore/mother cell)-specific gene expression. Thus, 
the early sporulation sigma subunit, σF, directs transcription of genes within the 
forespore compartment, but one of the products of the σF regulon activates tran-
scription in the mother cell by stimulating the activity of a membrane-bound pro-
tease that processes an inactive pro-σE protein to its transcriptionally active form 
that operates within the mother cell (Hofmeister et al. 1995; Karow et al. 1995). 
In this way, development in the two compartments proceeds in a coordinated way 
to ensure proper assembly of the prespore structures. Sigma subunit activation and 
proteolytic processing control are triggered by morphological cues, such as forma-
tion of the sporulation septum that separates the forespore from the mother cell 
compartment (Errington 1993; Stragier and Losick 1990).

The spx null mutant shows elevated transcripts from genes that are activated 
early in sporulation, specifically those requiring the σE, σH, and σF forms of RNA 
polymerase (Zuber et al. 2011). Mutants bearing a null mutation of clpX show 
reduced σH-dependent transcription that can be alleviated by mutations in spx (Liu 
et al. 1999; Liu and Zuber 2000; Nakano et al. 2001). It is currently unclear how 
Spx exerts a negative effect on sporulation gene expression; whether repression 
is due to its RNA polymerase-binding activity, indirect metabolic effects of Spx-
directed transcription or both. However, a mutation in rpoA affecting Spx inter-
action with RNA polymerase also alleviates the sporulation negative phenotype 
of the clpX mutant (Nakano et al. 2000), implying that Spx interaction with RNA 
polymerase negatively affects sporulation-specific transcriptional control.

Quorum-Sensing Control of Competence Development  
and Virulence in Firmicutes

The control of genetic competence development in B. subtilis, which has been 
studied in great detail (Grossman 1995; Hamoen et al. 2003; Tortosa and Dubnau 
1999), is also a target of Spx negative control. Competence is a physiological 
state in which a cell is able to take up DNA from the environment and incorpo-
rate the internalized DNA into its genome by recombination. The global transcrip-
tion factor, ComK, interacts with the regulatory regions of genes whose products 



9

function in DNA uptake and in establishing the “K state”, a semidormant physi-
ological condition that characterizes competent cells (Berka et al. 2002; Maamar 
and Dubnau 2005). Only a fraction of the cell population undergoes competence 
development in a culture, as transient elevations within the “noise” of ComK lev-
els cause occasional stochastic transitions to the competence pathway (Maamar 
et al. 2007). The gene encoding the ComK ortholog is present in Listeria as is 
the ortholog of MecA (Borezee et al. 2000; Rabinovich et al. 2012), which func-
tions as a substrate recognition factor for the proteolysis of ComK by the ATP-
dependent protease, ClpCP in noncompetent cells. That the regulatory components 
are shared with Listeria monocytogenes that is not known to undergo competence 
development suggests that they might serve different roles in the competent and 
noncompetent species. The genomes of several strains isolated from food products 
bear an interrupted allele of comK, due to the integration of the prophage form 
of phage A118 (Verghese et al. 2011). The importance of comK in virulence was 
demonstrated recently in a study that uncovered a novel prophage excision switch 
that creates a functional comK allele in cells within an infected host. The product 
of the reconstructed comK allele drives expression of genes required for phagoso-
mal escape during Listerial infection (Rabinovich et al. 2012).

To activate ComK in B. subtilis, a two-component signal transduction system 
(TCSTS), ComA-ComP, functioning, respectively, as response regulator and histi-
dine protein kinase, activate the transcription of a gene specifying a small protein 
that inhibits MecA-dependent proteolysis of ComK (Grossman 1995; Turgay et al. 
1997). This TCSTS is at the heart of a quorum sensing mechanism mediated by 
a secreted modified peptide, ComX (Magnuson et al. 1994). Conditions of nutri-
tional stress also stimulate ComAP activity (Solomon et al. 1995). The sensory 
domain of ComP protrudes from the cell and can contact the extracellular ComX 
peptide to trigger kinase activity and subsequent ComA phosphorylation. The 
DNA encoding ComX, the modifying enzyme and the sensory domain of ComP 
constitute a genetic module of linked sequence elements that is the site of genetic 
polymorphism (Tran et al. 2000; Tortosa et al. 2001). The variability in sequence 
modules between B. subtilis isolates evolved from specifying selection and high-
lights the strain-specific nature of the peptide-sensor relationship that operates the 
quorum sensing system of control. The genes encoding the peptide, its modifying 
enzyme, and the ComAP TCSTS reside in an operon that includes the polymor-
phic module, and the organization of this operon is conserved in other members 
of Firmicutes, notably comCDE in Streptococcus and agrBCDA in Staphylococcus 
aureus (Tortosa and Dubnau 1999). The functional analog in B. subtilis, ComA, 
upon activation, triggers transcription initiation of srfA (Nakano and Zuber 1991; 
Weinrauch et al. 1990), a large operon encoding the enzyme complex that cata-
lyzes surfactin biosynthesis, and the small protein ComS with inhibits ComK deg-
radation by MecA/ClpCP, resulting in ComK accumulation (D’Souza et al. 1994; 
Hamoen et al. 1995; Turgay et al. 1997).

Such systems are susceptible to Spx negative control, as it has been demon-
strated that interaction between Spx and RNA polymerase blocks ComA-activated 
transcription by interfering with ComA-RNA polymerase interaction (Nakano  
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et al. 2003a, b, Zhang et al. 2006). Spx also represses ComK activated transcrip-
tion in vitro (Nakano, S., and P. Z., unpublished). Spx also exerts negative control 
over competence development in S. pneumoniae (Turlan et al. 2009), although the 
exact mechanism is not known at this time. As with sporulation, the notion is that 
Spx, when it is activated under oxidative stress conditions, delays complex devel-
opmental programs until redox homeostasis is restored.

Cell Envelope Stress Response Systems that Promote  
spx Expression

The complex developmental pathways are energy intensive and are thought to be the 
last choice among many responses bacteria can mobilize when encountering stress 
(Reder et al. 2012a, b, Gonzalez-Pastor et al. 2003). There are more focused responses 
to environmental insult that target specific structures or metabolic and repair path-
ways. For example, responses to chemical/physical attacks upon the cell envelope 
result in changing the composition of the cell wall and/or its charge. Nevertheless, 
even in these cases, the response might be accompanied by wide-ranging changes in 
the bacterial transcriptome (Jordan et al. 2008). The spx gene is transcriptionally acti-
vated by factors that function in the response to cell envelope stress (Fig. 2), creating 
the potential for genome-wide transcriptional changes.

The three-dimensional mesh of crosslinked glycan chains that constitutes the 
peptidoglycan is an essential structure that must be maintained, remodeled, and aug-
mented in order to accommodate growth and survival (Silhavy et al. 2010). Another 
essential component of the Gram-positive cell envelope is teichoic acid (TA), which 
is attached to the peptidoglycan (wall TA), or to the cytoplasmic membrane (lipoTA) 
(Formstone et al. 2008; Minnig et al. 2005; Perego et al. 1995). Formation of the 
cell wall proceeds with the synthesis of the N-acetylglucosamine-N-acetylmuramic 
acid moiety linked to the pentapeptide linker, which is the unit of peptidoglycan 
assembly that is translocated to the exterior. This translocation is mediated by a 
carrier lipid (lipid II, or undecaprenyl pyrophosphate), and is followed by transgly-
cosylation linking the cell wall assembly unit to the growing peptidoglycan chain. 
All of the steps in cell wall synthesis are essential reactions, and it is no surprise 
that many antimicrobial agents, natural or synthetic, target either the enzymes that 
catalyzes these reactions or their substrates. Nearly every step is the target of one 
or more antibiotics with bacteriocidal activity (Jordan et al. 2008), several of which 
are currently in clinical use to treat infections. There is evidence that the antibiotic-
induced inhibition of cell envelope synthesis and maintenance generates second-
ary damaging effects due to ROS generation (Kohanski et al. 2007, 2010; Mols and 
Abee 2011). Studies presented in the recent literature have implicated oxidative 
stress as the bacteriocidal event that is induced by antimicrobial agents that target the 
cell wall (Kohanski et al. 2007, 2010). Recent reports, however refute these asser-
tions, showing that antibiotics, in clinically relevant concentrations, are equally 
bactericidal when used to treat cells under anaerobic conditions, in which ROS are 
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not generated (Liu and Imlay, 2013). This and accompanying data (Keren et al. 
2013) have cast doubt and the role ROS play in antibiotic-induced bacterial cell 
death. Nevertheless, prolonged cellular perturbation through low-level antibiotic 
treatment might still lead to a condition in which ROS accumulate under aerobic 
conditions.

Several regulatory systems operate to manage cell envelope homeostasis during 
encounters with cell wall-targeting antimicrobial agents (Jordan et al. 2008). Other 
systems are induced by antibiotic treatment and respond by activating processes 
that remodel the cell envelope, detoxify or mobilize efflux systems designed to 
export the harmful agent (Cao et al. 2002b, Harwood et al. 1990; Jordan et al. 
2008). Again, the two-component systems figure prominently in cell envelope 
stress response (Eldholm et al. 2010; Jordan et al. 2008; Nielsen et al. 1981; 
Suntharalingam et al. 2009). These consist of a membrane-bound histidine protein 
kinase bearing an extracellular sensory domain, and a response regulator activated 
by phosphotransfer from the sensory kinase. The stimulus that activates the system 
is derived from antibiotic treatment, although for most of these systems the exact 
signals that promote phosphorylation and phosphotransfer are not known. The 
cell envelope changes orchestrated by the various regulatory pathways function-
ing in the cell envelope stress response include a reversal in the negative charge of 
the cell wall through manipulation of teichoic acid and membrane phospholipid 
composition (Cao and Helmann 2004; Hyyrylainen et al. 2007; Jordan et al. 2008; 
Kristian et al. 2005). Genes specifying D-alanylation of teichoic acid and efflux 
transport systems for removal of toxic agents are activated.

Several of the TCSTSs that govern the cell envelope stress response are orthologs 
of the LiaRS (R: response regulator; S: sensor histidine kinase) system of B. subti-
lis. In B. subtilis, a third component, LiaF, is a membrane protein that exerts nega-
tive control over the LiaRS system (Eldholm et al. 2010; Jordan et al. 2008; Mascher 
et al. 2003; Nielsen et al. 2012; Suntharalingam et al. 2009; Wolf et al. 2010). 
Cell envelope stress induces other control pathways, namely the TCSTSs BceRS 
(Rietkotter et al. 2008; Ohki et al. 2003), PsdRS (Mascher et al. 2003) and YxdJK 
(Staron et al. 2011; Pietiainen et al. 2005), as well as the regulons governed by the 
ECF sigma subunits σM, σW, σX in B. subtilis (Cao and Helmann 2004; Cao et al. 
2002a, b, Luo et al. 2010; Minnig et al. 2003, 2005). In the systems controlled by 
the aforementioned TCSTS, activation results in expression of ABC transporters 
that are encoded by genes that are cotranscribed with those specifying the TCSTS 
components. Recent studies have uncovered conserved antibiotic resistance modules 
within loci that specify the two-component signaling systems and the ABC trans-
port apparatus that confer resistance (Gebhard, 2012; Dintner, et al. 2011; Staron,  
et al. 2011; Mascher, 2006). Interestingly, the transport systems play roles not only 
in antimicrobial peptide resistance, but also signal perception suggesting direct com-
munication between transporter complex and the sensory kinase partner of the two-
component pair. The sigma subunits, σM, σW, and σX in B. subtilis have distinct, but 
overlapping regulons (Luo et al. 2010; Mascher et al. 2007). Activation involves 
release from anti-sigma factors in response to signals derived from cell envelope 
stress (Heinrich and Wiegert 2009). For example, σW is controlled by RsiW, which 
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is a membrane-bound anti-sigma that undergoes proteolytic destruction upon alka-
line stress (Schobel et al. 2004; Zellmeier et al. 2006). The σW regulon is com-
posed of approximately 60 genes that confer resistance to fosfomycin, a variety of 
bacteriocins and other antimicrobial peptides (Cao et al. 2002a, Huang et al. 1999; 
Pietiainen et al. 2005). The genes activated by the σX form of RNA polymerase 
encode products that catalyze D-alanylation of TA and synthesis of phosphatidyletha-
nolamine, which together reduce the negative charge of the cell wall, rendering cells 
more resistant to cationic antimicrobial peptides (Cao and Helmann 2004; Minnig  
et al. 2003). The σM regulon is vast, encompassing genes not only required to main-
tain cell envelope homeostasis, but also genes that function in the oxidative stress 
response and in DNA repair (Eiamphungporn and Helmann 2008; Jervis et al. 2007; 
Thackray and Moir 2003). The yjbCspxA operon is one of the targets of the σM- and 
σW- forms of RNA polymerase in B. subtilis (Eiamphungporn and Helmann 2008; 
Jervis et al. 2007; Thackray and Moir 2003).

Genes encoding the phage shock proteins are activated through a LiaRS-
dependent mechanism in B. subtilis, although the role of the phage shock compo-
nents in alleviating cell envelope stress is unclear at this time (Wolf et al. 2010). 
However, the LiaRS systems have more responsibilities in other members of the 
Firmicutes, particularly those that lack multiple ECF sigma factors. For example, 
the LiaRS system of Streptococcus mutans is required to activate genes encoding 
products that function in cell wall biosynthesis, extracellular proteases and chap-
erones, and transcription factors, including the paralogous SpxA1 (Suntharalingam 
et al. 2009). Orthologous forms of spx are expressed in response to cell wall stress 
(see below), and at least one of these participates directly in cell wall remodeling 
(Veiga et al. 2007). B. subtilis Spx, when overproduced, stimulates the transcription 
of yocH (Nakano et al. 2003; Zuber et al. 2011), which encodes an extracellular 
peptidoglycan hydrolase required for optimal growth (Shah and Dworkin 2010).

Oxidative Stress Response

Aerobic metabolism is a preferred strategy for energy generation among many 
bacterial taxa, including members of the Firmicutes, but high concentrations 
of oxygen manifest toxic effects upon reaction with cellular components (Imlay 
2003). Oxygen reaction with dihydroflavin cofactors results in sequential reduc-
tions that generate superoxide anion and hydrogen peroxide (Messner and Imlay 
1999). These can react with a variety of compounds to heightened oxygen’s toxic 
effects. Superoxide reacts with exposed iron–sulfur cofactors, releasing reduced 
iron that can react with peroxide to generate damage-inducing hydroxyl radi-
cal (Imlay 2006). A major toxic effect of reactive oxygen species is DNA dam-
age resulting from reduced Fe-mediated hydroxyl radical formation (Imlay and 
Linn 1988). Enzymes bearing mononuclear ferrous iron within their active sites 
are susceptible to peroxide attack, which results in oxidation of coordinating Cys 
thiols (Anjem and Imlay 2012). ROS react with protein and low molecular weight 
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thiols to upset the redox balance within the cytoplasm. Proteins and lipids are also  
targets of oxidative damage during cellular exposure to ROS.

The response to ROS involves the mobilization of genes encoding products that 
function to detoxify toxic oxidants and to repair the damage they cause (Storz and 
Spiro 2011). These include ROS-scavenging enzymes and low molecular weight 
thiols that can participate in detoxification by quenching ROS. Among the ROS-
scavenging enzymes are the superoxide dismutases that convert superoxide to 
H2O2, which is a substrate for numerous other scavenging enzymes, such as cata-
lases (mono and bifunctional) and several classes of peroxidases, including thiol 
peroxidases, peroxiredoxins, and cytochrome c peroxidases (Mishra and Imlay 
2012). Organic hydroperoxides are substrates for alkyl hydroperoxide reductases, 
one being OhrA, a peroxiredoxin of B. subtilis and member of the OsmC/Ohr 
family (Fuangthong et al. 2001), but also found in a variety of Firmicutes mem-
bers. The Firmicutes, especially members of Bacillales, produce a specialized 
low molecular weight thiol, bacillithiol (Helmann 2011), that is believed to func-
tion in processes normally associated with the role played by glutathione in many 
organisms. Recent studies have implicated these compounds in reactions that lead 
to modification and removal of other toxic agents (Chi et al. 2011; Gaballa et al. 
2010; Newton et al. 2009), particularly thiol-reactive substances. One such study 
utilized thiol-reactive bimane derivatives, which showed that modified bacillithiol 
in S. aureus is processed to the mercpaturic acid, which is exported from the cyto-
plasm (Newton et al. 2012). Bacillithiol-producing species possess a conserved 
biosynthetic apparatus that bears some resemblance to the enzymes that catalyze 
the synthesis of mycothiol, a low molecular weight redox buffer, in members of 
the Actinomycetales (Gaballa et al. 2010; Newton et al. 2011). Both systems share 
a glycosyltransferase (BshA) in bacilli that links N-acetyl glucosamine to malic 
acid in bacillithiol synthesis (N-acetyl glucosamine to myo-inositol-1-phosphate 
in mycothiol synthesis) and a hydrolase (BshB) that removes the acetyl group to 
yield the glucosamine derivative. A Cys-adding enzyme establishes an amide link 
between the deacetylated glucosamine group and cysteine. Bacillithiol (BSH) is 
not only a redox thiol buffer, but also a metal chelator due to the malic acid group 
linked to glucosamine-Cys. Two genes encoding hydrolases (bshB1 and bshB2) 
exist in B. subtilis; one of them, bshB2, is under the transcriptional control of Spx 
(Chi et al. 2011; Gaballa et al. 2010). The Cys-adding enzyme, BshC, is encoded 
by a gene (yllA) that is also activated by Spx (Chi et al. 2011). Based on ChIP anal-
ysis, bshA and bshB1 transcription is partially Spx-dependent (Rochat et al. 2012).

ROS could potentially result in formation of BSSB, in which two BSH molecules 
become linked by a disulfide bond. For this there exists a putative BSH disulfide 
reductase encoded by the B. subtilis ypdA gene (Gaballa et al. 2010), another member 
of the Spx regulon (Nakano et al. 2003a), an observation that was supported by recent 
ChIP and expression data (Rochat et al. 2012). Additionally, there exists a bacillith-
iol-S-transferase that operates in a manner analogous to glutathione-S-transferase by 
catalyzing the bacillithiolation of toxic substrates targeted for elimination (Newton  
et al. 2011). Thus, evidence indicates that there exists a system to process thiol-reac-
tive toxins and eliminate them through reaction with bacillithiol.

Regulation of the Stress Response in Gram-Positive Bacteria
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The genes encoding the ROS-scavenging enzymes and enzymes that catalyze 
bacillithiol biosynthesis are controlled by several regulatory factors, primarily 
at the level of transcription initiation. The PerR transcriptional repressor con-
trols genes that function in the oxidative stress response and is conserved among 
members of the Bacillales, as well as in certain Gram-negative species such as 
Campylobacter (Fuangthong et al. 2002; Horsburgh et al. 2001; van Vliet et al. 
1999). Genes controlled by PerR in B. subtilis include katA (heme catalase), mrgA 
(iron storage protein), ahpCF (peroxidases), hemAXCDBL (heme biosynthesis), 
and fur (ferric uptake regulator). PerR, along with another repressor, YodB, also 
negative controls the utilization of promoter P3 of the spxA gene (Leelakriangsak 
et al. 2007). The derepression of the PerR regulon results in upregulation of ROS-
scavenging enzyme production and reduced intracellular iron, presumably to mini-
mize damaging reactions between reduced iron and ROS. The secondary effect of 
this is reduced growth due to iron deficiency, not only due to Fur repressor accu-
mulation, but heme-Fe titration by the high concentration of catalase generated by 
PerR repressor inactivation (Faulkner et al. 2012).

A number of genes functioning in elimination of ROS, in the biosynthesis of 
low molecular weight redox buffers, and in alleviating oxidative damage are acti-
vated through an Spx-dependent mechanism of transcriptional control. As spx is 
also a member of the PerR regulon, the peroxide-dependent inactivation of PerR 
elicits a secondary upregulation of genes we would normally associate with ROS 
damage repair. Further discussion of the Spx regulon and links to other pathways 
of stress response control is presented below.

General Stress Response Through Activation of σB  
and Involvement of Spx Paralogs

Genes encoding orthologs of SpxA are induced by conditions that activate the gen-
eral stress response in members of Firmicutes. Inducing conditions are often sud-
den, dramatic changes in the environment that are lethal to microorganisms. Bacteria 
in the soil and rhizosphere are faced with extremes in temperature, nutrient/oxygen 
availability, and extremes in environmental water content resulting from rainfall and 
drought conditions (Fredrickson et al. 2008; Schimel et al. 2007). Such changes 
in the environment impart physical and chemical stress upon bacteria, resulting in 
reduced capability to generate energy, in the accumulation of ROS, and in elevated 
concentrations of denatured or damaged macromolecules. Fundamental changes 
to the gene expression machinery constitute part of a global stress response that is 
mobilized under harsh environmental conditions (Hengge 2011; Price 2011). One 
such change in E. coli involves RNA polymerase holoenzyme, which will undergo a 
shift in subunit composition resulting from the induction of rpoS, the gene encoding 
the general stress sigma subunit, σS (Hengge-Aronis 1993).

The response to environmental and energy stress in Firmicutes is complex and 
reflects the tasks undertaken to not only detoxify the afflicting agent, but to also 
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cope with the damage it has caused. Some have distinguished the two tasks as pri-
mary and secondary stress responses, respectively (Mols and Abee 2011). When 
the toxic agent is first encountered, there is an induction of genes whose products 
might be required to carry out detoxification or immediate protection, while the 
damage caused by toxic agents, such as protein denaturation or oxidation (sulfenic 
acid and sulfenamide formation, carbonylation) might result in the induction of 
genes normally associated with the heat shock or oxidative stress responses. The 
effects of heat shock, osmotic stress, as well as the secondary effects of antimicro-
bial agents, including toxic oxidants, induce what has come to be called the gen-
eral stress response (Petersohn et al. 2001; Price 2002).

The spx gene participates in the secondary response to environmental or energy 
stress, as it is a member of the σB regulon that is activated as part of the general 
stress response (Petersohn et al. 2001, Fig. 1). The σB system of control is con-
served in many members of the Firmicutes, where it plays a role somewhat analo-
gous to σS, although the means by which σB is controlled is quite different than 
that which operates to regulate σS. The sigB operon of B. subtilis contains the gene 
encoding σB and the genes rsbW and rsbV, which encode the anti-σB and inhibitor 
of anti-σB (anti–anti-σB). The operon is positively autoregulated, as it bears a pro-
moter that is utilized by the σB-form of RNA polymerase holoenzyme. The organi-
zation of the sigB operon is shared with those of L. monocytogenes and S. aureus. 
Features of σB control are shared with the regulation of the sporulation-specific 
sigma factor σF (Duncan et al. 1994; Kang et al. 1998). Both σB and σF are nega-
tively controlled through direct contact with the anti-sigma protein. Thus, RsbV 
inhibits RsbW, allowing σB to engage RNA polymerase, but RsbW-catalyzed 
phosphorylation reverses this inhibition. The anti-sigma possesses Ser/Thr kinase 
activity that targets the anti-sigma inhibitor, RsbV. The phosphorylation state of 
RsbV is controlled by phosphatases RsbU and RsbP. Thus, when the RsbU and 
RsbP are active, RsbV inhibitory activity is stimulated, resulting in release of σB 
from RsbW inhibition. Regulatory inputs are generated from energy depletion and 
environmental stress, and these input signals target RsbV activity.

The signal transduction systems that are thought to directly receive stress-
related stimuli constitute two regulatory branches that converge on the activity of 
RsbV. Energy depletion triggers the RsbP-RsbQ system, where RsbP is proposed 
to be a signal receiver and bears a PAS domain, while RsbQ is a hydrolase that is 
thought to process the signal that affects RsbP phosphatase activity. Antimicrobial 
agents that impact ATP levels affect σB activity through the RsbPQ system of sig-
nal processing (Brody et al. 2001; Vijay et al. 2000). The second branch serves 
to activate the σB regulon in response to environmental stresses involving toxic 
agents such as high salt concentration, ethanol, heat, extremes of pH, and osmotic 
stress. A large protein complex, the stressosome (Marles-Wright et al. 2008), is 
believed to receive signals derived from encounters with toxic agents. This branch 
of the general stress response targets the phosphatase RsbU through the activator 
RsbT. RsbT is sequestered by the stressosomal proteins RsbR and RsbS (Akbar 
et al. 1997, 2001). A stress-induced signal, the exact nature of which is unknown, 
triggers the kinase activity of RbsT, leading to phosphorylation and inactivation of 
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RsbS and release of RbsT from the stressosome. Free RbsT stimulates RsbU phos-
phatase activity, allowing dephosphorylated RsbV to inhibit the anti-sigma factor, 
RsbW. The stressosomal proteins are the receptors of the stress-induced signal 
leading to elevated σB activity. Details of the stressosomal sensory mechanism are 
still unclear, however. The focus of research into the sensory function of the stress-
osome has been the RsbR paralogs. The RsbR proteins of the stressosome possess 
a conserved C-terminal STAS (sulfate transporter and anti-sigma factor antago-
nist) domain and an N-terminal nonheme globin-like domain that varies in struc-
ture and is thought to serve a sensory function (Murray et al. 2005). RsbR serves 
a positive and negative role in σB activation. The RsbR paralogs, along with RsbS, 
constitute the core of the stressosome and participate in sequestering RsbT, thus 
exerting negative control upon σB activity. They also serve a positive role by stim-
ulating RbsT kinase activity upon stress induction, leading to RbsT release from 
the stressosome. The only RbsR paralog for which an activating signal has been 
determined is the YtvA protein, which senses blue light via its N-terminal LOV 
(light-oxygen-voltage) domain (Gaidenko et al. 2006). Notably, Spx is a positive 
regulator of ytvA transcription, indicating a role for Spx in σB control (Gaidenko 
et al. 2006). It is not clear at this time the regulatory logic that links Spx activation 
with the control of an RbsR stressosome component.

The complexity of the general stress-induced, σB signaling system of B.  
subtilis is not duplicated in all members of Firmicutes. L. monocytogenes bears 
the stressosomal proteins believed to receive stress-induced signals (Shin et al. 
2010; Chaturongakul and Boor 2004; Ferreira et al. 2004), but produces only one 
phosphatase, RsbU, and no phosphatase dedicated to receive signals derived from 
reductions in energy production Thus energy stress induction of the σB is thought 
to reflect reduced ATP concentration that leads to a decline in RsbW kinase activ-
ity, rendering the anti-sigma protein more susceptible to anti–anti-sigma inhibition 
(Shin et al. 2010).

A different signaling system was uncovered in studies of B. cereus, where the 
RsbU phosphatase, rather than having N-terminal residues that mediate interaction 
with RsbT, possesses instead a response regulator receiver domain normally asso-
ciated with TCSTS (de Been et al. 2010). The control of the phosphatase is con-
ducted by the cognate histidine kinase RsbK, which is membrane bound, and bears 
an external CHASE (Cyclases/Histidine kinases Associated Sensory Extracellular) 
domain and a cytoplasmic GAF (cGMP-specific phosphodiesterases, adenylyl 
cyclases and FhlA) domain putatively involved in sensing salt and ethanol stress.

Extensive studies of the genes transcribed by the σB-form of RNA polymer-
ase in B. subtilis have involved the generation of null mutations in 94 σB regulon 
members (Reder et al. 2012c). The stress sensitive phenotype of each member was 
analyzed, which employed a spectrum of stress conditions, including cold, salt, 
ethanol, paraquat, and peroxide. Nearly all mutations conferred sensitivity to mul-
tiple stresses, and there was a close correlation between loss of salt or cold resist-
ance and sensitivity to paraquat, indicating that oxidative stress was a secondary 
consequence of stress exposure. Indeed, induction of the stress response medi-
ated by σB by treatment with ethanol resulted in elevated resistance to paraquat, 
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a superoxide cycling agent. Two members of the σB regulon that were tested in 
this study were the spx and mgsR, encoding paralogous proteins, both of which 
have been shown to activate transcription. spx transcriptional control is more com-
plex, however (see below) as it is a member of multiple regulons governed by vari-
ous stress-activated factors, whereas mgsR transcription is primarily governed by 
σB activity (Reder et al. 2008). Thus, spx serves as a node in the stress response 
network, while mgsR (modulator of general stress response), as its name implies, 
modulates the σB-activated general stress response.

The spx and mgsR genes are not the only members of the σB regulon that 
encode paralogous proteins. Several enzymes that catalyze the production of 
reducing equivalents exist in paralogous forms in B. subtilis and are encoded 
by σB regulon members. The mutational studies of Reder et al. (2012c) did not 
uncover evidence of functional redundancy, however, as all mutants, even those 
generated in paralogous genes, exhibited often multiple stress sensitive pheno-
types. The observations reported in the study suggest that σB activation fosters an 
accumulative protective response involving multiple contributors participating in 
similar functions.

In this section, we have provided the foundation to address the premise pre-
sented in the introduction of this brief, that Spx is positioned as a node in the 
stress response network of Gram-positive bacteria. This assignment for Spx 
reflects the multiple convergent, stress-induced signals that activate spx expres-
sion, and the large number of genes specifying diverse functions that are affected, 
negatively and positively, by elevated Spx concentration and activity.

Expression of spx Is Affected by Multiple Stress Stimuli

Evidence of complex control over the expression of spx has accumulated over the 
years, and is based on data from several experimental approaches and from several 
sources (Zuber 2009). While there have been few studies that have examined the 
transcriptional control of the spx gene in Gram-positive bacteria, much of what is 
known about control of the spx gene comes from studies of B. subtilis involving tran-
scriptomic and proteomic data, and studies of alternative forms of RNA polymerase 
(Cao et al. 2002a, Eiamphungporn and Helmann 2008; Helmann et al. 2001; Jervis 
et al. 2007; Petersohn et al. 2001). In B. subtilis, the spx gene resides in a dicistronic 
operon with the upstream yjbC gene, encoding a putative acetyltransferase. Multiple 
promoters recognized by the major σA form of RNA polymerase, and at least three 
alternative RNA polymerase forms control the yjbCspxA operon (Fig. 3).

Microarray transcriptome analysis provided evidence that spx was part of the 
general stress response, with elevated transcript levels upon phosphate limitation and 
heat shock (Antelmann et al. 2000; Petersohn et al. 2001). The induction of spx was 
attributable in part to σB activation, resulting in utilization of a σB promoter upstream 
of the yjbC gene. Primer extension analysis confirmed the presence of a start site 
utilized by σB as well as an upstream promoter recognized by σA. The yjbC gene 
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was identified as a member of a regulon that is transcriptionally activated by the σM 
form of RNA polymerase in response to cell envelope stress (Eiamphungporn and 
Helmann 2008; Jervis et al. 2007). A thorough study of the σM regulon involving 
microarray, promoter consensus sequence search, and in vitro run-off transcriptome 
microarray analysis (ROMA) also revealed that yjbCspxA was transcriptionally acti-
vated by the σM-RNA polymerase form and under cell wall stress in a σM-dependent 
manner (Eiamphungporn and Helmann 2008). The σM-utilized promoter is also the 
target for other ECF sigma-bearing RNA polymerase forms, σW and σX, that are 
activated after treatment with cell wall-active antimicrobial agents (Cao et al. 2002a, 
Mascher et al. 2007; Pietiainen et al. 2005). The sigma subunits σW and σX show 
overlapping promoter sequence specificity, and show partially overlapping regulon 
composition (Mascher et al. 2007).

A paralog of SpxA in B. subtilis is the product of the mgsR gene, which is a 
member of the σB regulon (Reder et al. 2008). Unlike spxA, mgsR is transcribed 
from one promoter, which is recognized by the σBform of RNA polymerase 
(Reder et al. 2008, 2012d), and does not exhibit the complexity that characterizes 
spxA transcriptional control.

The organization of the yjbCspxA operon is conserved in members of the genus 
Bacillus that are closely related to B. subtilis, including B. pumilus, B. atrophaeus, 
B. licheniformis, and B. amyloliquefaciens. While other Bacilli, such as B. meg-
aterium possess a yjbC gene, it is not cotranscribed with the spx gene. In most 
members of the Bacillales, including the B. cereus/anthracis/thuringiensis group, 
spxA appears to be monocistronic and a yjbC ortholog is absent. In B. anthracis, 
there are two genes encoding SpxA paralogs, spxA1, and spxA2. The spxA1 gene 
is likely monocistronic, while spxA2 is the first gene of a dicistronic operon that 
also bears a gene encoding a putative low molecular weight chaperone.

Fig. 3   The organization of the spxA locus of Bacillus subtilis. The yjbCspxA operon is indicated 
by the black arrow beneath the white block arrows. The diagram shows the locations of the yjbC, 
spxA, and yjbE coding sequences (white box arrows) in part of the B. subtilis chromosome. Small 
black arrows indicate the positions of promoters within the yjbCspxA operon. Transcription fac-
tors controlling yjbCspxA are indicated. Flat-headed arrows indicate negative control. Stress 
conditions are denoted by red text
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The orthologous spx genes of S. mutans, S. pneumoniae, and L. lactis are 
induced by envelope stress through the LiaFSR system that is conserved in B.  
subtilis. In S. pneumoniae, spx is activated by treatment with bacitracin, tunica-
mycin, and nisin, but not by vancomycin (Turlan et al. 2009), which induces the 
LiaSR system in B. subtilis. A number of antibiotics can induce the competent state, 
including aminoglycosides and fluoroquinolones, but antibiotics that target the cell 
wall do not induce competence (Prudhomme et al. 2006). While it is known that 
SpxA1 can inhibit competence (Turlan et al. 2009), it is not known if this is a result 
of cell envelope stress that might lead to elevated spxA1 expression. The spxA gene 
of S. mutans is induced by bacitracin treatment in an LiaSR-dependent manner 
(Eldholm et al. 2010; Suntharalingam et al. 2009). The LiaSR orthologous system 
in L. lactis, CesSR, regulates the spxB gene, whose product activates the oatA gene 
in response to antimicrobial hydrolytic degradation of peptidoglycan (Veiga et al. 
2007). The oatA gene encodes a peptidoglycan O-acetylase that modifies L. lactis 
peptidoglycan, rendering it resistant to antimicrobial hydrolytic activity. A paralog 
of spxB, trmA was the site of mutations that affect the secretion of lysostaphin in 
a genetic engineered derivative of L. lactis, suggesting that the paralog encoded by 
trmA might also function in control cell wall metabolism (Tan et al. 2008). The logic 
that links cell wall perturbation, induction of spx gene transcription and Spx func-
tion are clear in L. lactis as there is evidence for Spx-dependent changes within the 
arsenal of cell wall-active enzymes. Further evidence for a role of Spx in cell enve-
lope dynamics comes from studies of the opportunistic pathogens S. aureus and S. 
epidermidis, in which Spx was shown to negatively control production of the poly-
saccharide intercellular adhesin (PIA), a prerequisite for biofilm development (Pamp 
et al. 2006; Renzoni et al. 2011; Wang et al. 2010). This is accomplished by modu-
lating the expression of the icaADBC operon specifying the enzymes that catalyze 
β-1,6-linked glucosaminylglycan synthesis. Mutants with lesions in the clpP gene 
show reduced capability to produce biofilms, attributable to the resultant accumula-
tion of Spx protein (Michel et al. 2006). The effects on icaADBC expression in S. 
aureus were explained as being due to the upregulation of the icaR gene, encoding 
a repressor of the capsule biosynthesis operon (Cue et al. 2012; Pamp et al. 2006). 
However, the Spx-dependent negative control of icaADBC in S. epidermidis did not 
appear to be connected to IcaR (Cue et al. 2012; Wang et al. 2010). How synthesis 
of Spx is regulated in Staphylococcus species is unclear at present, although there is 
evidence that the concentration of Spx is governed by regulated proteolysis involv-
ing ClpXP (Pamp et al. 2006).

What is less clear is the relationship between cell wall stress and the upregu-
lation of Bacillus spx in terms of what might be accomplished by activating the 
spx regulon. A simple answer would involve citation of numerous reports that con-
nect exposure to cell wall-active antibiotics with bacteriocidal production of ROS 
(Kohanski et al. 2010). Thus, the activation of σM in B. subtilis by encounters with 
cell wall-acting antimicrobial agents would result in accelerated transcription of 
yjbCspxA, leading to activation of a regulon in which most of the members func-
tion in alleviating oxidative stress that is a secondary consequence of antibiotic 
treatment. However, some of the genes activated by Spx may be more directly 
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linked to cell envelope metabolism, as thioredoxin, the gene for which is a mem-
ber of the Spx regulon, is known to function in electron delivery to the periplasmic 
space in Gram-negative bacteria (Ritz and Beckwith 2001). A more detailed look 
at the targets of Spx-activated transcription is presented in the next section.

Construction of transcriptional lacZ fusions to the spx gene uncovered a fourth 
promoter residing in the intergenic region between yjbC and spx of B. subtilis 
(Leelakriangsak et al. 2007, 2008; Leelakriangsak and Zuber 2007). In vitro tran-
scription with purified RNA polymerase confirmed the existence of a promoter that 
was recognized by the σA form of RNA polymerase. The low transcriptional activity 
of the promoter in vivo was attributable to two genes encoding transcriptional repres-
sors. PerR is the peroxide regulator involved in repression of catalase and peroxidases 
genes, and interacted with an element immediately downstream from the transcrip-
tional start site of spx. The second repressor was YodB (Chi et al. 2010; Leelakriangsak 
et al. 2007, 2008), which is inactivated by reaction of an N-terminal thiol with an elec-
trophile, such as an oxidized quinone. The logic that links PerR and YodB function, 
spx transcriptional induction and the function of the activated Spx regulon is clear, as 
peroxide and toxic electrophiles can be viewed as agents promoting disulfide stress.

Evidence from transcriptomic studies suggest that expression of the spx gene 
in B. subtilis is controlled differently compared to orthologous spx genes in other 
members of the Bacillales. Studies of nitric oxide-treated cultures of B. subtilis 
and S. aureus showed striking differences in proteomic changes (Hochgrafe et al. 
2008). Nitric oxide (NO) exposure caused a marked increase in proteins encoded 
by genes of the Spx regulon in B. subtilis. However, Spx-controlled genes, such as 
trxB, in S. aureus were not upregulated by NO treatment. There was no induction 
of genes normally associated with the oxidative stress response in S. aureus when 
cultures were exposed to NO, which instead promoted the induction of genes 
functioning in anaerobic/fermentative metabolism (Hochgrafe et al. 2008). The 
result supports the view that orthologous forms of Spx may serve different roles in 
certain members of the Bacillales, as was shown in the case of SpxB in L. lactis.

Recently reported high-throughput transcriptomic analyses using massively 
parallel RNAseq technology have uncovered over a genome-wide scale the growth 
and stress conditions that affect gene transcript levels in B. subtilis. The study 
examined cellular transcript levels in cultures grown in or exposed to a total of 269 
conditions (Nicolas et al. 2012). The data compiled include the conditions under 
which the highest transcript concentrations were observed for each gene. From 
the data, the conditions promoting the highest spx transcript levels were uncov-
ered, and indicated that spxA transcript concentration was highest when cells were 
exhibiting multicellular behavior. Cells undergoing confluent colony growth, bio-
film formation, or swarming showed the highest levels of spx transcript as did cells 
treated with ethanol. The observations suggest that accelerated spx transcription 
is associated with changes to the cell surface/envelope and cell density. The ECF 
sigma subunits σM, σW, and σX have been implicated in efficient biofilm forma-
tion, and σB also was observed to play a role in biofilm through transcription of 
the yxaB gene (Nagorska et al. 2008; Nicolas et al. 2012). Thus, heightened ECF 
sigma factor and σB activity might be a characteristic of cells that are participating 
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in multicellular behavior, and could account for the elevated levels of spx tran-
script. The accelerated transcription implied by the RNAseq results does not seem 
to translate into heightened Spx regulon activity, however. The Spx-controlled trxB 
gene shows the highest transcript levels in diamide-, peroxide-, and ethanol-treated 
cells, according to the RNAseq data (Nicolas et al. 2012). This might reflect the 
additional layers of control acting upon Spx concentration and activity, including 
redox and proteolytic regulation.

The paralog of spx in B. subtilis, mgsR, is a member of the σB regulon, but 
is transcribed by a single σB-utilized promoter. Analysis of ectopic expression of 
an mgsR construct and mutant derivatives in a strain bearing a deletion of mgsR 
at its native locus showed that mgsR transcription is under positive autoregulation 
(Reder et al. 2012d). Thus, mgsR expression is influenced by a number of stress 
conditions that activate σB, but is also stimulated by potential secondary effects, 
such as oxidative stress that elevate MgsR activity through its dithiol/disulfide 
switch.

Several transcriptomic experiments of B. anthracis RNA employing microarray 
and RNAseq technology have been undertaken and have shed light on the condi-
tions under which the paralogous spxA genes, spxA1 and spxA2, are transcription-
ally active (Bergman et al. 2006, 2007; Passalacqua et al. 2007, 2012). In nearly all 
studies, spxA1 (BA1200) was shown to have a consistently higher level of expres-
sion than spxA2 (BA3456) and expression occurred at different points in the growth 
curve and under different conditions. Microarray studies of the B. anthracis tran-
scriptome over the growth curve uncovered five temporal waves of transcription dis-
tinguishable by their transcriptomic patterns (Bergman et al. 2006). The spxA1 gene 
transcripts were observed in wave 1, which is soon after spore germination, while 
spxA2 was expressed late in the sporulation process (wave 5). Neither protein was 
found in the spore proteome of B. anthracis, however (Liu et al. 2004). Elevated 
expression of spxA1 after germination might reflect a response of the outgrowing 
cell to mobilize a defense against potential oxidative damage that accompanies the 
sudden exposure of the germinated spore to an influx of water and oxygen. Support 
of this notion comes from transcriptomic studies of B. anthracis cultures under 
stress conditions, which generated data showing induction of spxA1 by treatment 
with paraquat and peroxide (Pohl et al. 2011). A recent RNAseq transcriptomic 
study uncovered elevated spxA1 transcript levels upon ethanol treatment, potentially 
linking induction to the general stress response system (Passalacqua et al. 2012). 
Transcriptional profiling was conducted that sought to examine changes in the B. 
anthracis transcriptome during macrophage infection (Bergman et al. 2007). The 
spxA2 gene was 12-fold upregulated during late outgrowth stage in the macrophage 
compared to expression in cultured cells, while spxA1 is induced 3.3-fold. The 
induction of spxA2 in the infected macrophage is in contrast to the generally low 
expression observed in culture (S. Barendt and P. Z., unpublished). The spxA1 gene 
resides in a genomic context that resembles that of other Gram-positive bacteria, 
while the locus occupied by spxA2 is unique, and shows no synteny with members 
of Bacillales outside of the B. cereus/anthracis/thuringiensis group. Both genes are 
preceded by a large intergenic sequence of 514 bp within which no gene or coding 

Expression of spx Is Affected by Multiple Stress Stimuli
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sequence has been assigned. How these regions function in transcriptional control 
of the spxA1 and spxA2 has yet to be determined. The transcriptomic data indicate 
that the control of spxA1 is in line with what has been observed for spxA in B. sub-
tilis. The conditions under which spxA2 becomes transcriptionally active requires 
further exploration.

Post-Transcriptional Control of Spx: Redox-Dependent 
Activation

Several structural features of the Spx protein have been linked to its role in tran-
scriptional repression and activation (Nakano et al. 2010; Newberry et al. 2005). 
The protein consists of two domains. Domain 1, the redox control domain, bears 
the N-terminal redox center and the C-terminal coil required for proteolytic regu-
lation. The coil emanates from a 4-stranded β sheet, also in domain 1. Domain 2 is 
formed from the central region of the protein that contacts the C-terminal domain 
of the RNA polymerase α subunit. It also contains α4, a short helix that data sug-
gest functions in target DNA interaction (Nakano et al. 2010). A residue substitu-
tion G52R in domain 2 disrupts interaction with αCTD and renders Spx defective 
in both transcriptional repression and activation. Changing the reactive C10 to Ala 
results in loss of transcriptional activation (Nakano et al. 2005) and reduced, but 
not complete loss of repression (Zhang et al. 2006). This mutation weakens, but 
does not eliminate binding of Spx to the α subunit (A. Lin and P. Zuber, unpub-
lished). These results were confirmed in vivo using lacZ reporter constructs in  
B. subtilis, and in vitro using purified RNA polymerase, Spx or mutant derivatives, 
and linear promoter DNA templates in run-off in transcription reactions.

The Spx protein is a structural homolog of ArsC (arsenate reductase), but no 
enzymatic activity has been detected in purified Spx protein preparations. There 
is weak primary structure similarity between ArsC and Spx, but certain conserved 
residues suggest functional roles in Spx activity. A distinguishing feature of Spx 
is the CXXC motif of domain 1 near the N-terminus, which contains the active 
site Cys (Cys10 in Spx) that is shared with ArsC. In ArsC, the conserved Cys is 
covalently linked to arsenate to form the reaction intermediate, monohydroxy-thio-
arsenite, in arsenate reduction (Martin et al. 2001). ArsC lacks the resolving Cys 
(Cys13) in Spx, which together with Cys10 forms the CXXC redox disulfide center 
of Spx. A triad of Arg residues (R60, R94, R104) with side chains in close proxim-
ity to the active thiol of arsenate reductase function in thiol reactivity and efficient 
release of arsenite (Martin et al. 2001; Shi et al. 2003). In E. coli, glutathione and 
glutaredoxin function in ArsC-catalyzed arsenate reduction (Oden et al. 1994; Shi 
et al. 1999).

The R92 of Spx (Fig. 4), corresponding to the R94 residue of ArsC, is in posi-
tion to make electrostatic contact with C10 thiolate. Oxidation to the C10-C13 
disulfide results in a shift in R92 side chain position away from the redox center 
and toward the α helix designated α4 (Nakano et al. 2010). Structural studies of a 
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C10S mutant showed that the structure of α4 changes during reduction, unfolding 
into a coiled structure. The result suggested that redox control involved a repo-
sitioning of residue side chains within α4 (residues R60 to N68), which could 
affect Spx-activated transcription either by changing affinity to RNA polymerase 
or a target promoter sequence. Experiments employing electrophoretic mobility 
shift analysis (EMSA) using Spx or mutant derivatives, purified αCTD, and target 
promoter DNA showed that αCTD formed a shifted complex on the EMSA gel, 
but addition of Spx formed a supershifted complex (Nakano et al. 2010). A reac-
tion containing SpxG52R and αCTD showed only the αCTD/promoter complex, 
while addition of SpxR60E to the αCTD/promoter reaction resulted in no shifted 
complex. The results confirmed that G52R conferred a defect in RNA polymer-
ase interaction. The SpxR60E results suggested that the mutant Spx protein could 
interact with αCTD, but that it prevents αCTD from engaging promoter DNA, per-
haps by masking part of its DNA-binding surface. This result further suggested 
that Spx, while masking part of the αCTD DNA-binding surface, most likely pro-
vides part of the DNA-binding function to the Spx/αCTD complex for specifically 
engaging the cis-acting element of Spx-controlled genes, a function that is lost 
when R60 is changed to glutamate (Nakano et al. 2010). The nature of the cis-
acting element recognized by Spx/RNA polymerase complex is discussed below.

Recent epistasis studies involving the construction and analysis of double res-
idue substitutions implicated R92 in Spx as functioning in redox control. Using 
in vivo reporter trxB-lacZ construct, the R92A substitution was found to have no 
effect on the lacZ expression when introduced into the Spx C10A mutant deriv-
ative. However the Spx mutant bearing R92A and the α4 helix residue substitu-
tion K62E showed a trxB-lacZ activity that was lower that that conferred by either 
substitution. Thus the R92 mutant phenotype is only observed when the protein is 
able to undergo oxidation to the disulfide state (A. A. Lin and P. Z. unpublished). 
The change in R92 side chain position caused by the redox state of the protein 

Fig. 4   Structure of Spx and 
alpha CTD adopted from 
Lamour et al. (2009). Shown 
are residue side chains of 
R60 (green), R91, and R92 
(orange). Location of Cys 10 
(C10) is indicated

Post-Transcriptional Control of Spx: Redox-Dependent Activation
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may influence the structure of α4 and positioning of the residues within so as to 
affect the DNA-binding surface. An interesting question is whether the promoter 
specificity of Spx paralogs is dictated by the helix α4 residues. Further investiga-
tion of Spx orthologs and attempts at constructing chimeric derivatives might pro-
vide data for answering this question.

The R104 of ArsC necessary for arsenate interaction is missing in Spx/MgsR 
and the YffB proteins of Brucella and Pseudomonas. In its place is a conserved 
Gly residue in a position after the last β strand of the C-terminal end. The absence 
of the R side chain is thought to provide a binding pocket for a substrate other 
than arsenate, and YffB was observed to bind glutathione (Teplyakov et al. 2004). 
However, evidence that glutathione participates in arsenate reduction as catalyzed 
by ArsC (Oden et al. 1994; Shi et al. 1999) suggests that the Arg at position 104 
does not interfere with interaction between low MW biothiols and ArsC-family 
proteins. Nevertheless, the question of whether or not SpxA can interact with a 
low molecular weight biothiol as part of the mechanism of SpxA redox turnover 
needs to be addressed.

Recent studies of the B. subtilis MgsR have shown that redox control also 
affects the Spx paralog, as it bears the N-terminal CXXC and mass spectromet-
ric analysis with thiol-reactive agents, along with mutational studies demonstrated 
that the motif serves as redox disulfide center (Reder et al. 2012d). Ethanol stress 
also caused an intermediate level of MgsR oxidation, providing evidence that etha-
nol induces oxidative stress as a secondary effect. As with Spx, MgsR in the oxi-
dized disulfide state is active in stimulating transcription of genes under its control.

Post-Transcriptional Control of Spx: Regulated Proteolysis

Western blot analysis of Spx after thiol stress induced by diamide treatment of 
B. subtilis cells resulted in a transient increase of Spx protein concentration, with 
protein levels increasing after 10  min and subsiding after 60  min post-treatment 
(Nakano et al. 2003a). The same pattern was observed when the spx gene was 
expressed from an IPTG-inducible promoter, indicating that the control of Spx 
concentration was exerted at the post-transcriptional level. Accumulating evidence 
pointed to the ATP-dependent protease, ClpXP, as an important player in post-
transcriptionally controlling Spx concentration (Nakano et al. 2001, 2002, 2003b). 
This was supported by the aforementioned phenotype of the clpX mutant and the in 
vitro reconstruction of Spx proteolysis catalyzed by ClpXP. Rapid degradation of 
Spx by ClpCP was demonstrated in vitro when one of the adaptor proteins, MecA 
or YpbH, was present (Nakano et al. 2002). Mutations in clpC or mecA had little 
effect on the level of Spx in vivo, however, suggesting that ClpXP proteolysis is 
masking the Spx-targeted activity of ClpCP. That SpxA is barely detectable in cells 
during unperturbed growth in culture is because ClpXP catalyzes its degradation.

As with other ClpXP substrates, the C-terminal end of B. subtilis SpxA was 
observed to be necessary for Spx to serve as a substrate. When the C-terminal 



25

end of Spx was changed from LAN to LDD, Spx was protease resistant and 
could be produced in high concentration in B. subtilis cells (Nakano et al. 2003b). 
Both SpxA1 and SpxA2 of B. anthracis could also be produced to high con-
centration by replacing the AN residues at the C-terminus with DD (S. Barendt, 
M. M. Nakano, and P. Zuber, unpublished). MgsR appears to be a substrate for 
ClpXP proteolysis based on the B. subtilis clpX mutant phenotype, but does not 
share C-terminal residue sequence homology with Spx (Reder et al. 2012d). 
The C-terminal end of SpxA is highly conserved among orthologs of Bacillales, 
but the Staphylococcus sp. bear a VD at the end instead of AN, and the L at the 
third position from the end is often replaced with M. It is not known how these 
changes might affect proteolytic control of Spx if it operates in other members of 
Bacillales.

Adaptor proteins are substrate recognition factors that bind substrate proteins 
and tether them to the protease, thus accelerating the rate of proteolysis (Kirstein 
et al. 2009). For example, MecA and YpbH function as adaptors, or substrate rec-
ognition factors, for ClpCP-catalyzed proteolysis in B. subtilis (Persuh et al. 2002; 
Schlothauer et al. 2003). The most studied adaptor of ClpXP is the SspB protein of 
E. coli, which recognizes the SsrA tag appended to products of interrupted trans-
lation by tmRNA (Hersch et al. 2004). SspB makes contact with both substrate 
and ClpX to facilitate delivery of the substrate for proteolysis. The discovery of 
a mutation in the yjbH gene that results in elevated SpxA concentration without 
affecting spx gene transcription (Larsson et al. 2007) suggested that the yjbH prod-
uct might serve an adaptor/chaperone function. The mutant phenotype was similar 
to that of a clpX mutant, with high levels of Spx and defects in growth. The yjbH 
gene was observed to be a member of the Spx regulon and induced by NO treat-
ment (Larsson et al. 2007; Rogstam et al. 2007). The yjbH gene is often linked 
to spx and its product is conserved in Bacillales, but absent in Streptococci. The 
product shows some similarity to disulfide isomerase DsbA, but no activity related 
to Cys thiol chemistry has been investigated.

YjbH protein from B. subtilis and Geobacillus thermodenitrificans was purified 
and shown to accelerate Spx degradation in a reaction containing ClpXP and ATP 
(Garg et al. 2009). YjbH from G. thermodenitrificans exhibited Spx-binding activ-
ity in an affinity pull-down reaction, but unlike SspB, no evidence was obtained 
that it could bind ClpX, whether in the presence or absence of ATP or a nonhy-
drolyzable analog (Chan et al. 2012). Small quantities of YjbH can mediate rapid 
ClpXP-catalyzed degradation of Spx, even at a 30:1 substrate to YjbH ratio, again 
unlike SspB, which was utilized in ClpXP proteolysis reactions with 0.5–1.0 
molar equivalents of substrate (Chan et al. 2012).

While YjbH dramatically accelerates Spx degradation, there is no evidence 
yet that it functions in a sensory capacity during the thiol stress response. The 
N-terminus of the B. subtilis YjbH bears a Zn-binding domain that is sensitive 
to peroxide, leading us to propose that it might serve as a sensory module that 
affects YjbH activity in response to oxidation (Garg et al. 2009). However muta-
tions in the domain that substituted Cys and His residues with Ala showed no loss 
of yjbH complementing activity in vivo or responsiveness to diamide treatment 
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(Chan et al. 2012; Engman et al. 2012). Substitution of all the Cys residues in 
the S. aureus YjbH protein resulted in no loss of activity, with yjbH complement-
ing activity retained in B. subtilis (Engman et al. 2012). A possible mechanism 
for controlling YjbH activity was uncovered by yeast two-hybrid analysis, which 
identified a small protein, YirB that bound to YjbH, and prevented YjbH-mediated 
Spx degradation by ClpXP in vitro (Kommineni et al. 2011). Overexpression of 
yirB from an IPTG-inducible promoter resulted in an increase in Spx concentra-
tion, supporting the view that YirB competitively inhibits YjbH-Spx interaction. 
Affinity-tagged YirB captured YjbH in vivo and a YirB/YjbH complex could be 
recovered (Kommineni et al. 2011). However, a deletion of the yirB gene showed 
no phenotype, and expression of a yirB-lacZ fusion appeared to be constitutive and 
unaffected by oxidative stress. A role for YirB in control of Spx, if any, has yet to 
be determined.

Studies of ClpXP-catalyzed Spx degradation suggested that the ATPase subu-
nit, ClpX might play a sensory role in controlling Spx levels in response to thiol 
stress (Zhang and Zuber 2007). The N-terminus of ClpX is a Zn-binding domain 
in which the zinc atom is coordinated by Cys residues that might be susceptible 
to oxidative Zn release. Mutations conferring amino acid substitutions at the Cys 
positions rendered ClpX unable to form an active complex with ClpP for the deg-
radation of Spx. Furthermore, diamide addition to a ClpXP proteolytic reaction 
rendered Spx, and a mutant derivative bearing a C10A substitution in the redox 
center, resistant to proteolysis. The result confirmed that disulfide formation in 
Spx was not the reason for diamide-dependent Spx resistance to ClpXP-catalyzed 
proteolysis. In contrast, ClpCP/MecA-catalyzed Spx degradation was insensitive 
to concentrations of diamide that inhibited ClpXP. Thus, a model of proteolytic 
control can be proposed in which ClpX becomes oxidatively inactivated, allow-
ing the accumulation of Spx. However, YjbH, which is likely to also increase in 
concentration, since transcription of its gene is activated by Spx, can conceiv-
ably titrate Spx and reduce its capacity to further stimulate its regulon. Perhaps, 
YirB binds to YjbH during oxidative activation of Spx, allowing the accumulat-
ing Spx protein to gain unhindered access to RNA polymerase. One could imagine 
that YirB, like Spx, is a substrate for ClpXP (Fig. 5). While it might be produced 
constitutively, it would only accumulate during oxidative stress, when it would 
effectively inhibit YjbH contact with Spx. Investigations of the in vivo oxidation 
state of ClpX and the susceptibility of YirB to ClpXP proteolysis have yet to be 
undertaken.

Proteolytic control of Spx by ClpXP might be conserved in other Firmicutes. 
Mutations in S. mutans clpX and clpP result in increased acid resistance and long-
term survivability, but slower growth rate (Kajfasz et al. 2009, 2010). These muta-
tions could be partially suppressed by deleting one of the two spx paralogous 
genes. Western analysis showed that both proteins, SpxA and SpxB, accumulated 
in the clpX mutant. No yjbH gene exists in S. mutans or other Streptococci, and the 
ClpXP-catalyzed degradation of Spx has yet to be demonstrated. Whether or not 
efficient Spx degradation in Streptococci requires an adaptor protein is also not 
known at this time.
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Targets of Spx-Dependent Transcriptional Activation

Three studies have been reported that were undertaken to define the Spx regulon. 
The first was conducted to uncover the genes that were induced or repressed when 
Spx interacted with RNA polymerase (Nakano et al. 2003a). This employed micro-
array analysis of RNA isolated from a strain of B. subtilis that produced a protease 
resistance form of Spx (SpxDD). RNA was also purified from a strain producing 
SpxDD, but which also bore the rpoAY263C mutation conferring a defect in Spx 
interaction with the α subunit of RNA polymerase. Many of the genes activated 
were also found in an independent study to be induced by treatment with diamide 
(Leichert et al. 2003). Thus genes encoding thioredoxin, thioredoxin reductase, 
methionine sulfoxide reductase, and genes required for the synthesis and uptake of 
cysteine were induced when Spx interacted with RNA polymerase. In all, 132 genes 
were identified that showed 3-fold or more induction by Spx-RNA polymerase inter-
action. Validation through primer extension of in vivo transcripts and reconstitution 
of Spx-activated transcription in vitro was achieved for several of the genes that 
were identified in the microarray hybridization analysis (Nakano et al. 2003a, 2005).

Fig.  5   Post-translational activation of Spx. Proposed activation mechanisms of Spx involving 
oxidation of Spx to disulfide state and increase in Spx concentration resulting from oxidative 
inactivation of ClpX. Under pre-stress conditions Spx is degraded by YjbH-mediated ClpXP-
catalyzed mechanism. The anti-adaptor YirB, which inhibits YjbH, is also a ClpXP substrate and 
is degraded. Upon oxidative stress resulting from encounter with ROS or diamide treatment, Spx 
is oxidized and has higher affinity for RNA polymerase. ClpX is oxidatively inactivated by Zn 
release and YirB peptide accumulates to inhibit YjbH

Targets of Spx-Dependent Transcriptional Activation
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A second microarray experiment was reported which examined the change in 
the transcriptome caused by a deletion of the spx gene (Zuber et al. 2011). Deletion 
of spx results in a partial cysteine auxotrophy on minimal medium, hence there 
is an induction of the CymR regulon (Even et al. 2006). CymR, a DNA-binding 
protein and Rrf2 family member, in complex with cysteine synthetase (CysK), 
represses genes whose products function in Cys biosynthesis from sulfide and 
Met, and products that function in Cys uptake (Tanous et al. 2008). Deletion of the 
spx gene also results in derepression of genes that are members of the Fur (ferric 
uptake regulator) regulon, including genes encoding enzymes that catalyze sidero-
phore biosynthesis and iron uptake (Ollinger et al. 2006). This effect might be due 
to reduced expression of ytpQ, a gene of the Spx regulon and encoding a product of 
unknown function (Zuber et al. 2011). Deletion of ytpQ also results in derepression 
of the Fur regulon genes. It is unknown how ytpQ affects control of iron homeosta-
sis/metabolism. Genes controlled by regulators that function in sporulation initia-
tion were also derepressed by the spx mutation. It is not known if the partial Cys 
auxotrophy of the spx mutant is responsible for some of the changes in transcript 
levels observed in the reported transcriptomic analysis of the spx null mutant.

Recently, a ChIP-Chip analysis using tiling genomic arrays was reported, which 
involved precipitation of an affinity-tagged derivative of B. subtilis Spx after diamide 
treatment (Rochat et al. 2012). The crosslinked complexes recovered contained RNA 
polymerase and the 144 promoter regions controlling 257 genes, many of which were 
genes uncovered by previous microarray experiments as being activated or repressed. 
Many of the same classes of genes previously identified as being controlled by Spx 
were uncovered, including those required for cysteine biosynthesis and for thiol 
homeostasis. Additionally, genes required for Cys uptake and electrophile detoxifica-
tion were identified. Interestingly, some from the latter class of genes are also subject 
to control by other trans-acting positive and negative regulatory factors. Some of the 
operons positively controlled by Spx are also activated by HypR (Palm et al. 2012), 
which is responsive to NaOCl and diamide treatment.

The ChIP-Chip analysis and previous transcriptomic work provided evidence 
linking Spx-activated transcription with Spx proteolytic control. Transcript levels of 
clpX and yjbH increased after induction of SpxDD production or by Spx-dependent 
induction after diamide treatment (Leichert et al. 2003; Nakano et al. 2003a, Rochat 
et al. 2012). As suggested previously (Larsson et al. 2007; Rochat et al. 2012), a 
mechanism of negative autoregulation is established by elevating clpX and yjbH 
expression through Spx-mediated control, which ensures the rapid removal of Spx 
when stress conditions subside. A negative autoregulatory circuit was described in 
the case of the actinomycetes σR RNA polymerase subunit, which activates gene 
expression in response to thiol oxidative stress (Kim et al. 2009). Among the mem-
bers of the σR regulon, which includes those encoding thioredoxin, thioredoxin 
reductase, and other genes also induced by Spx in B. subtilis, are the genes speci-
fying the two isoforms of ClpP. The clpP genes reside in a dicistronic operon with 
the clpX gene positioned downstream of the clpP operon. As with the autoregulatory 
circuit of Spx proteolytic control, the system in actinomycetes has been proposed to 
ensure quick inhibition of σR when thiol homeostasis is restored.
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The regulatory sequences that were recovered by ChIP were aligned in an 
attempt to generate a candidate cis-acting regulatory sequence for optimal Spx-
activated transcription (Rochat et al. 2012). However, deriving a consensus 
sequence for specific Spx/RNA polymerase-promoter interaction was deemed dif-
ficult based on the alignment that was analyzed. Nevertheless, a conserved GC 
at positions near −43, −44 with respect to the transcription start site, followed 
by an A-T-rich sequence upstream of the promoter −35 seemed to character-
ize the DNA captured by ChIP. This target sequence was supported by previous 
mutational analysis that provided evidence that the nucleotide positions identified 
by the alignments were also important for Spx/αCTD complex interaction, for 
activity in vivo, and transcription in vitro (Nakano et al. 2010). Such cis-acting  
elements utilized by Spx paralogs have not been uncovered thus far.

Transcriptomic analysis of the MgsR regulon uncovered a subset of the genes 
that are expressed when σB is active (Reder et al. 2008, 2012d). Although there 
is little overlap between the composition of the Spx and MgsR regulons, several 
of the MgsR-controlled genes are thought to specify functions analogous to those 
of genes regulated by Spx. These include putative antioxidant products (ykuU, 
ykuV, and ydbD) and short chain dehydrogenases (ydaD, yhdF, yhxC, and yhxD) 
that were proposed to function in the gluconate shunt that fuels oxidative pentose 
phosphate pathway for NADPH production, thus generating reducing power for 
reduction of oxidized thiols and for detoxifying enzymes. As spx is also transcrip-
tionally upregulated by active σB, there exists the potential for activation of to reg-
ulons of specifying similar functions. It is notable that the regulons are distinct, 
possibly a reflection of differences in DNA target recognition by the two paralogs 
and/or in RNA holoenzyme specificity (Spx/σA and MgsR/σB).

A recent study explored the Spx regulon and its function in Streptococcus 
sanguinis through microarray hybridization analysis of S. sanguinis RNA (Chen  
et al. 2012). As with other members of Firmicutes, S. sanguinis bears two paral-
ogs of spx, spxA1, and spxA2. Mutations of each affected oxidative stress tolerance 
and heat sensitivity, while spxA1 mutant affected virulence. Microarray analysis 
showed reduced levels of transcripts specifying thioredoxin, superoxide dismutase, 
and thiol peroxidases. Interestingly, the genes whose products catalyze H2O2 pro-
duction, spxB, and nox also required SpxA1 for optimal expression. spxB and nox 
encode pyruvate oxidase and H2O2-generating NADH oxidase, respectively. The 
spxA1 mutant, although able to grow at a rate resembling that of the wild type par-
ent, was unable to compete in a co-culture with S. mutans, presumably due to the 
inability to produce H2O2.

Our laboratory had recently investigated the composition of the Spx regulons 
in B. anthracis Sterne strain 7702. Using interspecies conjugation mediated by the  
B. subtilis ICEBs1 element (Auchtung et al. 2005), IPTG-inducible mutant alleles 
of B. anthracis spxA1 and spxA2 encoding protease resistant products (SpxA1DD 
and SpxA2DD) were introduced into B. anthracis (S. Barendt, M. M. Nakano, H. 
Lee, C. Birch, and P. Z, unpublished). Transcripts showing elevated concentrations 
following induction of mutant spx allele expression were identified by microar-
ray hybridization technology. Some overlap was observed between the SpxA1 and 
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SpxA2 regulons, with trxA, trxB, and genes whose products function in methionine 
and cysteine biosynthesis induced by protease-resistant SpxA1 and SpxA2. Several 
group (B. cereus/thuringiensis/anthracis)-specific genes were among those induced 
by SpxA1 and A2. A gene not found in B. subtilis and implicated in redox homeo-
stasis in B. anthracis and S. aureus is the cdrA gene encoding coenzyme A disulfide 
reductase (delCardayre et al. 1998; Luba et al. 1999). Spx-dependent control of cdrA 
was reconstructed in B. subtilis using a cdrA-lacZ fusion and expression of protease 
resistant forms of SpxA1 and A2 within a Δspx mutant background. In studies of  
B. anthracis and S. aureus, CoADR has been found to play a role in maintaining the 
reduced state of CoA and thiols that are oxidatively modified by CoA. It has been 
proposed that CoA along with bacillithiol function together as a redox buffer, per-
forming the function in a way that is analogous to glutathione in Gram-negative and 
eukaryotic systems (Luba et al. 1999; Parsonage et al. 2010). Both SpxA1 and SpxA2 
activate transcription of genes that function in DNA repair, including uvrC and exoA.

The spx genes of B. anthracis are induced soon after germination in the 
infected macrophage (Bergman et al. 2007), a time when the outgrowing cell is 
subject to the oxidative assault within the phagocyte. Several of the genes acti-
vated by SpxA1 and A2 function in antioxidant activities, potentially link SpxA 
function with B. anthracis virulence. Interestingly, SpxA2 stimulates the tran-
scription of the racE gene (S. Barendt, M. M. Nakano, H. Lee, C. Birch, and  
P. Z, unpublished), encoding the glutamate racemase required for the generation of 
D-glutamate, a precursor of the poly-γ-glutamyl protective capsule. The transcrip-
tomic analysis of B. anthracis implicates the SpxA paralogs in virulence related 
functions, which was reinforced by studies of Spx in pathogenic Gram-positive 
cocci (Chen et al. 2012; Kajfasz et al. 2010, 2012).

Spx Function and Bacterial Virulence

The studies of spx mutants and Spx-activated transcriptomes have linked the pro-
tein to antioxidant activities that are typically associated with bacterial-mediated 
pathogenesis. The two spx paralogs of S. mutans had been shown to be required 
for pH and ROS tolerance. Using the Galleria mellonella (waxworm) model as 
host, Lemos and coworkers demonstrated that application of S. mutans to G.  
mellonella larvae resulted in host lethality (Kajfasz et al. 2010). Bactericidal 
phagocytosis in the waxworm is carried out by hemocytes, which mimic neutro-
phil function. The injection of spxA1, spxA2, and spxA1 spxA2 mutants resulted in 
50–25% larvae survival, indicating a role of the Spx paralogs in pathogenesis by 
counteracting the oxidative assault mediated by larval hemocytes. Further inves-
tigation showed that the spx paralogs were required for colonization of rat teeth 
(Kajfasz et al. 2010), in keeping with the known involvement of S. mutans in the 
generation of dental carries.

Studies of the opportunistic pathogen, Enterococcus faecalis showed that 
Spx plays a critical role in pathogen survival during macrophage infection, and 
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in establishment of implant-induced peritoneal infection (Kajfasz et al. 2012). 
An spx null mutant showed a three-log reduction in survival within murine mac-
rophages. Colonization of the murine peritoneal cavity and spleen by E. faecalis 
was evident after 48  h following implant application (103–104 cfus recovered). 
However, the spx null mutant showed a three-log drop in numbers after infection, 
both in peritoneum and spleen. Analysis of the transcriptome of the spx mutant 
uncovered genes encoding glutathione reductase, methionine sulfoxide reductase, 
NADH peroxidases, organic hydroperoxide reductase, superoxide dismutase, thiol 
peroxidases and thioredoxin reductase as part of the Spx regulon in E. faecalis. 
The reduced antioxidant expression in the spx mutant would potentially render the 
mutant defective in coping with the oxidative environment of the blood and within 
professional phagocytic cells. Hence, this was thought to be the cause of the low 
numbers of mutant bacteria recovered from the murine implant model.

Recently, the role of spx in infective endocarditis (IE) caused by Streptococcus 
sanguinis was investigated (Chen et al. 2012). The study was accompanied by 
transcriptomic analysis to uncover the regulon governed by Spx. As with several 
species within Firmicutes, S. sanguinis bears two paralogs of spx. SpxA2 was 
necessary for optimal growth as well as resistance to low pH, high temperature, 
and oxidative stress. The spxA1 null mutation conferred sensitivity to oxidative 
stress and blocked the production of H2O2. The latter effect was found to be due 
to reduced expression of spxB (pyruvate oxidase) and nox (NADH oxidase), the 
products of which function in peroxide production. The spxA1, but not the spxA2, 
null mutation caused a defect in IE generation. The authors of the study speculate 
that the defect in IE conferred by the spxA1 mutation is due in part to the reduced 
peroxide production and antioxidant gene expression. Interestingly, the spxA 
mutant of E. faecalis also showed reduced nox gene expression, based on microar-
ray transcriptomic analysis.

The results reported thus far suggest that Spx orthologs are intimately associ-
ated with the control of virulence determinants within Gram-positive organisms 
known to cause infectious disease. There is a considerable body of evidence from 
mutational and transcriptomic analysis that Spx governs the expression of genes 
that would be expected to play critical roles in pathogen survival in the host. Data 
from studies of S. sanguinis and E. faecalis suggest that genes (spxB and nox) 
whose products contribute directly to pathogenesis might also operate within the 
realm of Spx control.

Questions and Future Directions

Much of what is known about the role Spx plays in the stress response comes from 
the genome-wide analyses of Spx-dependent transcriptional control and from the 
chromatin immunoprecipitation experiments, which uncovered genes directly con-
tacted by Spx/RNA polymerase. Collectively, the data has provided a glimpse of 
the role played by Spx in the stress response. Spx orthologs have been assigned 
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functions within the cells’ oxidative stress and cell envelope stress responses. 
However, in one species, S. pneumoniae, the paralogous spx genes, spxA1 and 
spxA2, are essential. The reasons for why the double spxA1 spxA2 mutant is non-
viable have yet to be uncovered (Turlan et al. 2009). The inability to create the 
double mutant has hindered investigation of Spx in this organism, as the two para-
logs appear to have overlapping realms of control, and creating a null in spxA1 had 
little effect on oxidant resistance, presumably because of the compensatory role 
played by the SpxA2 paralog (Turlan et al. 2009).

The activation and accumulation of Spx resulting from redox stress causes 
temporary repression of genes that function in developmental processes, such as 
sporulation and competence (K state in B. subtilis, X state in S. pneumoniae). The 
prestress state is soon restored when redox stress is alleviated, which is accompa-
nied by lower Spx-activated transcription, reduction in Spx concentration (Nakano 
et al. 2003a), and conversion of Spx to the inactive, reduced state (M. Nakano, and 
P. Z. unpublished). In light of the observed global repressive effects exerted by 
high Spx concentration, mechanisms responsible for reducing Spx concentration 
and activity to prestress levels would seem to be crucial, yet there is currently little 
information about how they operate.

It is known that Spx concentration is controlled at the level of proteolysis that 
is catalyzed by ClpXP and in some organisms, enhanced by YjbH, but how is this 
activity controlled to allow accumulation of Spx in times of stress, and to elimi-
nate Spx when stress subsides? It is not known what serves as the sensory com-
ponent of this system of regulated proteolysis. One can imagine that Spx itself is 
the sensor, not only for its activity but also its proteolytic turnover. While no dif-
ference in sensitivity to ClpXP between reduced and oxidized Spx was observed 
(Zhang and Zuber 2007), oxidized Spx, through its interaction with RNA polymer-
ase, might be protected from YjbH-mediated proteolysis. Data from two studies 
(Chan et al. 2012; Engman et al. 2012) suggest that YjbH does not serve a sen-
sory role, although it is possible that it might be the target of another factor that is 
responsive to the cellular redox conditions.

Figure  5 shows a speculative model of post-translational Spx control in 
response to oxidative stress. Spx in oxidized form is shown to interact with RNA 
polymerase. One component of proteolytic Spx control that could serve a sensory 
role is the ClpX protein. Previous work from our lab showed that ClpXP could be 
inactivated by treatment with peroxide or diamide. Sensitivity to oxidants might 
be attributed to a redox sensitive, N-terminal Zn-binding domain, in which a zinc 
atom is coordinated by four Cys residues (Fig. 5). Oxidative inactivation of ClpX 
would result in increase in Spx concentration, and increase in the number of Spx/
RNA polymerase complexes. Figure 6 shows a model of how Spx concentration 
is reduced upon recovery from stress. The systems activated by Spx serve to con-
vert Spx to its inactive reduced state, releasing Spx from RNA polymerase and 
rendering it susceptible to YjbH-dependent proteolysis by ClpXP. Recent studies 
have provided evidence that the clpX gene is positively controlled by activated Spx 
(Rochat et al. 2012), suggesting that redox stress generates heightened concentra-
tions of ClpX protein (Fig. 6). This might serve as a possible measure within the 
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cell to ensure that enough ClpXP is in place to rapidly dispose of Spx when redox 
stress subsides. Questions arise as to whether the N-terminal Zn-binding domain 
of ClpX undergoes a change in its redox state upon oxidative stress, how this 
might affect activity, and if such a change in redox state, if it occurs, is reversible.

Evidence obtained thus far has supported the hypothesis that Spx is a sensor of 
cellular redox state. While it is known that oxidation of Spx results in productive 
interaction of the protein with RNA polymerase (Fig.  5), the detailed structural 
description of how oxidized Spx contacts RNA polymerase and how this leads to 
transcriptional activation has not been achieved. Studies using thiol-reactive agents 
and immunoblot analysis have shown that the redox state of Spx changes rapidly 
from oxidized to reduced when redox homeostasis is restored (M. M. Nakano and 
P. Z. unpublished). The restoration of Spx to the reduced inactive state depends 
on Spx/RNA polymerase interaction, since the rpoAY263C mutation conferring 
a defect in Spx-RNA polymerase contact also results in prolonged periods of 
high Spx concentration following diamide-induced stress (Nakano et al. 2003a). 
A number of factors could facilitate or catalyze this transition, several of which 
are probably under Spx control (Fig. 6). These might include NADPH/thioredoxin 

Fig. 6   Spx control and recovery from stress. Spx activates the transcription of genes whose prod-
ucts function in thiol redox homeostasis, and genes that function in Spx degradation. Reduced Spx 
loses affinity for RNA polymerase and forms a complex with YjbH, now at elevated concentrations. 
Spx is degraded by ClpXP, which is formed by newly synthesized ClpX protein

Questions and Future Directions
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reductase/thioredoxin system for maintaining thiols in their reduced state. This 
system is also under σB control, which directs transcription from one of the pro-
moters of the trxA gene (Scharf et al. 1998). This illustrates another potential 
avenue of Spx integration into the stress response network. Reduction of oxidized 
Spx could also be accomplished through the activity of the enzymes that catalyze 
bacillithiol biosynthesis and control the redox state of the low molecular weight 
biothiol. In B. anthracis, the Spx-controlled CoA disulfide reductases might also 
function directly or indirectly in determining the redox state of SpxA1 or A2.

A thorough understanding of how Spx ortholog function is integrated in global 
transcriptional control will require investigations into the relationship of Spx with 
the various forms of RNA polymerase holoenzyme and with other transcriptional 
regulators. There have been few studies of Spx interaction with alternative forms 
of RNA polymerase. Previous studies suggested that certain holoenzyme forms 
might be inhibited by Spx, but it is not known if Spx can interact productively with 
forms of holoenzyme other than that which bears the major, essential sigma subu-
nit, which in B. subtilis is σA. Active σX, σW, and σM all serve to induce spx tran-
scription, but might the Spx protein that is generated now engage these holoenzyme 
forms to active a unique regulon of genes? Examination of promoter architecture 
has not, so far, uncovered likely candidates as being utilized by a complex of Spx 
interacting with a holoenzyme bearing one of the cell envelope stress σ subunits, 
however. The mgsR gene, a member of the σB regulon, is positively autoregulated 
by its product (Reder et al. 2012b), and future studies will likely examine the inter-
action between the Spx paralog and the σB RNA polymerase holoenzyme. What 
structural features of RNA polymerase, Spx, and promoter anatomy might con-
verge to facilitate the formation of productive complexes between Spx and alterna-
tive RNA polymerase forms? There is no evidence to date that Spx or its orthologs 
can interact with σ protein, although evidence indicates that Spx has higher affinity 
for holo- rather than core enzyme (Lin and Zuber 2012). Promoter elements that 
incorporate core sequences recognized by the σ subunit along with the upstream 
sequence required for Spx control might be all that is required to generate an active 
Spx/RNA polymerase transcription initiation complex.

What is the fate of Spx after transcription initiation? The interaction of Spx 
with RNA polymerase holoenzyme might also persist past the initiation stage of 
the transcription process. There is no evidence reported that has indicated if/when 
Spx is released from the transcription complex. Potentially, Spx could exert con-
trol over elongation and/or termination.

Could Spx interaction with RNA polymerase provide an additional platform for 
communication with transcriptional regulators? Recent studies of B. subtilis involv-
ing an investigation into the response to hypochlorite uncovered a regulator, HypR 
(Palm et al. 2012), a MarR/Duf24 family member that controls genes whose prod-
ucts function in alleviating disulfide stress and in detoxification reactions. Many 
of these genes are also controlled by SpxA, which raises the question of whether 
HypR can activate transcription by engaging Spx/RNA polymerase to generate a 
transcription initiation complex. A number of genes encoding transcriptional regula-
tors are induced through an Spx-dependent mechanism. These include genes (e.g., 
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ytzE) that are also induced by the stringent response, by phosphate starvation (PhoR-
independent), and by disulfide stress (Allenby et al. 2005; Eymann et al. 2002; 
Petersohn et al. 2001). For most of these genes that encode members of known tran-
scription factor families, there is little to no information regarding the genes they 
control or the conditions (or specific ligands) that lead to their activation. One sce-
nario of stress-responsive transcriptional control might involve the product of an 
Spx-activated gene serving to recruit Spx/RNA polymerase to establish a transcrip-
tion initiation complex. In this case, Spx would serve as an RNA polymerase sub-
unit, rather than a sequence-specific DNA-binding component of the transcription 
complex. Thus, there could exist “hidden” Spx regulons yet to be uncovered that are 
co-regulated by Spx-interacting transcription factors.

The picture that emerges of Spx control is that a variety of stress conditions 
induce the expression of spx, but changes in the intracellular redox status affect 
its activity and post-translationally regulate its concentration. The conditions that 
induce spx elicit responses that involve the activation of alternative RNA polymer-
ase holoenzymes, TCSTSs, and mechanisms of derepression that stimulate spx 
expression. Because Spx becomes a subunit of RNA polymerase, it can potentially 
exert control, positive and negative, over a broad spectrum of cellular processes. 
These include complex programs of cellular differentiation and cell specialization, 
systems of oxidative stress mitigation, and transcriptional control of metabolic 
processes. Further understanding its integration into the stress response network 
will require greater knowledge of its relationship with RNA polymerase and other 
transcription factors, and a deeper understanding of the genes that it controls in the 
various Gram-positive species.

From the phenotype of spx mutants, the influence of Spx over the bacterial tran-
scriptome and its function in stress response control, Spx has gained some impor-
tance as a virulence determinant. Evidence accumulated thus far indicates that it is 
solely prokaryotic in origin, and primarily within Gram-positive species. Hence, 
opportunities very likely exist for the development of effective antibacterial agents 
that target Spx activity.
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