
UC Irvine
UC Irvine Previously Published Works

Title
Insights into redox sensing metalloproteins in Mycobacterium tuberculosis

Permalink
https://escholarship.org/uc/item/04g7p8dc

Authors
Chim, Nicholas
Johnson, Parker M
Goulding, Celia W

Publication Date
2014-04-01

DOI
10.1016/j.jinorgbio.2013.11.003
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/04g7p8dc
https://escholarship.org
http://www.cdlib.org/


Insights into redox sensing metalloproteins in Mycobacterium
tuberculosis

Nicholas Chima, Parker M. Johnsona, and Celia W. Gouldinga,b,*

aDepartment of Molecular Biology and Biochemistry, UCI, Irvine, CA 92697, USA
bDepartment of Pharmaceutical Sciences, UCI, Irvine, CA 92697, USA

Abstract
Mycobacterium tuberculosis, the pathogen that causes tuberculosis, has evolved sophisticated
mechanisms for evading assault by the human host. This review focuses on M. tuberculosis
regulatory metalloproteins that are sensitive to exogenous stresses attributed to changes in the
levels of gaseous molecules (i.e., molecular oxygen, carbon monoxide and nitric oxide) to elicit an
intracellular response. In particular, we highlight recent developments on the subfamily of Whi
proteins, redox sensing WhiB-like proteins that contain iron-sulfur clusters, sigma factors and
their cognate anti-sigma factors of which some are zinc-regulated, and the dormany survival
regulon DosS/DosT-DosR heme sensory system. Mounting experimental evidence suggests that
these systems contribute to a highly complex and interrelated regulatory network that controls M.
tuberculosis biology. This review concludes with a discussion of strategies M. tuberculosis has
developed to maintain redox homeostasis, including mechanisms to regulate endogenous nitric
oxide and carbon monoxide levels.
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1. Introduction
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), is one of the
world’s most successful human pathogens. To date, TB kills over 1.4 million people per
year with approximately one third of the world’s population infected with the latent form of
the disease [1]. For a bacterial pathogen such as Mtb to be successful, it must respond to and
overcome the human host defense system of toxic compounds such as hydrogen peroxide
(H2O2), nitric oxide (NO) and carbon monoxide (CO), as well as lowered levels of
environmental pH (excess H+) and molecular oxygen (O2). In order to survive the host-
produced reactive oxygen and nitrogen species, ROS and RNS, respectively, Mtb has
evolved many strategies to evade assault, including utilizing superoxide dismutase, catalase
peroxidase, alkyl hydroperoxidase and peroxiredoxins, which convert these compounds to
non-reactive products. These classes of enzymes have previously been widely reviewed [2].
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Moreover, the transition from actively growing Mtb to its latent state is triggered by redox
sensing of lowered host O2 levels [3], elevated host NO [4] and CO [5, 6] levels as well as
high concentrations of H+ [7] and nutrient starvation [8]. Latent Mtb may be undetected for
several years and reactivation occurs when the host becomes immunocompromised, as
commonly observed in AIDS patients [9, 10].

A recent tour-de-force in Mtb systems biology revealed a complicated regulatory network
during Mtb adaptation to hypoxia and reactivation due to increased oxygen availability
comprising extensive interactions amongst many transcription factors, several of which
contain metal cofactors [11], Figure 1. The authors also show through gene expression
profiles and lipid analyses that Mtb’s response to low oxygen levels greatly alters lipid
content, metabolite utilization, protein degradation and iron/sulfur metabolism. Despite an
ever-increasing wealth of pertinent information, it is not the intention of this review to
provide a comprehensive description of the complex Mtb systems that react to redox
potential modulations and gaseous molecule stresses produced by the host. For a more
detailed description, readers are referred to the literature cited in the references. Instead, we
focus on Mtb regulatory proteins with metal-ion centers; specifically, the iron-sulfur cluster
containing transcription regulatory WhiB-like proteins from the Whi family of proteins,
several sigma factors that are regulated by zinc-dependent anti-sigma factors, and the heme-
containing sensory domains of the dormancy survival (Dos) regulon.

2. WhiB-like (Wbl) family of proteins
The Wbl family of proteins has been shown to exhibit important pleitropic roles. The Wbl
protein family is unique to actinomycetes and was first described in Streptomyces coelicolor
to be necessary for sporulation whereby white colonies were inhibited from forming grey
spores [12]. In Mtb, seven Wbl proteins (WhiB1-7) have been identified [13, 14] and
implicated in cell division, nutrient starvation, virulence and pathogenesis, antibiotic
resistance, and stress sensing (reviewed in [15]). Notably, the genes encoding for WhiB1
and WhiB2 were shown to be essential [16-18] while virulence in Mtb whiB3 and whiB5
deletion mutants was attenuated in infected mice compared to wild-type Mtb [19, 20].
Furthermore, WhiB3 has been shown to regulate fatty acid metabolism by controlling the
production of lipids such as poly- and diacyltrehaloses, sulfolipids and phthiocerol
dimycocerosates [21].

Mtb Wbl proteins are relatively small (~10-15 kDa) proteins with four conserved cysteine
residues, C-X18-35-C-X2-3-C-X5-7-C (where X is any residue), predicted to coordinate Fe to
form [4Fe-4S] iron-sulfur clusters [14]. Although there is a lack of Wbl protein structural
information, amino acid sequence analysis reveals two additional motifs. First, the second
and third cysteine residues from the conserved [4Fe-4S] cluster motif (with the exception of
WhiB5 – CLRRC) constitute a CXXC motif that is thought to function as a redox rheostat
through the maintenance of thiol:disulfide homeostasis [22]. A second conserved GXWXG
motif, which is found several residues after the last cysteine in the [4Fe-4S] cluster motif,
has a predicted β-turn and is presumed to be the start of the C-terminal DNA-binding
domain of Wbl proteins followed by a putative DNA-recognition helix. Furthermore,
circular dichroism spectra showed different profiles for Mtb Wbl proteins, suggesting
overall dissimilar structures despite sharing 49–66% sequence homology [23].

Comprehensive investigations have reported gene expression, structural and functional
differences amongst the seven Mtb Wbl proteins [23, 24]. Real-time reverse transcription-
PCR analyses revealed differential levels of Wbl transcripts in distinct growth phases (from
early exponential to late stationary phase) as well as in response to anti-mycobacterial agents
and a variety of stress conditions such as hypoxia, NO, low-iron, acidic pH and nutrient
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deficiency [24, 25]. These distinct response differences most likely govern the respective
roles of the Mtb Wbl proteins and, more importantly, demonstrate their sensitivity to redox
environments. In a separate study, Mtb Wbl proteins were shown to harbor iron-sulfur
clusters that further exhibited differing susceptibilities to analytes such as molecular oxygen,
oxidized glutathione, dithiothreitol, and iron chelators (e.g., EDTA), suggesting that
accessibility to the clusters differs within Mtb Wbl proteins [23]. Biochemical
characterization of Mtb apo-Wbl (iron free) proteins revealed that most of them have
significantly different rates of disulfide reductase activity [23]. Recently, mounting evidence
suggest that Mtb Wbl proteins can bind DNA [18, 21, 26-28] and may function as
transcriptional regulators [20, 26]. Based on these observations and the redox sensitivity of
[4Fe-4S] clusters, Mtb Wbl proteins are predicted to be susceptible to environmental cues to
elicit an intracellular response. Thus, it appears that Mtb Wbl proteins are at least
bifunctional in which they are disulfide reductases in their apo forms and transcriptional
regulators dictated by degradation of their [4Fe-4S] clusters.

2a. Wbls are protein disulfide reductases
Thioredoxin-like proteins contain CXXC motifs and have long been established as important
for maintaining cellular redox states (reviewed in [22]). From previous reports, in the
absence of a [4Fe-4S] cluster, the conserved cysteines in all seven of the Mtb Wbl proteins
form two intramolecular disulfide bonds: one between the CXXC motif and the other
between the other two conserved cysteines [29-31]. Additionally, the Wbl proteins were
characterized as protein disulfide reductases whereby the reduction of an intermolecular
bond between α- and β-chains of insulin was dependent upon the CXXC motif [23, 29-31].
Notably, insulin reduction was not observed for WhiB2 [23]. Distinct from the other Mtb
Wbl proteins, WhiB2 displayed chaperone-like activity by suppressing the aggregation of
several protein substrates, including citrate synthase, rhodanese, and luciferase [32].
Interestingly, this ability is independent of the redox state of the conserved cysteines but
instead relies on a non-conserved serine (Ser42) which when mutated to alanine abolishes
activity. The authors speculate that phosphorylation of Ser42 may play a key role in
WhiB2’s chaperone-like property [32].

The functional assignment of Mtb Wbl proteins as disulfide reductases raises two central
questions, one regarding potential protein partners that maintain the CXXC motif redox state
and the other regarding their cognate substrates. While Wbl proteins’ redox partners have
not been fully investigated, the first substrate has been identified through a yeast two-hybrid
screen. To that end, alpha (1,4)-glucan branching enzyme (GlgB), which is implicated in
trehalose biosynthesis [33] and essential for optimal in vitro Mtb growth [34], was found to
interact with WhiB1 [35]. Furthermore, WhiB1 reduces an intramolecular disulfide bond
that covalently links two of the four GlgB domains; however the physiological significance
of interdomain linkage remains unclear. Further characterization of this WhiB1-GlgB
interaction, as well as the identification of other substrates of WhiB1 and the other Wbl
proteins, is required to provide a better understanding of Mtb’s thiol-disulfide
oxidoreductase systems (reviewed in [22]), and thus Mtb’s ability to cope with oxidative
stress.

2b. Wbls contain [4Fe-4S] clusters sensitive to O2 and NO
[4Fe-4S] cluster assembly—For the Wbl protein family, one of the early challenges was
to obtain proteins with fully complexed [4Fe-4S] clusters. To date, there are at least three in
vivo bacterial iron-sulfur cluster assembly systems that have been reported, namely Nif, Isc,
and Suf [36, 37]; in Mtb, the suf operon has been identified [38] as well as a gene usually
contained in a nif or isc gene cluster, nifS (iscS); however this gene does not appear to be
within a gene cluster in Mtb [39]. Mtb IscS, an L-cysteine desulfurase, under anaerobic
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conditions in the presence of L-cysteine (sulfur donor), an iron source and a reducing agent
can produce fully reconstituted [4Fe-4S]-WhiB3 [39]. Moreover, it has been shown for both
WhiB1 and WhiB3 that all four cysteine residues are crucial for cluster acquisition [39, 40],
providing each Fe within the cubane type [4Fe-4S] cluster a tetragonal S coordination
(Figure 2).

[4Fe-4S]-WhiB3 responds to O2 and NO—Due to the highly reactive nature of
[4Fe-4S] clusters, Mtb Wbl proteins are predicted to be sensitive to external environmental
signals. In fact, many reports have shown that the [4Fe-4S] clusters within proteins degrade
upon exposure to O2 and NO [41, 42]. Recently, WhiB4 was demonstrated to be highly
sensitive to both gases [27], although other Mtb Wbl proteins appear to have a preference
for a gas analyte. WhiB3, in particular, was shown to be sensitive to both O2 and NO
although the O2-dependent degradation of the [4Fe-4S] cluster occurs approximately 12
times faster in fumarate nitrate reductase (FNR), suggesting that O2 may not be WhiB3’s
cognate analyte [39]. Furthermore, WhiB1 is highly sensitive to NO, with degradation of its
[4Fe-4S] cluster occurring four orders of magnitude faster in the presence of NO in
comparison to O2 [18]. Taken together, Mtb Wbl proteins are cognate O2 and/or NO sensors
albeit their analyte specificities remain to be investigated. A first step to elucidate substrate
specificity is to probe the mechanism of oxidation and nitrosylation that leads to [4Fe-4S]
cluster degradation. While oxidative degradation within Wbl proteins is still not very well
understood, recent efforts have been made with regards to nitrosative degradation with the
essential WhiB1 and a close S. coelicolor homolog, WhiD, which are described in the
following section.

Mechanism of nitrosylation and [4Fe-4S] cluster degradation—The mechanism
of [4Fe-4S] cluster degradation by NO has been unraveled in recent years through a series of
elegant experiments with WhiB1 and S. coelicolor WhiD [18, 43, 44]. Titrating a NO-
releasing compound under anaerobic conditions and monitoring the UV/vis absorption
profiles revealed that eight equivalents of NO to WhiB1, or S. coelicolor WhiD, were
required for complete nitrosylation of the [4Fe-4S] cluster [18, 44]. Furthermore, stopped-
flow experiments showed that [4Fe-4S] cluster degradation followed a multiphasic
mechanism with distinct intermediates [44]. Additionally, nitrosylation of the [4Fe-4S]
cluster oxidizes 3S2− to yield 3S0 [44]. Based on the final UV/vis spectrum, the predominant
degradation product was proposed to be Roussin’s red ester (RRE) instead of the previously
suggested tetrahedral dinitrosyl iron complex (DNIC) [39]. Moreover, the final degradation
product was found to be EPR silent, which is in agreement with RRE as the product, as
opposed to DNIC (spin = ½) that exhibits an EPR signal [44]. Taken together, nitrosylation
of Wbl proteins was proposed to follow reaction (I).

(I)

Interestingly, a recent report on FNR, which is also NO sensitive, revealed a common
reaction mechanism by which nitrosylated [4Fe-4S] clusters degrade despite possessing
different cluster environments [28]. NO-initiated degradation was also followed using EPR
to provide further insights to the distinct intermediates, which ultimately yielded RRE as the
major degradation product with DNIC as a minor species.

Physiological relevance of [4Fe-4S] nitrosylation and degradation—The NO-
mediated degradation of [4Fe-4S] clusters results in Mtb apo-Wbl proteins, which can
function as transcription regulators. To that end, oxidized apo-WhiB1, in response to NO,
has been shown to bind DNA whereas [4Fe-4S]-WhiB1 does not [18]. Additionally,
footprinting experiments revealed that apo-WhiB1 bound to its own promoter to repress
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whiB1 transcription. Significantly, nitrosylation results in an oligomeric transition from an
active heterodimeric [4Fe-4S]-FNR capable of binding DNA to control transcription to an
inactive monomeric apo-FNR [28]; therefore, it is predicted that a switch in oligomeric state
occurs in all Mtb Wbl proteins although it remains unknown what the oligomeric states of
active (apo) and inactive ([4Fe-4S] cluster-bound) forms are. Accumulating evidence
reinforces the hypothesis that Wbl proteins can bind to DNA. Apo-WhiB2 and a
mycobacteriophage homolog, apo-WhiBTM4, were able to specifically bind to the promoter
region upstream of the whiB2 gene [26]. Interestingly, mutating conserved cysteine residues
of WhiBTM4, as well as truncating its C-terminal to remove the proposed DNA-binding
domain, resulted in the loss of WhiBTM4’s inhibitory effect [26]. In a separate study, Mtb
whiB3 knockout mutant displayed depleted levels of lipids; indeed, this phenotype was
determined to be a direct result of WhiB3 binding to the promoters of polyketide synthesis
genes responsible for lipid biosynthesis [21]. Moreover, WhiB4 can bind specifically to the
promoter regions of ahpC (encoding a protein required to suppress oxidative assault) and
whiB4, as well as non-specifically to GC-rich DNA sequences [27] and its interaction with
DNA is dependent on the presence and oxidation of the four conserved cysteine residues
(Figure 2).

3. Regulation of σ Factors in Response to Redox Stress
Sigma (σ) factors are protein subunits responsible for much of the specificity in cellular gene
expression profiles, whereby they recruit RNA polymerase to specific genes for
transcription and expression [45, 46]. Of the thirteen Mtb σ factors [46], SigH, SigE, SigL,
SigF, as well as the general stress response factor SigB, have been shown to be involved in
redox stress response [47-51]. Notably, these σ factors are unable to directly sense and react
to the extracellular environment, relying on careful regulation by anti-σ factors (or by other
σ factors for SigB), which are capable of sensing stress signals. Upon activation, these σ
factors will recognize and bind their respective promoter regions to recruit RNA polymerase
to induce transcription of redox homeostasis genes including thioredoxins, peroxiredoxins,
and other transcription factors [52]. While the function, interactions and gene regulation
patterns of Mtb redox σ factors have been well characterized, thus far, there has been little
success with structural elucidation.

3a. Role of zinc ions in regulation: the thiol-disulfide redox switch
Redox σ factors are tightly regulated to ensure cell survival when exposed to redox stress.
This regulation occurs via the inhibitory anti-σ factors, which typically possess a conserved
HXXXCXXC peptide motif capable of coordinating Zn2+, earning them the title ‘zinc-
associated anti-σ factors’, or ZAS proteins [53]. Under non-stress or reducing conditions,
ZAS proteins are tightly bound to the -35 promoter-binding region of their respective σ-
factors [50]. Coordination of a structural Zn2+ ion both stabilizes the ZAS protein and
increases the reactivity of the two cysteine thiol groups [54]. By acting as a Lewis acid, this
Zn2+ ion can lower the pKa of the cysteine thiols, increasing their nucleophilicity and ability
to interact with electrophilic host-induced ROS. This metal coordination also prevents the
two conserved cysteines from forming a disulfide bond in the absence of redox stress. Upon
exposure to oxidizing conditions (such as peroxides and hydroxyl radicals), the coordinated
Zn2+ ion is released and the cysteines form a disulfide bond, causing conformational
changes in the ZAS protein which results in σ-factor dissociation to regulate gene expression
[55]. Due to the importance of the conserved cysteine residues in complex formation, even a
single cysteine mutation results in loss of inhibitory activity of the ZAS protein [53]. This
mechanism of protein complex regulation has been extensively characterized for the S.
coelicolor RsrA/SigR complex [53, 56], which shows significant homology to σ factor/anti-
σ factor complexes in other actinomycetes, including Mtb, and functions in a similar
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manner. Specifically, this thioldisulfide redox switch motif is observed in several Mtb
extracytoplasmic function (ECF) anti-σ factors involved in redox stress sensing and
response.

3b. SigH is released from its anti-σ factor RshA in an oxidative stress-dependent manner
One of the most important σ factors in Mtb stress response and survival is SigH, a global
regulator which has been shown to upregulate nearly 40 genes involved in general stress
response [57]. SigH is activated upon Mtb entry into host macrophages, implicating its role
in pathogenesis and survival within a host. The role of SigH in redox stress response was
first seen when a Mycobacterium smegmatis sigH deletion mutant displayed significantly
increased sensitivity to hyperoxides such as diamide [48]; however sigH deletion in Mtb
shows an increase in expression of chemokines involved in granuloma formation [58],
suggesting a probable immunomodulatory role. SigH confers protection from oxidative
stress by upregulating the expression of several genes, such as the thioredoxins trxA, trxB1,
and trxC, along with thioredoxin reductase trxB2, and two other σ factors sigE and sigB [57,
59]. SigH is regulated by the anti-σ factor RshA, a ZAS protein. Despite a lack of functional
evidence, RshA was thought to regulate SigH via Zn2+ coordination due to the presence of a
ZAS motif [60]. Further support for this hypothesis is that a close homolog S. coelicolor
RsrA has been experimentally shown to utilize a Zn2+ binding redox switch [55]. In
contrast, recent research revealed that an [4Fe-4S] cluster can displace Zn2+ from RshA,
suggesting a higher binding affinity although neither metal cofactor has been co-purified
with RshA [61]. In fact, it appears that Zn2+ and the [4Fe-4S] cluster, as well as the
conserved cysteines, are dispensable for RshA/SigH complex formation [61], indicating that
the method of redox-sensing may be distinct from other Mtb redox-regulated σ factors.
Interestingly, further mutational analyses showed that RshA His49Ala and Glu168Ala
mutants hindered RshA/SigH complex formation, implying that the interaction may not be
mediated by a metal ion-based redox switch but by a series of salt bridges that may be
disrupted in the presence of hyperoxides.

While Mtb RshA and SigH structures have not been solved, close homologs from S.
coelicolor have [56], providing insight into the interactions between these two proteins in
Mtb. Based on the S. coelicolor SigH and RshA structures and hydrogen/deuterium
exchange mass spectrometry experiments, a model has been generated for the formation of
the Mtb SigH/RshA complex [61]. Like S. coelicolor, Mtb SigH and RshA are predicted to
be completely α-helical, globular proteins, interacting via a series of ion pairs to form a
stable inactive complex. An essential serine/threonine protein kinase, PknB, was shown to
be involved in SigH regulation by preventing SigH/RshA complex formation through
phosphorylation of RshA, possibly disrupting the electrostatic potential at the complex
interface [62]. PknB cannot directly sense redox stress, therefore this phosphorylation event
may serve to prolong the SigH signal thereby inhibiting expression of stress-response genes
and ensuring cell-survival.

3c. SigE is activated upon exposure to redox and membrane stress
Among the targets upregulated by SigH under redox stress is SigE, another alternative σ
factor involved in stress response. Similar to SigH, SigE has been shown to be vital for Mtb
survival within activated macrophages, implicating it as an important virulence factor
[63-65]. SigE is regulated by binding its cognate anti-σ factor RseA, a ZAS protein that
utilizes the Zn2+-mediated thiol-disulfide redox switch to sense the presence of ROS and
disulfide stress [47]. Upon activation, SigE upregulates clgR, a transcriptional activator that
in turn upregulates protein expression of ClpC1P2 protease, SigB, cell-wall maintenance
proteins, as well as itself in a positive feedback loop. Much like SigH, SigE is also regulated
by phosphorylation via PknB. However, while SigH and its cognate anti-σ factor are both
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phosphorylated via PknB to maintain SigH-upregulated genes, phosphorylation of RseA at a
conserved threonine residue (Thr39) targets it for phosphorylation-dependent degradation by
the ClpC1P2 protease, allowing for extended upregulation of SigE-activated stress response
genes [47]. Of note, RseA proteolysis only occurs under membrane/cell-wall stress
(whereby its disruption is induced by sodium dodecyl sulfate or an antibiotic such as
vancomycin), while oxidative or heat stress results in no change in RseA levels. Due to the
use of this protease to aid in propagation of the SigE signal, disrupting the function of the
ClpC1P2 protease machinery may potentially sensitize Mtb to the harsh environment within
host macrophages, attenuating Mtb virulence, particularly when administered along with
vancomycin. SigE-deficient Mtb shows significantly decreased survival during host
infection [63-65], thus blocking the function of SigE would likely serve as an effective
method for Mtb cell arrest.

3d. Alternate σ factor SigB aids in propogation of SigH and SigE signals
Similarly to SigH, SigB plays a major role in several forms of stress response in Mtb,
including heat stress, cell envelope stress, and redox stress [49, 66]. Unlike the four other
ECF σ factors, SigB is unable to sense extracytoplasmic signals in the same manner. As
opposed to relying on an inhibitory anti-σ factor that can sense stress, SigB relies on
upregulation via SigH and SigE when stimulated by redox stress. An Mtb sigB deletion
mutant exposed to either cell-wall stress (via sodium dodecyl sulfate) or oxidative stress (via
diamide) yields a significant decrease in cell growth viability. Complementation of this
mutant with SigB restores near wild type growth in vitro. These results suggest that SigB
targets similar genes to SigH/SigE due to their similar activation responses, however
experimental evidence shows that SigB shares very few gene targets with either ECF σ
factor, implicating SigB as an important downstream signal in the stress response activities
of both SigE and SigH. Among SigB unique targets activated by oxidative stress are furA, an
iron uptake regulator protein, katG, a catalase-peroxidase, and whiB2 [66]. While a sigB
deletion mutant seems to play an important role in Mtb growth under in vitro hypoxic
conditions, when grown within THP-1 macrophage cells or guinea pig lung tissues it does
not show any noticeable change in viability compared to wild type. The disparity between
the importance of SigB in vitro versus in vivo may be explained by the poor representation
of current animal models, as a similar effect is observed for a dosR deletion mutant [67],
which shows varying levels of significance to Mtb growth under various conditions.

3e. SigF/UsfX complex is regulated in a Zn2+-independent manner
Mtb SigF is an extracytoplasmic σ factor which is implicated in redox stress response as an
M. smegmatis SigF knockout mutant shows increased sensitivity to hyperoxides [51]. Also,
the sigF gene is upregulated when Mtb is exposed to antibiotics or cumene hyperoxide [68].
Interestingly, genomic analysis of the SigF regulon shows that SigF may play a role in
upregulating the expression of genes whiB1 and whiB4 [69] as well as whiB7 [70]. Despite a
similar stress-response function to other redox-σ factors, SigF has several differences from
SigH and SigE. SigF is co-transcribed with its anti-σ factor, UsfX, since both genes lie
adjacent to each other on the genome. Additionally, UsfX does not appear to contain the
HXXXCXXC motif and thus displays a unique method of interaction as well as redox
sensing to regulate SigF activity [71]. Intriguingly, this system also has two anti-anti-σ
factors, RsfA and RsfB. RsfA and RsfB were shown to bind the UsfX/SigF complex through
UsfX interactions under reducing conditions and in an ATP-dependent manner, respectively
[71]. In particular, RsfA, which contains four cysteine residues, is stable and complexed to
UsfX/SigF under reducing conditions but rapidly degrades under oxidizing conditions when
Cys73 and Cys109 form a disulfide bond. Interestingly, both SigF and UsfX display
equivalent tight DNA binding affinities, thus RsfA (and potentially RsfB) may serve as a
redox switch similar to those observed in other anti-σ factors. While UsfX shows some
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homology to anti-σ factors, based on its unique DNA binding capabilities it may aid in SigF
activation as opposed to its inhibition. If this were the case, one may speculate that RsfA
binding under reducing conditions may in fact inactivate SigF, and only under oxidizing
conditions, when the RsfA Cys73-Cys109 disulfide bond is formed, can UsfX and SigF
function in gene regulation.

3f. Insights into the membrane associated SigL/RslA complex interface
SigL has been shown to be vital for Mtb virulence [72] and is regulated by a redox-sensing
anti-σ factor, the membrane-associated protein RslA. Similar to SigF, SigL and RslA are co-
transcribed and thus the two proteins are tightly associated. Much like the anti-σ factor of
SigE, RslA is a ZAS protein with a cytosolic domain containing the HXXXCXXC motif to
allow for the coordination of a Zn2+ ion under reducing conditions and an extracellular C-
terminal domain (Figure 3). Under extracellular redox stress, the two cysteines of the CXXC
motif (Cys54 and Cys57) form a disulfide bond, releasing the bound Zn2+ ion and thus RslA
dissociates from SigL, allowing SigL to bind its target promoters and regulate gene
expression [50]. SigL is also unique from the other redox σ factors as it upregulates genes
involved in maintenance of the cell-wall envelope and secreted protein modifications,
implicating it with SigE and SigH as important in virulence. The crystal structure of full-
length SigL protein has still not been solved, however the structure of the -35 binding
domain of SigL complexed with RslA has been solved by Thakur et al in 2010 [50], Figure
3. As expected, RslA binds to the predicted -35 promoter binding region of SigL (based on
SigE homology) to prevent its association with target genes and inhibit its function. This
interaction shows a large buried surface area of 1332 Å2, whereby this interaction prevents
DNA binding. The cytosolic C-terminal ZAS domain also shows a tight association to a
Zn2+ ion at the CXXC motif, confirming previous biochemical results for RslA and other
mycobacterial anti-σ factors (Figure 3). Despite extensive evidence of this mechanism of
SigL regulation and release, Dainese et al. were unable to see an increase in SigL activity
within an oxidative environment [73], indicating that this redox-switch may play another
unexpected role in Mtb biology.

3g. Role of serine/threonine kinases (STKs) in redox stress response
The serine/threonine kinase (STK) PknB has previously been shown to play a role in the
regulation of ECF σ factors SigH and SigE [47, 62]. Additionally, three other STKs, PknA,
PknE, and PknG have also been shown to play roles in redox stress response and survival
[74-77]. PknA has been characterized as phosphorylating several proteins including PknB,
FtsZ (a tubulin homolog), and FipA (a FtsZ interacting protein) when exposed to
environmental stress [75]. Experimental data have shown that phosphorylation of these
targets is required for cell survival when exposed to oxidative stress, signifying an important
role for PknA in both redox sensing as well as stress survival. PknA, PknE, and PknG show
significant differences from human STKs and have important functions in cell survival; this
makes Mtb STKs attractive drug targets and thus deserving of extensive functional and
regulatory studies. While PknA and PknB are not known to have a direct redox sensing
ability, PknE displays a thioredoxin fold typical of redox sensing proteins [74], and PknG
has been shown to have a CXXCG motif and inhibits macrophage lysosome fusion with
Mtb-containing phagosomes [76, 77]. Together, these studies demonstrate that PknE and
PknG are redox-sensing kinases are important for Mtb to colonize its host, making them
potent targets along with the ECF σ factors for potential new drugs to fight Mtb infection.

4. The Sensory Domains for the Dos two-component system
The Mtb two/three-component DosS/DosT-DosR system comprises two membrane-tethered
histidine kinases, DosS and DosT, which mediate the response to host gaseous small
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molecules such as O2, NO and CO [5, 6, 78, 79] as well as proton concentrations [78]. The
Dos response regulatory system is postulated to signal the bacterium to enter into a
persistent state [80, 81]. When activated, DosS and DosT undergo autophosphorylation and
transfer their signaling phosphate group to the response regulator, DosR [81-83]. DosR is a
transcriptional regulator that regulates a subset of genes (known as the dormancy regulon)
required to enter dormancy [84], resulting in the redirection of the electron transport chain
due to lack of O2. The consequence of this change includes upregulation of alternate
electron acceptors such as nitrate/fumarate and succinate systems [85, 86], downregulation
of basal metabolism [87, 88], upregulation of triacylglycerol production [89, 90], and
thickening of the mycobacterial cell-wall [91].

DosS and DosT have similar four-domain structures, both consisting of two
extracytoplasmic tandem cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA
(GAF) domains followed by a histidine kinase-like and ATPase domains [83, 92, 93]. The
first N-terminal extracellular GAF domain (GAF-A) of both DosS and DosT contains a
heme cofactor whereas the second GAF domain (GAF-B) does not. DosS and DosT sense
small gaseous host molecules and changes in external free proton concentrations via the
heme cofactor of each GAF-A domain. Both kinases are inactive in their ferrous O2-bound
states but active in other ferrous states, for example as in their nitrosyl form [78, 93, 94].
Comprehensive studies have been carried out on the single heme-containing GAF-A
domains [95-97] although little is known regarding the mechanism of intra-domain
communication from the GAF-A heme-binding pocket through to the kinase domain.
Interestingly, DosS and DosT lacking heme, either by truncation of GAF-A domains or
production of full-length apo proteins, retain their autophosphorylation activities suggesting
that the isolated kinase domains alone are fully functional [80, 81, 83]. Further, these results
imply that the heme cofactor is the on-off switch for both DosS and DosT kinase activity
since in its absence the kinase domains are always activated.

Thus far, studies suggest that DosT senses O2, CO and NO [78, 93] while DosS is proposed
to sense the redox state and/or gases [78, 93, 94, 98, 99]. Furthermore, structural and
spectroscopic analyses of DosT and DosS GAF-A domains have been carried out to shed
light on their sensory functions in diatomic ligand binding and have been recently reviewed
in depth by Ortiz de Montellano [97] and others [95, 96].

4a. Structures of GAF-A domains of DosS and DosT
The crystal structures of heme-bound GAF-A domains of DosS [100] and DosT [101] have
been determined, and are structurally similar. Each GAF-A domain comprises a five-
stranded antiparallel β-sheet decorated with four α-helices, two long helices lie diagonally
across one side of the β-sheet and on its other side, two shorter helices run almost parallel.
Additionally, two elaborate loops near the shorter helices form the heme-binding pocket.
The heme-binding cavity is a hydrophobic pocket, which tightly binds heme in an
orientation perpendicular to the β-sheet. Although DosS/DosT GAF-A domains are
structurally similar, there are subtle differences in the accessibility of small molecules to the
heme-binding pocket, which are described below. Of note, the structure of the second GAF-
B domain of M. smegmatis DosS has been solved [102] and despite sharing a similar fold as
the DosS/DosT GAF-A domains, the GAF-B domain does not contain heme and has a six-
stranded β-sheet that is curved, almost forming a β-barrel, whereas the GAF-A domains have
almost flat β-sheets.

Within the DosS GAF-A heme-binding pocket, heme-iron is ligated in its proximal position
through His149, whereas at the distal position heme-iron is ligated to the oxygen of water
(Figure 4). The water molecule hydrogen bonds to Tyr171, which in turn interacts with
His89 via Glu87, which further interacts with Ser166 via a water molecule [100]. Along this
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hydrogen-bonding network, there is no clear channel where water or small gaseous
molecules can traverse from protein surface to heme-iron (Figure 4). Within the DosT GAF-
A binding pocket, the corresponding proximal ligand to heme-iron is also histidine, His147,
and the distal water ligand also hydrogen-bonds to a tyrosine, Tyr169 that interacts with
Arg87 via Gly85 rather than a bulky glutamate as seen for DosS GAF-A, Figure 4 [101].

4b. Exposure of GAF-A domains of DosS and DosT to Oxygen
After reduction followed by exposure to O2, DosT forms a stable ferrous-dioxygen heme
complex (oxy-DosT) [103], and thus acts in a similar manner as the PAS-domain sensor
FixL [104] and E. coli Dos [105], implying that the heme domain is an effective O2 trap. In
contrast, when DosS is reduced and exposed to oxygen, ferric protein (Met-DosS) was
observed. It was suggested that auto-oxidation of DosS occurred rather than forming a stable
complex with O2 and thus, it appears that dissociation of O2 is faster for DosS compared to
DosT [103]. Contrary to these observations, equilibrium dissociation constants of O2 are
reportedly similar for both deoxy ferrous DosT and DosS, 26 μM and 3 μM, respectively
[93]. It should be noted that for both DosS and DosT, NO and CO bind to heme-iron in a
similar manner [97].

The difference in oxygen binding of reduced DosT and DosS could be the consequence of
two separate events. First, DosT GAF-A has an apparent tunnel from its surface to the heme-
iron (Figure 4) whereas Glu87 in DosS GAF-A blocks access for small gaseous molecules to
heme-iron (Figure 4). Substitution of Glu87 with a glycine in the DosS GAF-A (to mimic
DosT Gly85) results in a channel from the domain’s surface to the heme cofactor and
consequently allows small molecules to reach the heme-iron as observed by the formation of
a stable ferrous dioxygen complex [101]. Conversely, when reduced DosT GAF-A
Gly85Glu mutant is exposed to air, there is no formation of the ferrous-dioxygen heme
species [101]. Second, DosT has distal residues keeping oxygen in close proximity to the
heme molecule after dissociation (i.e., Try169 H-bonds to O2). This is supported by
molecular dynamic simulation that demonstrates that H-bonding of O2 to the conserved
tyrosine (Tyr169 in DosT and Tyr171 in DosS) keeps the dissociated molecule closer to the
heme-bound configuration in DosT compared to DosS [103]. However, it remains unclear
why there is a difference in O2 dissociation and rebinding since DosS also has a conserved
tyrosine (Tyr171). Interestingly, the DosT Tyr169Phe mutant allows O2 to escape more
easily whereas CO cannot [103]. One potential mechanism may be that Tyr is locked in an
alternate conformation when the ligand is not O2, thus mutating Tyr unlocks this proposed
alternate conformation and allows the conformation for O2 dissociation which hinders CO
escape. These results suggest that there is a Tyr H-bonding trigger in DosT signal
transmission, and plays an important role in ligand discrimination as it does in DosS [106].
Additionally, the conserved Tyr within the DosS and DosT heme binding sites have been
proposed to modulate the on-off switch of kinase activites for both proteins, demonstrated
by the DosS Tyr171Phe mutant being an inactive kinase in all heme-iron states.

4c. Is DosS a redox sensor?
In vitro biochemical experiments of the DosS GAF-A domain suggest that it could indeed be
a redox sensor. Over the last several years there has been more biological evidence
supporting this hypothesis. Kumar, et al. demonstrated that ferrous DosS and deoxy DosT
show increased autokinase activity compared with Met-DosS and oxy-DosT [78].
Furthermore, DosS and DosT respond to different decreased oxygen concentrations, where
DosT is more sensitive [98]. Finally, Mtb DosS responds to a reduced electron transport
system. The Dos regulon was induced by DosS and not DosT under aerobic conditions by
ascorbate, a powerful cytochrome c reductant, changing the redox signal [107], thus
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confirming that DosS is primarily a redox sensor with a probable secondary function in
sensing molecular gases.

5. Additional systems that maintain Mtb redox balance
Apart from the metal-containing regulatory proteins discussed within this review, there are
other important systems that mycobacteria employ to maintain its redox homeostasis. The
Mtb thiol-disulfide oxidoreductase system encompasses the thioredoxin system and
mycothiol (reviewed in [2, 22]). The thioredoxin system, which comprises of thioredoxin as
well as members from the Ahp and Tpx peroxiredoxin systems, has been shown to maintain
intracellular thiols and peroxide levels. Interestingly, the Mtb disulfide-bond forming (Dsb)
proteins, which include DsbA [108-110], DsbE [111] and DsbF [112], are responsible for
disulfide formation of secreted and often virulent proteins through canonical thioredoxin-
folds and have been implicated in the correct folding of a putative peroxiredoxin [112],
suggesting their roles in redox maintenance. Additionally, in the absence of glutathione, Mtb
produces millimolar concentrations of mycothiol, a major actinobacteria-specific low
molecular weight thiol that functions as a redox buffer [113]. While the role of mycothiol
has been extensively investigated, much less is known about a second low molecular weight
thiol, ergothioneine, although initial characterization in M. smegmatis reveals its role in
protection against oxidative stress [114]. Finally, Mtb’s ability to cope with oxidative stress
also relies on catalase peroxidase, superoxide dismutase and methionine sulfoxide
reductases (reviewed in [2]).

Host-derived gaseous molecules that activate hypoxia are also produced within
mycobacteria during metabolic processes. To that end, Mtb has evolved mechanisms to
circumvent toxic buildup of endogenous levels of NO and CO. As such, truncated Mtb
hemoglobins, GlbO and GlbN, were discovered to possess nitric oxide dioxygenase-like
activity, which capture NO molecules at the entrance of the active site channel [115, 116].
However, this finding is rather controversial and requires experimental clarification.
Moreover, Mtb flavohemoglobins may also function in the conversion of NO and O2 to
nitrate; however this has not been tested. Of note, the assault of CO upon Mtb in host
macrophages is due to the upregulation of host heme oxygenase, which breaks down heme
to release CO. Mtb has a heme uptake system [117, 118], which requires a heme-degrading
protein to release iron for cellular utilization. A cytosolic Mtb heme degrading protein,
MhuD, has been identified [119] where heme is degraded to produce iron without the
formation of CO [120]. Significantly, Mtb MhuD is the first heme-degrading protein shown
not to produce CO presumably to avoid signaling to itself to transition into a latent state. On
the contrary, Mtb can tolerate low levels of CO, suggesting a potential CO resistance
pathway [6]. It has also been suggested that Mtb may utilize CO as a carbon and electron
source [121]. In support of this hypothesis, mycobacteria possess a homolog of the
metalloprotein complex [122], carbon monoxide dehydrogenase (CODH), which hydrolyzes
CO to carbon dioxide, electrons and protons. Furthermore, mycobacteria have been
observed to grow on CO and methanol [123]. However, Mtb utilization of CO as a carbon
source still requires experimental validation.

6. Conclusion
Redox stress response is a vital process for Mtb, as bacterial strains deficient in this process
tend to have reduced or loss of virulence and/or the inability to successfully colonize a host
[2]. Intriguingly, the Wbl proteins, the DosS/DosT-DosR system, and the σ factors appear to
be interrelated in response to stress [11]. In fact, direct links between Wbl proteins and σ
factors have been observed in Corynebacterium galactum and Mtb. C. galactum SigH was
shown to control expression of whcE, a Wbl homolog, as well other genes involved in redox
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sensing [124] whereas Mtb SigB and SigF have been implicated in upregulating the
expression of genes whiB1, whiB2, whiB4 and whiB7 [66, 69, 70].

Understanding the intricacies of Mtb’s complex systems for redox maintenance and stress
sensing, as well as its transition into a latent state is crucial to combat TB, especially with
the recent emergence of multiple drug-resistant Mtb strains. To that end, significant strides
have been made especially for Mtb Wbl proteins, sigma factors and the Dos regulon, with
the eventual hope that these data can be exploited for the development of anti-TB
therapeutics.
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7. Abbreviations

Mtb Mycobacterium tuberculosis

TB tuberculosis

Fe-S iron-sulfur

ZAS zinc-associated anti-σ

ECF extracytoplasmic function

WhiB Subfamily of Whi proteins found in actinomycetes and originally described in
Streptomyces coelicolor whereby mutations in their genes turn gray colonies
white

Wbl WhiB-like

ROS reactive oxygen species

RNS reactive nitrogen species

Dos dormancy survival

GAF cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA
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Highlights

• Mycobacterium tuberculosis (Mtb) has evolved strategies to evade human host
assault

• Mtb redox stress response utilizes metalloproteins to regulate gene expression

• The Wbl protein family contains iron-sulfur clusters that are sensitive to NO and
O2

• The heme cofactor in DosS/DosT senses NO, CO and O2 and regulates DosR
activity

• Zn-dependent anti-σ factors regulate σ factor activity in the presence of ROS
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Figure 1.
Transcriptional factor regulatory subnetwork linking hypoxia, lipid metablosim and protein
degradation. Grey arrows pointing down or up indicate gene down- or up-regulation,
respectively, under hypoxic conditions. Grey lines represent correlated activation or
repression between genes.
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Figure 2.
The proposed mechanism of Wbl activation. Under the current model, the [4Fe-4S] cluster
bound to the Wbl proteins degrade via a series of intermediates upon exposure to NO and
O2. The resulting conserved cysteine residues oxidize to form disulfide bonds and the apo-
Wbl proteins are then able to bind to their respective DNA promoter regions to regulate
transcription or perform their disulfide reductase activity. The oligomeric states of the Wbl
proteins remain to be elucidated.
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Figure 3.
The mechanism of SigL regulation. The membrane-associated anti-σ factor, RslA, contains a
conserved cytosolic ZAS (HXXXCXXC) motif, which coordinates a structural Zn2+ ion
under reducing conditions. SigL function is inhibited through complex formation occluding
SigL’s predicted -35 promoter binding domain (PDB code 3HUG). Upon exposure to
oxidative stress, the two cysteines of the CXXC motif (Cys54 and Cys57) form a disulfide
bond, releasing the Zn2+ ion and leading to a conformational change in RslA. This
conformational change results in the dissociation of the RslA/SigL complex, allowing SigL
to interact with RNA polymerase and upregulate target genes.
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Figure 4.
Structures of DosS and DosT. Molecular surface representation for A & C, with a grey
ribbon model and important residues in stick representation where oxygen and nitrogen are
colored red and blue, respectively, and DosS and DosT carbons are pink and cyan,
respectively. (A) Active site of DosS (PDB code 2W3E) with a H-bonding network from
heme to protein surface that does not allow access of gases to the heme-iron distal site due in
part to Glu87. (B) Superimposition of DosS and DosT where important residues and heme
molecules are in stick representation. (C) Active site of DosT (PDB code 2VZW) where
Gly85, which is in the equivalent position of DosS Glu87, opens a channel for gases to
access the distal position of heme-iron.
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