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Abstract

The ECF sigma family was identified 23 years ago as a distinct group of σ70-like factors. ECF 

sigma factors have since emerged as a major form of bacterial signal transduction that can be 

grouped into over 50 phylogenetically distinct subfamilies. Advances in our understanding of 

these sigma factors and the signaling pathways governing their activity have elucidated conserved 

features as well as aspects that have evolved over time. All ECF sigma factors are predicted to 

share a common streamlined domain structure and mode of promoter interaction. The activity of 

most ECF sigma factors is controlled by an anti-sigma factor. The nature of the anti-sigma factor 

and the activating signaling pathways appear to be conserved within ECF families, while 

considerable diversity exists between different families.

Introduction

Nearly all cells, whether a bacterium invading a plant leaf or a cell in a developing human 

liver, must be able to sense their surroundings and adapt gene expression accordingly. In 

bacteria, a major form of transcriptional regulation is through the exchange of the primary 

sigma subunit of RNA polymerase (RNAP) with an alternative sigma factor redirecting 

RNAP to specific promoters and rapidly reprogramming gene expression. Most bacterial 

species have an array of alternative sigma factors, the largest group of which is the 

ExtraCytoplasmic Function (ECF) family.

From the founding members to the ECF sigma factor family of today

The ECF sigma factors (also known as Group 4) were first recognized as a distinct subgroup 

of σ70-like factors in 1994 [1]. The founding members of the group were σE from 

Escherichia coli, AlgU from Pseudomonas aeruginosa, σE from Streptomyces coelicolor, 
CarQ from Myxococcus xanthus, CnrH from Alcaligenes eurotrophas, HrpL from 

Pseudomonas syringae, SigX from Bacillus subtilis, and FecI from E. coli. All the proteins, 

with the exception of SigX, which was an ORF of unknown function, positively regulated 

gene expression, and E. coli and S. coelicolor σE had been shown to act as sigma factors in 

biochemical assays [2–8]. Sequence comparisons with the primary sigma factor indicated 

that these proteins were essentially streamlined versions of sigma factors [1]. They 
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contained conserved domains 2 and 4, which are responsible for the fundamental properties 

of sigma factors, core RNAP binding and specific promoter recognition, but lacked 

conserved domains found in other sigma factors (Figure 1) [9]. Not only were the primary 

sequences of this new group of sigma factors conserved, but the promoters they recognized, 

which had been identified for AlgU, σE
Ec, σE

Sc, CarQ, and FecI, were also similar, 

particularly in the −35 element [1,6]. This group of proteins shared other features as well. 

All of the proteins regulated genes with extracytoplasmic functions and responded to 

extracytoplasmic signals, inspiring the name of the group [1]. Four of the family members, 

AlgU, σE
Ec, CarQ, and CnrH, were known or predicted to be negatively regulated by 

downstream genes in the same operon [1,7,8,10]. However, it was clear that other regulatory 

mechanisms existed because HrpL was shown to be activated at the level of transcription by 

HrpR and HrpS, two NtrC-like proteins [11]. In this review, we will explore how many of 

the core themes in ECF sigma factor biology identified with the founding eight members 

still hold true today. Ironically, a major exception is the name itself. Although many ECF 

sigma factors do have extracytoplasmic functions, there are members of the family that sense 

intra-cellular signals and govern responses that primarily influence the cytoplasm.

The ECF sigma factor family now comprises approximately 38 000 genes from 7679 

bacterial genomes and constitutes one of the major signal transduction systems in bacteria 

[12••,13]. Phylogenetic analyses have defined 56 major and 32 minor ECF sigma factor 

families based on sequence similarity and genomic context [12••,13,14]. Predicted and 

confirmed ECF sigma factors and their family affiliation, where known, can be found in the 

Microbial Signal Transduction (MiST2) database (http://mistdb.com/). Most bacteria possess 

multiple ECF sigma factors, the number of which is roughly correlated with the size of the 

genome and the lifestyle of the organism [12••,13]. In general, bacteria with large genomes, 

complex developmental programs, and that live in niches subject to fluctuating 

environmental conditions have larger numbers of ECF sigma factors, whereas species with 

smaller genomes that inhabit relatively stable environments have few or no ECF sigma 

factors.

Promoter recognition and transcription initiation

The hallmark of the ECF family is the reduced domain structure. ECF sigma factors lack 

most of domain 1, which in the primary sigma factor binds to the discriminator sequence 

downstream of the −10 promoter element, and domain 3, which recognizes the extended −10 

sequence upstream of the −10 promoter element (Figure 1) [9]. Domain 3 has also been 

proposed to stabilize the incoming nucleotides during initial transcript formation [9,15]. The 

implications of not having these domains are not fully understood and await detailed 

biochemical studies of transcription initiation directed by ECF sigma factors and structural 

studies with an ECF sigma factor-RNAP holoenzyme bound to promoter DNA.

Although a structure of an ECF holoenzyme has yet to be determined, structures of the 

isolated sigma factor domains 2 (σ2) and 4 (σ4) from E. coli σE bound to the −10 and −35 

promoter elements, respectively, are available and provide a wealth of information [16,17••]. 

The structures illustrate both similarities and differences in the ways that ECF sigma factors 

recognize and melt promoter DNA compared to primary sigma factors. The overall docking 
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on the DNA is likely to be conserved among ECF sigma factors given their sequence 

conservation, although the details of any given specific interaction will vary.

Sequence alignments of the founding group of ECF sigma factors clearly showed that the 

ECF σ2 was divergent from that of other σ70 family members [1]. σ2 stabilizes DNA strand 

separation by binding to the non-template strand of the −10 promoter element in the open 

complex [9,15]. The primary sigma factors have a series of conserved hydrophobic and basic 

amino acids that form a pocket that cradles two bases flipped out from the base stack of the 

non-template strand during promoter melting [9,15]. These amino acids are not conserved in 

the ECF σ2 domains [1,17••]. Recent structural studies with σE
Ec domain 2 demonstrate that 

ECF sigmas have solved the problem of promoter melting with a related, but different 

mechanism [17••]. Only one base is flipped out of the ssDNA base stack and it is stabilized 

by a flexible loop connecting helices 2.3 and 2.4 of σ2 (Figure 1a) [17••]. In an interesting 

twist, sequences of the loop vary among ECF sigma factors such that different loops 

recognize different flipped-out bases making this region a specificity determinant [17••].

The sequence of domain 4 of ECF sigma factors more closely resembles that of the primary 

sigma factor [1]. However, the structure of σE
Ec domain 4 bound to the −35 promoter 

element revealed that the ECF σ4 sits further in the major groove and makes more extensive 

contacts with the DNA than σ70 domain 4 (Figure 1b) [16]. Most of the residues that are 

critical for promoter recognition are conserved and structures of σ4 from different ECF 

sigma factors align well with each other indicating that recognition of the −35 promoter 

element is likely to be conserved [16,18,19,20•]. These findings are consistent with 

observations made with the founding members that the promoters they recognized were 

related, particularly in the −35 element [1].

Studies on promoter specificity suggest that within an ECF family, individual sigma factors 

often recognize overlapping sets of the promoters, whereas little crosstalk is found for ECF 

sigma factors from different families [13,21]. Bacteria with multiple ECF sigma factors tend 

to have more ECF sigma factors from non-crosstalking families than from families that have 

a broader promoter specificities, indicating that there is evolutionary pressure on bacteria to 

insulate individual ECF signaling systems [21]. However, variations on this theme do occur. 

B. subtilis has a series of ECF sigma factors that respond to partially overlapping types of 

cell envelope stresses and have partially overlapping promoter specificities [22–24]. This 

arrangement enables a complex response to envelope stress in which a core set of genes is 

induced by most stresses, while other genes are induced in a stress-specific manner 

[21,22,25]. Finally, the ECF sigma factors appear to operate in a modular manner in which 

recognition of the −35 promoter element is independent of the −10 element. Functional 

chimeric sigma factors with novel binding specificities can be constructed by combining σ2 

from one ECF sigma factor with σ4 from a different sigma factor along with the respective 

−35 and −10 promoter sequences [21].
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Antisigma factors

Anti-sigma domains

When the founding ECF sigma factors were first described, it was noted that several were 

negatively regulated by co-transcribed genes encoding anti-sigma factors [1]. With more 

ECF sequences available, this model of co-transcription of the ECF sigma factor with an 

anti-sigma factor has become a defining characteristic for many of the ECF families [13]. 

Anti-sigma factors share little primary sequence homology (~25% conservation over 75 

amino acids) making them difficult to identify from sequence information alone [26]. 

Seminal structural studies of E. coli σE and R. sphaeroides σE bound to their cognate anti-

sigma factors, RseA and ChrR respectively, revealed that the two anti-sigma factors shared a 

structural motif that was termed the anti-sigma domain (ASD) [26,27]. This domain consists 

of a three-helix bundle and is followed by a fourth helix whose position varies (Figure 2) 

[28]. Currently, bioinformatic analyses that combine structural and sequence information 

have identified ASD-like domains in genes co-transcribed with ECF sigma factors for 

approximately 50% of the ECF families [12••,13,26]. The majority of these proteins are 

predicted to be single-pass transmembrane proteins with the ASD in the N-terminal 

cytoplasmic domain [13]. The periplasmic domains of the predicted anti-sigma factors vary 

considerably among different ECF families suggesting that they have diverged to recognize 

disparate signals [12••,13].

Co-crystal structures have been solved for four ECF sigma factors from different families 

bound to their cognate anti-sigma factors, E. coli σE-RseA, R. sphaeroides σE-ChrR, 

B.subtilis σW-RsiW, and M. tuberculosis σK-RskA [26,27,29,30•]. RseA, RskA, and RsiW 

are all inner membrane proteins and the cytoplasmic domain was used for structural studies, 

while ChrR is a soluble cytoplasmic protein and a proteolytically stable fragment lacking the 

C-terminal 10 amino acids was used [26,27,29,30•]. The ASD fold formed by the first three 

helices is highly conserved, although the fourth helix assumes a different position in each 

structure (Figure 2). Interestingly, the way in which each anti-sigma factor binds to the ECF 

sigma factor varies, despite conservation of the ASD fold (Figure 3) [26,27,29,30•]. RseA, 

ChrR, and RskA all bind between the σ2 and σ4 domains, but they dock on the cognate 

sigma factor in different manners (Figure 3) [26,27,30•]. RskA blocks DNA binding and 

RNAP binding surfaces on σK. RseA and ChrR block RNAP binding surfaces in a similar 

fashion on σ2, but interact differently with σ4 [26,27,30•]. Remarkably, the structure of 

RsiW bound to σW reveals a completely different mode of inhibition (Figure 3) [29]. Instead 

of the two sigma factor domains sandwiching the anti-sigma factor, σW forms a compact 

structure in which σW
2 and σW

4 interact with each other in a way that masks the DNA 

binding surface of σW
2 [29]. RsiW wraps around the outside of σW with the ASD occluding 

the promoter-binding surface of σW
4 and the fourth helix reaching around σW

2 [29]. 

Therefore, although the conformation of the ASD has been highly conserved among anti-

sigma factors, the mechanism of inhibition of sigma factor activity is unique for each 

cognate sigma/anti-sigma factor pair examined thus far.
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Zinc binding anti-sigma (ZAS) factors

Over 30% of anti-sigma factors with an ASD contain a Zn-binding motif (C/H-X23–26-H-

X3-C-X2-C) within the ASD [12••,13,26]. The motif was first identified in the S. coelicolor 
anti-sigma factor RsrA, which regulates σR in response to disulfide stress, and then 

visualized structurally in ChrR, which responds to singlet oxygen [26,31,32]. Structural and 

functional studies reveal at least three major classes of ZAS factors whose Zn-binding 

properties vary in their redox sensitivity and role in ECF sigma factor regulation. ChrR binds 

two Zn atoms, one via the Zn binding motif in the amino terminal ZAS domain and the other 

in the carboxy-terminal cupin-like domain (CLD) [26]. Zn stabilizes the fold of the ASD of 

ChrR and is therefore required for σE binding [26]. However, the Zn ion in the ASD is not 

easily dissociated and does not appear to be involved in redox sensing [26]. The ASD of 

RsiW contains a ZAS motif, although σW has not been found to respond to oxidative stress 

[25]. A comparison of structures of the reduced Zn-bound state and oxidized Zn-free state of 

RsiW in complex with σW revealed only minor rearrangements [29]. The overall structure 

and σW binding remain unperturbed by oxidation, leaving the role of Zn unclear [29]. In 

contrast, structural studies of reduced and oxidized RsrA along with a homology model of 

the RsrA-σR complex demonstrate how Zn binding plays critical roles for both structure and 

redox sensing by RsrA [33••]. In solution structures of the reduced Zn-bound form of RsrA, 

the protein folds into a 4-helix bundle that does not resemble the ASD fold [33••]. Neither 

cocrystal nor solution structures of a RsrA-σR complex could be obtained, therefore a 

homology model of the complex was built based on structures of anti-sigma factor/sigma 

factor complexes and constrained by cross-linking data with RsrA and σR [33••]. In the 

resulting model, RsrA undergoes extensive structural rearrangements upon binding σR and 

adopts a classical ASD fold [33••]. In structures of the oxidized form of RsrA, a Zn atom is 

no longer bound and two of the cysteine residues that were involved in zinc binding form a 

disulfide bond. The disulfide bond helps stabilize a compact helical structure in which the 

σR binding surfaces, Zn binding site, and ASD fold are disrupted [33••].

Short extended anti-sigma domains

In addition to the ASD family, a second class of putative anti-sigma factors has been 

proposed in which the ECF sigma is co-transcribed with a predicted transmembrane protein 

containing a short, <50 amino acid, amino-terminal cytoplasmic domain that may act as an 

inhibitor of the sigma factor [12••,13]. Approximately 25% of the ECF sigma factor families 

have these candidate anti-sigma sequences [12••,13]. CnrH, one of the founding ECF sigma 

factors, is regulated by an anti-sigma factor belonging to this class, CnrY [34,35••]. CnrY is 

single-pass transmembrane protein with a 45 amino acid cytoplasmic domain that acts as the 

anti-sigma factor [34]. In the cocrystal structure of the CnrH-CnrY complex, the σ2 and σ4 

domains of CnrH bind to each other concealing the DNA binding surfaces [35••]. CnrY 

wraps across CnrH and blocks sites where the beta subunit of RNAP binds (Figure 3) [35••]. 

A similar mechanism of binding was seen between the anti-sigma NepR and the ECF sigma 

mimic PhyR from Alphaproteobacteria, indicating that this mode of inhibition is not unique 

to CnrH [36,37]. There is no detectable sequence homology between NepR and CnrY 

making bioinformatic identification of these short anti-sigma factors difficult. Interestingly 

the overall mechanism of inhibition of CnrH by CnrY, in which the anti-sigma factor wraps 

around the ECF sigma factor, is analogous to inhibition of σW by RsiW [29].
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Fused regulatory domains

A putative anti-sigma factor could not be identified in 20% of the ECF sigma factor families 

[12••,13]. Some of these sigma factors, including two of the founding ECF sigma factors, 

HrpL and σE
Sc, are primarily regulated at the level of expression and not by anti-sigma 

factors [2,38]. In other families, the ECF sigma factor itself contains additional domains 

beyond σ2 and σ4 that could be regulatory [12••,13]. Once such family is the ECF41 group 

of sigma factors whose members have been identified in bacterial genomes from 10 different 

phyla [13]. These ECF sigma factors appear to be regulated by a C-terminal domain, partial 

truncation of which leads to increased sigma factor activity in vivo, but lower RNAP binding 

in vitro compared to the full-length protein [39]. Surprisingly, complete truncation of the C-

terminal extension eliminated sigma factor activity in vivo and RNAP binding, even though 

the σ2 and σ4 domains were intact [39]. The details about how the regulatory domain senses 

signals and controls RNAP interaction remain to be elucidated.

Signal sensing

Most ECF sigma factors, with the exception of those that are primarily regulated at the level 

of transcription, are held in an inactive state by an anti-sigma factor or by a cis-acting 

inhibitory domain that is disrupted in response to a stimulus. The activating signals, sensed 

indirectly via a signal transduction pathway or directly by the anti-sigma factor itself, trigger 

release of the sigma factor so that it can associate with RNAP and initiate the response [28]. 

Several major classes of activation mechanisms have been identified and include regulated 

proteolysis, partner switching, and conformational changes [28,40]. A general theme that is 

emerging from these studies is that the overall framework of the signal transduction pathway 

is often conserved, especially within an ECF family, while the inducing signals and 

accessory factors that modulate the signal transduction pathways vary. Here we focus on two 

of the most well understood activation mechanisms, sensing of cell envelope signals by 

regulated proteolysis and redox sensing by conformational changes, to illustrate both the 

similarities and variations in how these system have evolved.

Indirect sensing-regulated proteolysis

Regulated proteolysis of the anti-sigma factors is one of the best understood mechanisms of 

ECF sigma factor activation particularly for transmembrane anti-sigma factors that sense 

signals in the cell envelope [41]. The anti-sigma factor is completely degraded in response to 

the inducing signal by the sequential action of two transmembrane proteases followed by 

cytoplasmic pro-teases (Figure 4a–c). The initiating signal triggers the first protease to 

cleave the periplasmic domain from the anti-sigma factor [41]. Release of the periplasmic 

domain removes inhibitory interactions allowing the second pro-tease, usually a member of 

the RIP family of intramembrane proteases, to cleave the anti-sigma factor in the 

transmembrane region thereby releasing the amino terminal domain bound to the sigma 

factor into the cytoplasm [41]. The remaining fragment of the anti-sigma factor is then 

degraded to completion by cytoplasmic proteases, mainly ClpXP, freeing the sigma factor to 

bind to RNAP and initiate transcription [41].
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The overall layout of the proteolytic cascade is conserved in diverse bacteria from E. coli to 

B. subtilis to M. tuberculosis. However, the details in how the pathway is implemented have 

been adapted to fit the needs of the organism. The E. coli σE response is induced by stresses 

that disrupt the outer membrane and its regulon members include genes that facilitate 

delivery of proteins and LPS to the outer membrane [42–44]. Two signals, unfolded outer 

membrane porins (OMPs) and intermediates in LPS biosynthesis that do not reach the outer 

membrane, are required to trigger the proteolytic pathway responsible for degradation of 

RseA [45,46]. Exposed C-terminal peptides from unfolded OMPs bind to and allosterically 

activate DegS, the first protease in the cascade [45]. The LPS intermediates bind to RseB, an 

accessory protein that protects RseA from proteolysis, and dissociate it from RseA (Figure 

4a) [46–48]. Each signal reports on a different aspect of outer membrane integrity, tying σE 

activity directly to outer membrane homeostasis. A remarkably similar proteolytic pathway 

regulates activation of P. aeruginosa AlgU via degradation of its anti-sigma factor, MucA 

(Figure 4a). OMP peptides, although from a smaller subset of porins than in E. coli, activate 

the first protease [49] and LPS intermediates bind MucB, the RseB homologue, to relieve 

inhibition of the first cleavage of MucA (Figure 4a) [46]. The P. aeruginosa system can also 

be activated by OMP peptides in combination with the CupB5 usher protein, when it is 

expressed without its cognate chaperone [50]. CupB5 is proposed to enhance the ability of 

the initiating protease, AlgW, to compete with MucB for access to MucA [50].

B. subtilis σW and σV are also activated in response to cell envelope stresses by regulated 

proteolysis of their cognate transmembrane anti-sigma factors, RsiW and RsiV respectively 

[51•,52–54]. The signals to initiate proteoly-sis of RsiW are not known, but the inducing 

signal and sensing mechanism have recently been elucidated for the RsiV-σV system (Figure 

4b). Instead of the inducing signal directly activating the first protease in the cascade, 

degradation of RsiV is triggered by binding of lysozyme to RsiV, which makes RsiV 

accessible to the initiating protease [55••,56•]. In addition, the active site of lysozyme is 

occluded by RsiV such that binding not only activates σV but also inactivates lysozyme 

[55••]. Once released from RsiV, σV transcribes a set of genes that render the cells resistant 

to lysozyme [57,58].

M. tuberculosis, presents yet another variation on the proteolytic cascade. The same RIP 

protease, Rip1, acts as the second protease in the proteolytic cascades that degrade three 

different anti-sigma factors, RslA, RsmA, and RskA (Figure 4c) [59]. The initiating 

protease(s) has not yet been identified. Recently it was shown that an adaptor protein, Ppr1, 

binds to both RsmA and the substrate binding domain of Rip1 and prevents signal-

independent degradation of RsmA (Figure 4c) [60]. The adaptor is proposed to provide 

specificity to the system by tethering RsmA to the protease. This model predicts that 

additional adaptor proteins exist to connect Rip1 with each of the remaining anti-sigma 

factors [60].

Direct sensing-conformational changes

The best characterized system for direct sensing of an inducing signal is disulfide stress 

sensing by RsrA. RsrA is activated by reactive electrophiles such as diamide and is less 

sensitive to reactive oxygen species like H2O2 [61,62•]. The rate-limiting step in activation is 
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loss of Zn from RsrA, which is followed by release of σR and formation of a disulfide bond 

in RsrA (Figure 4d) [33••].

The disulfide bond stabilizes a conformation, described above, that does not bind σR [33••]. 

Once released, σR transcribes genes required to combat thiol stress [63]. A similar 

mechanism has been proposed for RslA, a M. tuberculosis ZAS-containing anti-sigma 

factor. H2O2 treatment of RslA results in loss of bound Zn and formation of a disulfide bond 

[18]. The affinity of Zn-free RslA for σL, its cognate ECF sigma factor, is less than that of 

the Zn-bound form [18]. However, treatment with DTT to prevent disulfide bond formation 

did not affect σL binding, indicating that the activation mechanism is not entirely the same 

as that governing RsrA–σR interactions [18,33••]. Unlike RsrA, which is cytoplasmic, RslA 

is a transmembrane anti-sigma factor and is also regulated by a proteolytic cascade [59]. 

How these two activating mechanisms interact to modulate σL activity in vivo is not yet 

understood.

An entirely different redox sensing mechanism is employed by the ChrR-σE system of R. 
sphaeroides (Figure 4e). ChrR binds two Zn ions, one in the N-terminal ZAS domain and the 

other in a C-terminal cupin-like domain (Figure 3) [26]. Although the N-terminal ZAS 

domain requires Zn to bind σE, the N-terminal domain is not involved in sensing singlet 

oxygen [26]. Instead the C-terminal cupin-like domain is required for signal sensing. 

Interestingly, the conserved amino acids that coordinate the Zn atom in the cupin-like 

domain are required for the response to singlet oxygen, but release of the Zn ion is not 

necessary [26,64]. Mutations of these residues render ChrR signal blind, even though Zn 

binding is relatively unperturbed [64]. Singlet oxygen also leads to degradation of ChrR, 

suggesting that regulated proteolysis is involved in the signaling pathway [64,65]. The 

protease(s) responsible for degrading ChrR have yet to be identified [65].

Interactions with other regulatory networks

The ECF sigma factors are often regarded as stand-alone pathways that are activated solely 

by a dedicated signal transduction pathway. However, several ECF sigma factors have been 

shown to respond to additional regulators, indicating that they are more fully integrated into 

cellular regulatory networks than originally thought. E. coli σE can be activated 

independently of RseA and the envelope stress signaling pathway by the alarmone ppGpp, a 

global regulator that mediates the cellular response to nutrient limitation and other stresses 

[66,67•,68]. The stress signaling pathway that controls the degradation rate of RseA sets the 

overall amount of σE that is free to interact with RNAP, while ppGpp activates σE-dependent 

transcription initiation [66,69]. B. subtilis σX and σM were recently shown to be activated 

independently of their anti-sigma factors in response to glucose [70•]. In these cases, anti-

sigma factor-independent activation provides a way for the bacterium to increase expression 

of genes controlled by these sigma factors in the absence of envelope stress, perhaps 

preparing the cell in advance should such stresses arise. As more ECF sigma factors are 

studied, it will be important to determine whether integration into cellular regulatory 

networks is prevalent, or whether the primary role of these pathways is as dedicated, stand-

alone signaling modules.
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Future directions

From their start as a small group of sigma factors, the ECF family now constitutes a central 

pillar of bacterial signal transduction. Research into these regulators and the pathways that 

control their activity has illuminated many general principles about their mechanisms of 

action and roles in cellular signaling. However, we have barely scratched the surface in 

exploring this large and diverse family. Clearly the themes and variations outlined here will 

continue to evolve as more ECF systems are investigated.
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Figure 1. 
Promoter recognition by ECF sigma factors. (a) Domain 2 from σE

Ec bound to the 

nontemplate strand of the −10 promoter element is shown. Protein helices are in red and 

loops are in gray, while promoter DNA is in blue. The loop that determines binding 

specificity is indicated. It forms a pocket for the cytosine base, shown in ball and stick 

format, that is flipped out from the ssDNA helix. (b) Domain 4 from σE
Ec bound to the −35 

promoter element is shown. Protein helices are in green and loops in gray. (c) Schematic of 

conserved regions of ECF and primary sigma factors are diagrammed. Interactions between 

individual sigma factor domains and the promoter are indicated by dashed lines. NCR is the 

nonconserved region of primary sigma factors. Disc. is the discriminator motif and ext. −10 

is the extended −10 motif. Structural representations were generated from PDB 4LUP [17] 

and 2H27 [16] using Chimera [44].
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Figure 2. 
Structural conservation of the ASD from ChrR, RseA, RskA, and RsiW. Structural 

alignments were performed using Swiss-PDBViewer 4.0 and displayed using Chimera [71]. 

The three-helix bundle is superimposable for all the anti-sigma factors, while the position of 

the fourth helix is variable. ChrR is shown in cyan, RseA in green, RskA in orange, and 

RsiW in red.
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Figure 3. 
Two modes of sigma factor/anti-sigma factor interactions. Structures of σE

Ec bound to RseA 

(top left), σK
Mtb bound to RskA (top center), σE

Rs bound to ChrR (top right), σW
Bs bound to 

RsiW (bottom left), and CnrH bound to CnrY (bottom center) are shown. Domains 2 and 4 

of the sigma are in red and green, respectively. The anti-sigma factors are shown in 

turquoise. For ChrR, ChrR-ASD is the N-terminal anti-sigma domain and ChrR-CLD is the 

C-terminal cupin-like domain. A cartoon representation of the two binding modes is shown 

(bottom right). Structural representations were generated from PDB 1OR7 [27], 2Q1Z [26], 

4NQW [30•], 5WUQ [29] and 4CXF [35••] using Chimera [71].

Sineva et al. Page 16

Curr Opin Microbiol. Author manuscript; available in PMC 2018 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Envelope sensing by regulated proteolysis and redox sensing by conformational changes. (a) 
Roles of the key players in the pathways regulating σE

Ec and AlgU are depicted as the 

system transitions from the inactive to the active state. Proteolysis of RseA and MucA is 

triggered by binding of OMP peptides to DegS and AlgW in conjunction with release RseB 

and MucB from the anti-sigma factor upon LPS binding. For P. aeruginosa, CupB5 can 

activate AlgW bypassing the need for LPS binding to MucB. (b) Activation of σV by 

degradation of RsiV following lysozyme binding is depicted. In the inactive state, the first 

protease to act, signal peptidase, cannot access RsiV. Binding of lysozyme to RsiV exposes 

the cleavage site in RsiV to signal peptidase initiating the proteolytic cascade. (c) A related 

proteolytic pathway regulates degradation of the RsmA, RskA, and RslA anti-sigma factors 

from M. tuberculosis. The initiating protease and inducing signals have yet to be identified. 

Rip1 is responsible for the second cleavage in the proteolytic cascade for all three anti-sigma 

factors. The adapter protein, Ppr1, bridges Rip1 and RsmA and prevents cleavage. Similar 

adapter proteins have been postulated for RskA and RslA. (d) Redoxing sensing by RsrA is 

depicted. In the inactive state, σR is sequestered by the reduced Zn bound form of RsrA. 

Exposure to reactive electrophile species results in loss of Zn, formation of an 

intramolecular disulfide bond, structural rearrangement of RsrA, and release of σR. (e) 
Activation of σE by singlet oxygen (1O2). In the inactive state, σE is bound to ChrR. Singlet 

oxygen sensing involves ligands of the Zn atom in the ChrR-CLD, although loss of Zn is not 

absolutely required, and leads to degradation of ChrR by an unknown mechanism.
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