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Abstract

The gram-negative envelope is a complex structure, consisting of the inner membrane, periplasm, 

peptidoglycan, and outer membrane, that protects the cell from the environment. Changing 

environmental conditions can cause damage, which triggers the envelope stress responses to 

maintain cellular homeostasis. Here, we review the causes, both environmental and intrinsic, of 

envelope stress, as well as the cellular stress response pathways that counter these stresses. 

Furthermore, we discuss the damage to the cell that occurs when these stresses are aberrantly 

activated either in the absence of stress or to an excessive degree. Finally, we discuss the 

mechanism through which constant monitoring by a stress response, the σE response, prevents cell 

death from highly toxic unfolded outer membrane proteins. Together, the recent work we discuss 

has provided insights that emphasize the necessity for proper levels of stress response activation 

and the extreme consequences that can occur in the absence of proper regulation.

Introduction

The gram-negative envelope is composed of the inner membrane (IM), the periplasm 

containing a thin layer of peptidoglycan (PG), and the outer membrane (OM)1. This 

envelope provides gram-negative bacteria with a great deal of resistance to environmental 

insults and toxic molecules including antibiotics. The OM acts as a strong permeability 

barrier due to its asymmetric organization with lipopolysaccharide (LPS) in the outer leaflet 

and phospholipids in the inner leaflet. Hydrophilic lateral interactions between LPS 

molecules bridged by divalent cations and saturated acyl chains make the OM impermeable 

to both large hydrophilic molecules and hydrophobic molecules2,3. OM β-barrel proteins 

(OMPs) let small hydrophilic molecules, such as nutrients, through the OM1. The cell’s 

impermeability is compounded by the presence of efflux pumps that can remove toxic 

molecules that penetrate the OM4. In addition to the barrier represented by the OM, the 

periplasm contains molecules and proteins involved in protecting the cell from stress, as well 

as many proteins involved in transport and metabolic functions1,5. Furthermore, the PG and 

OM are load-bearing structures that protect against mechanical and osmotic stress1,5-7. The 

IM serves as a final barrier between the environment and the cytoplasm as well as the 

location of many important cellular functions1.
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Due to the importance of the envelope for the maintenance of cellular homeostasis, bacteria 

have stress responses to respond to damage from the environmental or intrinsic stressors and 

restore envelope homeostasis. Natural stress is often sudden and transient and cells must 

respond quickly to survive (Table 1). These stress responses have both overlapping and 

distinct activating signals and outputs allowing the cell to respond to a wide range of insults 

(see below). Each envelope stress response is activated through the interaction between 

sensor proteins and signs of envelope stress. The activation of sensors leads to signaling 

cascades that cause alterations to gene expression. Generally, these alterations will increase 

quality control for the stressed component of the envelope while often down regulating the 

production of the affected envelope component (reviewed in Refs.8-12). In addition to these 

envelope stress responses, some non-envelope stress responses can also alter the envelope 

(Box 1).

In conditions causing full activation of an envelope stress response, toxic effects are 

observed. These conditions often result from mutations either within the stress response 

pathway or in envelope biogenesis pathways. Several recent developments have provided 

insights to the importance of appropriate levels of stress response activation to avoid damage 

from excessive activation and to prevent the accumulation of unfolded proteins in the 

envelope.

In this Review, we provide an overview of the envelope stress response pathways present in 

Escherichia coli, the most extensively studied model system. We discuss the environmental 

and intrinsic sources of envelope stress that cause their activation. We cover the importance 

of appropriate levels of stress response activation and the damage caused to the cell by 

excessive activation. Finally, we discuss how recent insights into stress response activation 

have highlighted the extreme toxicity of unfolded OMPs.

Sources of Cell Envelope Stress

Environmental changes.

One of the major responsibilities of envelope stress response systems is to protect cells from 

changing environmental conditions. For instance, a shift to a lower temperature will slow the 

biosynthesis of envelope components13, slow the folding of proteins14, and make the cell’s 

membranes less fluid15. By contrast, a shift to high temperature can cause proteins to 

unfold16, increase rates of biosynthesis and so overload assembly machinery17,18, and 

increase membrane fluidity15.

In addition to temperature, other changes to the cell’s environment, including changing pH, 

changing osmolarity, and unfavorable redox conditions, also cause stress to the cell 

envelope. Alterations to pH cause misfolding of proteins as well as disruption of enzymatic 

reactions. Changing osmolarity can cause rapid uptake or efflux of water from the cell and 

cause corresponding changes in the physical pressure and tension on the cellular membranes 

and cell wall, as well as causing changes to solute concentrations19. Unfavorable redox 

conditions, which, among other sources, can be causes by reactive oxygen species, lead to 

oxidative damage to proteins and membranes, greatly impairing their functions20. In 

addition, many cell envelope proteins, including essential proteins, rely on disulfide bonds to 
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maintain their structure and alteration of these bonds due to oxidative stress can greatly 

impair the function of these proteins20.

An extension of environmental stress leading to envelope damage is stress caused by nutrient 

limitation. For instance, auxotrophic bacteria may be unable to successfully synthesize 

portions of their envelope in the absence of key nutrients. Furthermore, micronutrients are 

essential for synthesis of some envelope components. The large protein complexes of the 

electron transport chain require numerous iron sulfur clusters and heme groups21. Therefore, 

a lack of environmental iron can cause misfolding of these proteins and disruption of the 

IM21. As another example, a lack of divalent cations in the environment causes disruption of 

the lateral interactions between LPS molecules in the OM, leading to a loss of OM 

integrity22.

Toxic molecules and antibiotics.

In addition to general environmental conditions that disrupt the cell envelope, the 

environment can also contain toxic molecules capable of damaging the envelope. For 

instance, exposure to toxic levels of metals (e.g. copper, zinc) damages components of the 

envelope through oxidative damage or displacement of native metals and leads to stress 

response activation23,24. Furthermore, exposure to antibiotics that either directly target the 

cell envelope (e.g. inhibit cell wall synthesis25, OM disruption26) or indirectly damage the 

cell envelope (e.g. protein synthesis inhibitors that cause clogging of the Sec secretion 

machinery27) activates stress responses to attempt to repair the damage caused. Although 

this exposure can be caused by clinical use of antibiotics, it can also be caused by exposure 

to organisms that produce antibiotics to increase their competitiveness28. In the context of 

pathogenesis, host barriers to infection can cause envelope damage and stress response 

activation. Upon host entry, bacteria encounter antimicrobial peptides that disrupt the 

integrity of both the OM and the IM29. In addition, enteric bacteria are exposed to bile salts, 

which act as detergents and disrupt membranes30.

Intrinsic sources of stress.

Through the processes of growth and metabolism, the cell can generate toxic molecules and 

metabolizes (e.g. reactive oxygen species, metabolic intermediates) that are capable of 

causing damage to the envelope similar to that caused by extrinsic stressors. The effects of 

these metabolites have been recently reviewed31. In addition, translational stress caused by 

lack of specific amino acids or charged tRNAs or by mutations in the protein translation 

machinery leads to an increase in mistranslation32. The mistranslated polypeptides are likely 

to misfold and cause unfolded protein stress in the envelope as well as the cytoplasm. When 

translation stress is exaggerated under laboratory conditions by protein overexpression or by 

treatment with at least some antibiotics that target translation, it can lead to the 

mislocalization of cytoplasmic proteins to the envelope33. This causes damage to and 

increased permeability of both the IM and OM33.

Mutations that cause alterations in envelope biogenesis pathways18,34-37 can be considered 

special cases of intrinsic stress and envelope stress responses are often studied in this 

context. However, this can be misleading because the level of stress caused by mutations are 
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constant and cells have adapted by the time the experimentalist makes observations. 

Although it is unlikely that envelope biogenesis pathways evolved to address stress caused 

by these mutations, they can be used to study the causes of stress response activation as 

specific alterations to the envelope can be clearly defined in a way that is often not possible 

with environmental sources of stress, which cause multiple envelope defects.

Overview of Envelope Stress Responses

σE Response.

The σE system, named for the envelope stress sigma factor (σE), responds to the buildup of 

unfolded OMPs in the periplasm38,39 as well as to the production of altered forms of LPS40. 

Both decreases in LPS acetylation and the production of deep rough forms of LPS with 

truncated core polysaccharides have been reported to activate the σE response40,41. A recent 

study in Salmonella enterica serovar Typhimurium has also demonstrated σE activation in 

response to UVA radiation42. It is possible that the sensing of the activating signals differs 

between the various stresses causing σE activation. However, the response of the σE system 

to unfolded OMPs is more clearly understood and perhaps more relevant as activation of σE 

increases expression of σH, the heat shock sigma factor43, underscoring a role in the 

response to unfolded proteins.

The σE response is generated through a proteolytic cascade. When the σEsystem is not 

induced, σE is prevented from activating transcription of its target genes by association with 

an anti-sigma factor, RseA44 (Figure 1a). RseA, an IM protein, binds directly to σE 

preventing its association with RNA polymerase45. To activate the σE response, unfolded 

OMPs in the periplasm bind to an IM protease, DegS, causing a conformational change in 

DegS that allows it to cleave RseA, removing its periplasmic domain38. The cleavage of 

RseA by DegS can be inhibited by RseB, which binds to the periplasmic domain of RseA46. 

Although the exact mechanism relieving this inhibition in activating conditions remains 

unclear, it is possible that RseB is displaced through interaction with the acyl chains of 

LPS40 or through interactions with unfolded OMPs46.

In non-activating conditions, a second IM protease, RseP47, is prevented from cleaving 

RseA by steric hindrance caused by the periplasmic domain of RseA48 (Figure 1a). Cleavage 

of the periplasmic domain of RseA by DegS removes this steric hindrance48 and allows 

RseP to carry out a second cleavage of RseA within the transmembrane domain47, 

facilitating release of σE and a small soluble fragment of RseA into the cytoplasm49. The 

soluble fragment of RseA is removed by cytoplasmic proteases and σE is released, allowing 

it to associate with RNA polymerase and activate its regulon49.

When the σE system is activated, genes are transcribed from σE-dependent promoters 

leading, generally, to the upregulation of OMP folding pathways50,51. The regulon includes 

periplasmic chaperones that maintain OMPs in an unfolded state in the periplasm, members 

of the β-barrel assembly machine responsible for inserting OMPs into the OM, and 

periplasmic proteases that degrade misfolded OMPs50. In addition, σE increases the 

transcription of two sRNAs, MicA and RybB, responsible for decreasing OMP synthesis52 

and one sRNA, MicL, responsible for decreasing levels of the most abundant lipoprotein 
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(Lpp)53. Together, up regulating the OMP folding apparatuses and quality control factors 

and decreasing the production of new OMPs leads to the restoration of OMP homeostasis. 

σE also regulates genes involved in LPS biogenesis and transport supporting its role in 

responding to alterations in LPS structure50.

Cpx Response.

While the σE response is focused on OM stress, the Cpx stress response, named for 

conjugative plasmid expression54, seems to be focused on the IM. The unifying signal for 

Cpx activation is thought to be defects in protein secretion across the IM or to the misfolding 

of secreted IM and/or periplasmic proteins10, although the relationship between some Cpx 

activating stresses and protein misfolding has not yet been determined. Cpx activating 

stresses include increasing pH55, changing osmolarity56, adhesion of the cell to hydrophobic 

surfaces57, defects in PG biosynthesis36,58, exposure to ethanol59, exposure to copper60, and 

changes to phospholipid composition61, among others10. The response to these stresses is 

transmitted through a canonical two-component system.

CpxA is the sensor histidine kinase of the Cpx two component system and is directly 

responsible for sensing stress. Based on the structure of CpxA62 and on mutations in CpxA 

causing constitutive activity of the Cpx system63-65, it has been proposed that CpxA can be 

activated by incorrect folding of its periplasmic sensor domain10 (Figure 1b). Structural 

changes in the CpxA sensor domain causes the histidine kinase domain located in the 

cytoplasm to autophosphorylate66. The phosphate group is transferred to the receiver domain 

of CpxR66, activating it for transcriptional regulation. As CpxA, like most other kinases, acts 

as both a kinase and phosphatase, removing CpxA causes activation of CpxR66. One of the 

genes most highly transactivated by CpxR is cpxP67. CpxP inhibits CpxA activation and acts 

in a negative feedback mechanism68. The transcriptional unit encoding CpxP also encodes 

an sRNA, CpxQ, which negatively regulates CpxP translation as well as translation of 

Skp69,70, a periplasmic chaperone (see section on unfolded OMPs).

It has been known for some time that overexpression of the OM lipoprotein NlpE actives the 

Cpx stress response71. A direct signaling role for NlpE was demonstrated by showing that 

the protein was required for sensing adhesion to hydrophobic surfaces57. Recently, work 

indicates that the Cpx response plays an important role in combating the stress caused by 

defects in lipoprotein targeting to the OM. Such defects leave NlpE stuck in the IM where it 

likely activates CpxA directly (unpublished observations, K.L. May, K.M. Lehman, A.M. 

Mitchell, and M Grabowicz)34.

As Cpx is a stress response system that responds to IM stress, one functional result of Cpx 

activation is the direct or indirect transcriptional repression of the genes for proteins forming 

non-essential membrane protein complexes10. The complexes down regulated include 

electron transport chain complexes (nuo, cyo) and deletion of these operons during 

membrane stress in a cpxR mutant can restore envelope homeostasis72. It is likely down 

regulation of these complexes eases the assembly of essential protein complexes, especially 

given the increase in chaperone and protease expression caused by Cpx activation10. The 

Cpx response also increases expression of PG modifying proteins, efflux related genes, and 
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genes related to metal and redox homeostasis73. These transcriptional modifications help to 

restore IM homeostasis.

Rcs Response.

The Rcs, or regulator of capsule synthesis74, system responds to alterations in LPS charge or 

fluidity26,35,37, changes in PG biosynthesis25, and to defects in lipoprotein trafficking75. The 

system can also be activated by the loss of osmoregulated periplasmic glycans (i.e. 

membrane-derived oligosaccharides)37,76. All of these stresses are signaled through the 

stress sensor protein RcsF, which is an OM lipoprotein25,26,37,75. The response of Rcs is also 

modulated through effects on the protein stability and folding of one if its response 

regulators, RcsA (see below).

Unlike the Cpx two-component system, signaling through Rcs is conducted through a more 

complex phosphorelay (Figure 1c). The sensor protein RcsF is an OM lipoprotein found in a 

unique conformation where the N-terminal lipidated residue is located in the outer leaflet of 

the OM and the linker domain is threaded through an OMP, locating the signaling domain of 

RcsF in the periplasm77,78. Recent work has made it clear that this conformation allows 

RcsF access to sense LPS defects using a series of positively charged residues predicted to 

interact with the charged residues on LPS35. In addition, RcsF threaded through an OMP 

may be responsible for sensing PG defects. However, it is possible that RcsF senses these 

defects from the OM but before associating with OMPs78. This model has not been 

thoroughly explored. Rcs signaling in response to lipoprotein trafficking defects are caused 

by accumulation of RcsF on the IM75.

In non-activating conditions, Rcs activation is repressed by IgaA, an IM protein that interacts 

with the histidine kinase, RcsC, or phosphotransferase, RcsD, to prevent RcsD from 

phosphorylating RcsB, a response regulator9. When RcsF receives an activating signal, it is 

thought to physically associate with IgaA and prevent its repression of signaling78,79 (Figure 

1c). Under these conditions, the histidine kinase, RcsC, can autophosphorylate and then 

phosphorylate RcsD, which in turn phosphorylates RcsB, activating it for transcriptional 

regulation80.

RcsB can regulate transcription either as a homodimer or as a heterodimer with other 

response regulators, notably RcsA9. In contrast to RcsB, RcsA is not regulated by 

phosphorylation. Instead, it is regulated through proteolysis by the Lon protease81, through 

temperature dependent effects on its folding82, and through transcriptional positive 

feedback83. The most well characterized transcriptional change caused by RcsB 

homodimers is an upregulation of the RprA sRNA84. RprA increases the translation of 

RpoS85, the stationary phase sigma factor responsible for cross protection from many 

stresses5. Heterodimers of RcsAB increase expression of genes leading to the production of 

colanic acid capsule, decrease expression of regulators of flagellar motility, and increase 

expression of genes involved in a biofilm lifestyle86-88. In addition, many members of the 

Rcs regulon remain genes of unknown function9. RcsB has also been reported to form 

heterodimers with BglJ89, GadE90, MatA91 and DctR91; however, these interactions are 

independent of phosphorylation of RcsB caused by activation of the Rcs response89-91.
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Bae Response.

The Bae stress response, named for bacterial adaptive response92, can be activated by 

exposure to toxic molecules including ethanol59, indole93, nickel chloride94, sodium 

tungstate94, and zinc24,95, and by pilin subunit overexposure93. The Bae stress response 

consists of a canonical two-component system, where BaeS is the sensor histidine kinase 

responsible for phosphorylating BaeR, the response regulator92 (Figure 1d). When BaeR is 

phosphorylated, it upregulates a small regulon leading to increases in levels of Spy (a 

periplasmic chaperone), several efflux pumps, several genes of unknown function, and BaeS 

and BaeR96,97. These effects would make Bae well suited to respond to exposure to toxic 

molecules from which the cell can be protected by efflux. Indeed, overexpression of BaeR 

leads to novobiocin and bile salt resistance97.

Psp Response.

The Psp stress response, named for phage shock protein98, tends to be activated by extensive 

disruptions of the IM that result in loss of the proton motive force (PMF)99-101. Psp 

activating IM disruptions tend to be more severe than those required to activate Cpx. These 

can involve infection by filamentous phage98, extreme heat shock98, osmotic shock98, 

ethanol exposure98, organic solvent exposure102, disruptions of protein secretion103, and 

localization of OMPs at the IM104. Although it has been thought that Psp is induced directly 

by changes in the PMF99-101,105, the inducing signal may be more complicated106-108. The 

Psp transcriptional enhancer, PspF, is prevented from acting in non-inducing conditions 

through a physical interaction with PspA109-111 (Figure 1e). The IM proteins PspB and PspC 

have been proposed to be the sensors of this system111,112, although at least some signals 

seem to be directly sensed by PspA108,113,114. When they are activated, PspB and PspC bind 

to PspA releasing PspF111. PspF is an enhancer-binding protein that interacts with RNA 

polymerase containing σN (the nitrogen regulation sigma factor) to increase transcription of 

pspA, pspB, pspC, pspD, pspE, and pspG115,116. In addition to sequestering PspF, PspA acts 

as an effector in the Psp response by binding to the inner leaflet of the IM and preventing 

leakage of protons through the membrane117,118 (Figure 1e). Furthermore, PspB and PspC 

have been reported to have a direct role in preventing secretin toxicity100. PspD and PspG 

are also considered to be effectors116,119, although their functions have not been fully 

characterized. Furthermore, it appears activation of Psp leads to the activation of ArcAB, 

which represses genes involved in aerobic respiration and increases anaerobic respiration119.

Extreme Stress Response Activation

RseA deletion is toxic.

The σE stress response is essential in E. coli and rpoE cannot be deleted120. However, over-

activation of the σE stress response is also deleterious. This can be illustrated by the toxicity 

caused by the deletion of rseA, the gene for the anti-sigma factor that represses σE’s 

transcriptional activity121,122. Deletion of rseA causes constitutive full activation of the σE 

system (Figure 2a). Strains lacking RseA are sensitive to compounds that are normally 

excluded by the OM such as bacitracin, rifampicin, sodium dodecyl sulfate (SDS), and bile 

salts123-126. In addition, these strains lyse within a few days of entry into stationary 

phase127.
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The death during stationary phase and the sensitivity to chemical insults is caused by defects 

in OM integrity and can be prevented by addition of divalent cations to increase lateral 

bridging between LPS molecules123. This loss of OM integrity is due in large part to the 

large decrease in OMP levels caused by the MicA and RybB sRNAs with σE activation123 

(Figure 2a). The sensitivity demonstrates that, although the σE response is helpful (and in 

fact essential), too much activation harms the barrier function of the OM and impedes cell 

growth. These works emphasize that proper levels of response activation are necessary to 

respond effectively to stress.

PG defects from Cpx over-activation.

Mutations in cpxA causing constitutive activation of the Cpx system, known as cpxA* 

alleles, cause activation of the Cpx system independent of inducing signals63-65. These 

cpxA* mutations cause defects in cell division and irregular cell size and shape128. This was 

found to be due to frequent mislocation of the FtsZ ring, and so the site of cell division. The 

effect is dependent on the strength of the cpxA* allele, with stronger Cpx induction leading 

to aberrant cell division at lower temperatures.

More recently, it has been demonstrated that strongly inducing cpxA* alleles cause growth 

defects, extending doubling time129. In addition, these strains produce both filamented cells 

and minicells and have defects in cell width. The defective growth, filamentation, and cell 

width defect could be suppressed by deleting ldtD129, a PG crosslinking enzyme in the Cpx 

regulon130. However, deletion of ldtD did not fully suppress the production of minicells129. 

Together, these data demonstrate that, although normal activation of Cpx is helpful in 

responding to PG stress, too much activation causes defects in PG structure that adversely 

affect the cell (Figure 2b).

Extreme Rcs activation causes toxicity.

Many studies have demonstrated that RcsF maintained at the inner membrane, through 

treatment with antibiotics inhibiting lipoprotein processing35, mutations leading to defects in 

lipoprotein processing75,131,132, or mutations to RcsF changing its trafficking75,133,134, 

induces constitutive Rcs signaling. An early indication of toxicity occurring due to 

mislocalization of RcsF at the inner membrane came from investigating the temperature 

sensitivity of a pgsA lpp double mutant131. Removal of PgsA is generally lethal135 due to a 

lack of phosphatidylglycerol causing a defect in lipoprotein processing136. This lethality is 

suppressed by removing Lpp, a highly abundant OM lipoprotein that is toxic on the IM due 

to its attachment to PG136. However, this strain still undergoes rapid lysis at high 

temperature (42 °C)131.

Screening for suppressors of this temperature sensitivity demonstrated viability at high 

temperature could be restored, without a change in phospholipid levels, by insertions in rcsF 
or by preventing Rcs signaling with deletions in rcsC or rcsD131, suggesting that Rcs 

activation was responsible for the temperature sensitivity. Further work determined that a 

proportion of RcsF is retained at the IM in a pgsA lpp double mutant and that the Rcs 

signaling and temperature sensitivity could be suppressed by increasing processing of 

lipoproteins75 (Figure 2c). A recent study examined the essentiality of components of the 
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Lol machinery, which transports lipoproteins to the OM34. Similar to the results found with 

pgsA, the toxicity caused by depletion of LolB, the OM component of the system, is greatly 

decreased by deleting lpp and resF or rcsB.

The authors then investigated the members of the Rcs regulon involved in mediating this 

toxicity34. They determined that the toxicity of Rcs activation in the context of LolB 

depletion was due entirely to the overexpression of osmB34, which encodes a small OM 

lipoprotein of unknown function133 (Figure 2c). The reason for the toxicity caused by osmB 
overexpression in the context of a lipoprotein trafficking defect remains unclear, but is 

thought to be due to IM accumulation of OsmB. Nevertheless, it is evident that aberrant 

levels of Rcs activation cause toxicity that can, in some cases, be lethal. Interestingly, full 

activation of Rcs by deletion of igaA is also lethal78,137, although it is not known whether 

this toxicity involves Lpp or OsmB. Given these examples of toxicity caused by over 

activation of several different stress responses, caution should be used in interpreting these 

extreme cases as evidence for, or against, the protectiveness of a stress response in relation 

to a given stimulus.

Toxicity of Unfolded OMPs

Speed of stress response induction.

Recent studies involving the σE response as well as the Cpx response have demonstrated the 

extreme toxicity of unfolded OMPs. These studies highlight the race between toxicity from 

the onset of unfolded OMP stress and the induction of stress responses. Several pairs of 

mutations in OMP biogenesis pathways that cause synthetic lethality or temperature 

sensitivity have been used to identify mechanisms the cell can employ to respond to the 

accumulation of unfolded OMPs. The most common pair used is deletion of bamB, a non-

essential lipoprotein member of the BAM complex that assembles OMPs138,139, and degP, a 

periplasmic protease that degrades unfolded OMPs140, which has a synthetic phenotype17. 

Suppressors of this double mutant that restore growth have been found in the EnvZ/OmpR 

pathway, which responds to osmotic shifts and acid stress141. These mutations generally lead 

to lower levels of OMPs synthesized and so decrease flux through the system. Mutations in 

the σE system that decrease OMP levels have also been found to suppress the ΔbamB ΔdegP 
double mutant142. Loss of function mutations or deletions in rseA cause large decreases in 

OMP levels, while an apparent promoter duplication in the operon encoding rpoE and rseA 
caused a slight decrease in OMP levels. Loss of function mutations in rseA have also been 

found to suppress the temperature sensitivity of a strain with deletions in degP and surA18, a 

major periplasmic chaperone involved in the folding of OMPs143. In fact, recent work has 

demonstrated that low level pre-activation of the σE stress response due to an activating 

mutation in DegS can suppress OM defects and lethality caused by an assembly defective 

OMP as well as synthetic lethality caused by OMP biogenesis mutants126.

In addition to these mutations that cause pre-activation of the σE system, an intriguing point 

mutation in rpoE (RpoES2R) was found that suppresses the temperature sensitivity of not 

only the degP surA mutant but also two other synthetic lethal pairs in OMP biogenesis18. 

This mutation does not increase basal levels of σE activation or alter the function of σE. 

Instead, it increases translation of rpoE and transcription of the operon encoding rpoE and 

Mitchell and Silhavy Page 9

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rseA. This greatly increases σE levels and brings its levels closer to those of RseA. The 

consequence of this is that the σE response is induced more quickly and more strongly in 

response to unfolded OMP stress18. The effectiveness of this suppressor mutation 

emphasizes the speed with which it is necessary for cells to respond to unfolded OMPs in 

order to survive. Clearly, these unfolded proteins must have a very rapid and deleterious 

effect on the cell.

OMP levels are constantly regulated.

The σE stress response is essential for viability in E. coli120, Yersinia enterocolitica 144, and 

Vibrio cholerae145 but is non-essential in Salmonella enterica serovar Typhiumurium146, 

Haemophilus influenzae147, or Pseudomonas aeruginosa148. Recent work has suggested that 

the presence of O-antigen on LPS strengthens the OM6 and that this may be enough to make 

σE non-essential in Salmonella enterica42. Whether the presence of O-antigen affects σE 

essentiality in E. coli remains unclear. However, insight into the reason for σE essentiality in 

E. coli, and perhaps the reason why strengthening the OM is necessary in the absence of σE, 

has recently been gained.

In searching for inhibitors of OMP biogenesis, batimastat, a metalloprotease inhibitor149, 

was identified as an inhibitor of RseP’s protease activity that causes decreased σE activity 

and ultimately death in E. coli150. When examining the effect of batimastat on the cell, the 

authors determined that treatment with batimastat caused the accumulation of unfolded 

OMPs even in the absence of other stress. This accumulation occurred despite the presence 

of a normal amount of DegP and BamA, an essential member of the Bam complex150. These 

data suggest that even under normal conditions, OMPs are falling off the assembly pathway 

and that the σE response is constantly monitoring and adjusting the rate of OMP production 

in order to prevent toxicity from these unfolded OMPs. To further support this conclusion, 

the authors note that batimastat killing is synergistic with mutations in the OMP biogenesis 

pathway and that deletion of the genes for two abundant OMPs (OmpA and OmpC) confers 

partial resistance to batimastat150. Interestingly, the essentiality of σE in Vibrio cholerae is 

suppressed by reducing expression of its major porin, OmpU, suggesting constant 

monitoring of OMP folding is also necessary in Vibrio cholerae145. The necessity of 

constant monitoring of OMP biogenesis and the death that occurs when this monitoring is 

prevented emphasizes the toxicity of these molecules when they are in an unfolded state.

Unfolded OMPs may disrupt PMF.

Insights into the cause of the toxicity of unfolded OMPs have been gained through 

investigation of the interaction between a lethal mutation causing LamB (an OMP) to be 

tethered to the IM and the Cpx system. The mutation in LamB (LamBA23D) causes a defect 

in signal sequence cleavage and severe toxicity to the IM indicated by activation of the Psp 

stress response104. The lethality of this mutant was found to be dependent on the folding 

competence of LamB. Nevertheless, the toxicity of this mutant can be suppressed by 

constitutive activation of the Cpx system using CpxA* mutations63. Cpx is activated by 

LamBA23D without CpxA*; however, native levels of Cpx activation are not sufficient for 

survival. However, until recently, the mechanism of suppression remained unclear.
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Work examining the function of an sRNA produced at high abundance by the Cpx system, 

CpxQ, found that this sRNA is necessary for the suppression of LamBA23D by CpxA* 

mutations70. One of the targets of CpxQ is Skp69, a periplasmic chaperone that is competent 

for OMP membrane insertion151. Expression of CpxQ causes decreased levels of Skp 

protein69,70. It is, in fact, the decrease in Skp levels that is necessary for the suppression of 

LamBA23D by CpxA* mutations70.

These studies combined with the activation of the Psp stress response by LamBA23D suggest 

a compelling model for the toxicity caused by unfolded OMPs (Figure 3). Folding 

competent chaperones like Skp seem likely to be allowing unfolded OMPs, which have 

failed to properly assemble into the OM, to aberrantly fold into the IM. The β-barrel 

structure of OMPs is not found in the inner membrane because they represent open pores 

that allow the diffusion of water, ions, and hydrophilic molecules up to 600 Da152. The 

presence of these open pores in the IM would quickly disrupt the PMF and the essential 

functions of the IM and cause cell death.

Conclusions and Outlook

Bacteria such as Escherichia coli have evolved sophisticated mechanisms to protect 

themselves from the challenging, often hostile, environments that they inhabit. Naively, one 

may have thought that to maximize protection the cell would have these defense systems full 

on at all times. Clearly, that is not the case. Not only would this deplete critical cellular 

resources, but it has also become apparent that aberrant activation of many of these 

pathways is detrimental to the cell. For one of the stress responses, Rcs, it is clear that the 

reason for toxicity is the overexpression of osmB; however, the function of OsmB remains 

unclear. For the other stress responses, it has been clarified that the same functions that are 

normally helpful cause toxicity when present at too high a level and/or in the absence of 

stress. This paradoxical result could be thought of as analogous to the immune system that 

normally protects humans from bacterial infections causing death during sepsis.

It is also clear that the envelope stress responses are not off all the time either. This is 

especially clear for the σE stress response; turning this response off is lethal for Escherichia 
coli. In this case, it is clear that OMPs are falling off the assembly pathway all the time, even 

under normal, unstressed conditions. It seems likely that normal metabolism and normal cell 

growth cause intrinsic stress that must be combatted and that this is handled by low-level 

expression of all stress responses. Turning these responses off is not necessarily lethal as it is 

for the σE stress response, but it likely has detrimental consequences in all cases.

Since all of the stress responses must be induced, then clearly highly sensitive detectors are 

required because the onset of stress begins an existential race between the accumulating 

damage caused by that stress and the ability of the cell to respond and repair the injury and 

destruction. How misfolded OMPs are detected by the σE stress response has been worked 

out in detail. However, for the other stress responses the true nature of the inducing signal 

and how it is sensed are not yet clear. An understanding of the inducing signal would also 

allow more detailed analysis of induction kinetics. Further investigation of these open 
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questions will lead to intriguing insights into the interaction between the environment and 

the envelope.
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Glossary

Outer membrane protein (OMP)
Integral membrane proteins of the OM with a β-barrel structure

β-barrel assembly machine (BAM)
OM protein complex which inserts OMPs into the OM

Efflux pump
PMF or ATP driven transporter that transports toxic molecules out of the cell

MicA
A small RNA that decreases the translation of some OMPs as well as other targets

RybB
A small RNA that decreases the translation of some OMPs as well as other targets

Lpp
A highly abundant OM lipoprotein which cross-links the OM to the PG

Two-component system
A signaling system consisting of an IM sensor histidine kinase which phosphorylate a 

response regulator that acts as a transcriptional control factor

Regulon
Genes for which a regulator controls transcription

BglJ
A transcriptional regulator possibly involved in the utilization of β-glucosides

GadE
A transcriptional regulator that controls genes related pH homeostasis and efflux

MatA
A transcription factor involved in the switch between a planktonic and an adhered lifestyle

DctR
A transcriptional regulator with poorly defined function

Proton motive force (PMF)
The buildup of protons in the periplasm generated by the electron transport change used to 

generate ATP as well as directly drive some transport processes
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σN

A sigma factor involved in controlling the expression of nitrogen-regulated and nitrogen-

related genes

Bacitracin
An antibiotic targeting PG biosynthesis by preventing recycling of the isoprenoid lipid 

carrier used to assemble PG monomers

Rifampicin
An antibiotic targeting transcriptional elongation

Bile salts
Molecules produced as part of bile that act as detergents and help the nutritional absorption 

of lipids

LdtD
A L,D-transpeptidase that catalyzes DAP3-DAP3 cross-links in peptidoglycan

FtsZ ring
Assembly of a ring of FtsZ protein which represents the earliest characterized step in cell 

division and determines the location of septum

PgsA
Phosphatidylglycerophosphate synthase catalyzing the first committed step in the 

biosynthesis of acidic phospholipids

Batimastat
A metalloprotease inhibitor which can inhibit activity of RseP

Skp
A periplasmic chaperone that helps prevent the misfolding and aggregation of newly 

synthesized OMPs

References

1. Silhavy TJ, Kahne D & Walker S The bacterial cell envelope. Cold Spring Harbor Perspectives in 
Biology 2, doi:10.1101/cshperspect.a000414 (2010).This work provides a comprehensive review of 
bacterial envelope structure.

2. Raetz CR & Whitfield C Lipopolysaccharide endotoxins. Annu Rev Biochem 71, 635–700, doi:
10.1146/annurev.biochem.71.110601.135414 (2002). [PubMed: 12045108] 

3. Nikaido H Molecular basis of bacterial outer membrane permeability revisited. Microbiology and 
Molecular Biology Reviews 67, 593–656, doi:10.1128/mmbr.67.4.593-656.2003 (2003). [PubMed: 
14665678] 

4. Li X-Z, Plésiat P & Nikaido H The challenge of efflux-mediated antibiotic resistance in Gram-
negative bacteria. Clinical Microbiology Reviews 28, 337–418, doi:10.1128/cmr.00117-14 (2015). 
[PubMed: 25788514] 

5. Navarro Llorens JM, Tormo A & Martinez-Garcia E Stationary phase in gram-negative bacteria. 
FEMS Microbiol Rev 34, 476–495, doi:FMR213 [pii] 10.1111/j.1574-6976.2010.00213.x (2010). 
[PubMed: 20236330] 

Mitchell and Silhavy Page 13

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Rojas ER et al. The outer membrane is an essential load-bearing element in Gram-negative bacteria. 
Nature 559, 617–621, doi:10.1038/s41586-018-0344-3 (2018). [PubMed: 30022160] This study 
demonstrates that the OM plays a large role in the physical integrity of the cell, a role traditionally 
believed to be held only by PG.

7. Berry J, Rajaure M, Pang T & Young R The spanin complex is essential for lambda lysis. J Bacteriol 
194, 5667–5674, doi:10.1128/jb.01245-12 (2012). [PubMed: 22904283] 

8. Flores-Kim J & Darwin AJ The Phage Shock Protein Response. Annual Review of Microbiology 
70, 83–101, doi:10.1146/annurev-micro-102215-095359 (2016).

9. Wall E, Majdalani N & Gottesman S The Complex Rcs Regulatory Cascade. Annual Review of 
Microbiology 72, 111–139, doi:10.1146/annurev-micro-090817-062640 (2018).

10. Raivio TL Everything old is new again: an update on current research on the Cpx envelope stress 
response. Biochim Biophys Acta 1843, 1529–1541, doi:10.1016/j.bbamcr.2013.10.018 (2014). 
[PubMed: 24184210] 

11. Grabowicz M & Silhavy TJ Envelope Stress Responses: An Interconnected Safety Net. Trends in 
biochemical sciences 42, 232–242, doi:10.1016/j.tibs.2016.10.002 (2017). [PubMed: 27839654] 

12. Raivio TL MicroReview: Envelope stress responses and Gram-negative bacterial pathogenesis. 
Molecular Microbiology 56, 1119–1128, doi:doi:10.1111/j.1365-2958.2005.04625.x (2005). 
[PubMed: 15882407] 

13. Pogliano KJ & Beckwith J The Cs sec mutants of Escherichia coli reflect the cold sensitivity of 
protein export itself. Genetics 133, 763–773 (1993). [PubMed: 8462840] 

14. Wang J The Complex Kinetics of Protein Folding in Wide Temperature Ranges. Biophysical 
Journal 87, 2164–2171, doi:10.1529/biophysj.104.042812 (2004). [PubMed: 15454419] 

15. Sinensky M Homeoviscous Adaptation—A Homeostatic Process that Regulates the Viscosity of 
Membrane Lipids in Escherichia coli. Proceedings of the National Academy of Sciences 71, 522–
525, doi:10.1073/pnas.71.2.522 (1974).

16. Laminet AA, Ziegelhoffer T, Georgopoulos C & Pluckthun A The Escherichia coli heat shock 
proteins GroEL and GroES modulate the folding of the beta-lactamase precursor. EMBO J 9, 
2315–2319 (1990). [PubMed: 2192863] 

17. Charlson ES, Werner JN & Misra R Differential effects of yfgL mutation on Escherichia coli outer 
membrane proteins and lipopolysaccharide. J Bacteriol 188, 7186–7194, doi:10.1128/jb.00571-06 
(2006). [PubMed: 17015657] 

18. Konovalova A, Schwalm JA & Silhavy TJ A Suppressor Mutation That Creates a Faster and More 
Robust σE Envelope Stress Response. Journal of Bacteriology 198, 2345–2351, doi:10.1128/jb.
00340-16 (2016). [PubMed: 27325680] This study identifies a mutation in σE that causes faster 
induction of the σE response and suppresses OMP biogenesis defects.

19. Wood JM Bacterial responses to osmotic challenges. The Journal of General Physiology 145, 381–
388, doi:10.1085/jgp.201411296 (2015). [PubMed: 25870209] 

20. Arts IS, Gennaris A & Collet J-F Reducing systems protecting the bacterial cell envelope from 
oxidative damage. FEBS Letters 589, 1559–1568, doi:10.1016/j.febslet.2015.04.057 (2015). 
[PubMed: 25957772] 

21. Price CE & Driessen AJM Biogenesis of membrane bound respiratory complexes in Escherichia 
coli. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1803, 748–766, doi:
10.1016/j.bbamcr.2010.01.019 (2010). [PubMed: 20138092] 

22. Marvin HJ, ter Beest MB & Witholt B Release of outer membrane fragments from wild-type 
Escherichia coli and from several E. coli lipopolysaccharide mutants by EDTA and heat shock 
treatments. Journal of bacteriology 171, 5262–5267 (1989). [PubMed: 2507517] 

23. Kershaw CJ, Brown NL, Constantinidou C, Patel MD & Hobman JL The expression profile of 
Escherichia coli K-12 in response to minimal, optimal and excess copper concentrations. 
Microbiology 151, 1187–1198, doi:10.1099/mic.0.27650-0 (2005). [PubMed: 15817786] 

24. Wang D & Fierke CA The BaeSR regulon is involved in defense against zinc toxicity in E coli. 
Metallomics : integrated biometal science 5, 372–383, doi:10.1039/c3mt20217h (2013). [PubMed: 
23446818] 

Mitchell and Silhavy Page 14

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Laubacher ME & Ades SE The Rcs phosphorelay is a cell envelope stress response activated by 
peptidoglycan stress and contributes to intrinsic antibiotic resistance. J Bacteriol 190, 2065–2074, 
doi:10.1128/jb.01740-07 (2008). [PubMed: 18192383] 

26. Farris C, Sanowar S, Bader MW, Pfuetzner R & Miller SI Antimicrobial peptides activate the Rcs 
regulon through the outer membrane lipoprotein RcsF. J Bacteriol 192, 4894–4903, doi:10.1128/jb.
00505-10 (2010). [PubMed: 20675476] 

27. van Stelten J, Silva F, Belin D & Silhavy TJ Effects of antibiotics and a proto-oncogene homolog 
on destruction of protein translocator SecY. Science (New York, N.Y.) 325, 753–756, doi:10.1126/
science.1172221 (2009).

28. Hibbing ME, Fuqua C, Parsek MR & Peterson SB Bacterial competition: surviving and thriving in 
the microbial jungle. Nature reviews. Microbiology 8, 15–25, doi:10.1038/nrmicro2259 (2010). 
[PubMed: 19946288] 

29. Hancock REW & Diamond G The role of cationic antimicrobial peptides in innate host defences. 
Trends in Microbiology 8, 402–410, doi:10.1016/S0966-842X(00)01823-0 (2000). [PubMed: 
10989307] 

30. Merritt ME & Donaldson JR Effect of bile salts on the DNA and membrane integrity of enteric 
bacteria. Journal of Medical Microbiology 58, 1533–1541, doi:doi:10.1099/jmm.0.014092-0 
(2009). [PubMed: 19762477] 

31. Guest RL & Raivio TL Role of the Gram-Negative Envelope Stress Response in the Presence of 
Antimicrobial Agents. Trends in Microbiology 24, 377–390, doi:10.1016/j.tim.2016.03.001 
(2016). [PubMed: 27068053] 

32. Mohler K & Ibba M Translational fidelity and mistranslation in the cellular response to stress. 
Nature microbiology 2, 17117–17117, doi:10.1038/nmicrobiol.2017.117 (2017).

33. Morra R et al. Translation Stress Positively Regulates MscL-Dependent Excretion of Cytoplasmic 
Proteins. mBio 9, e02118–02117, doi:10.1128/mBio.02118-17 (2018). [PubMed: 29382730] This 
study demonstrates that either protein overexpression or antibiotics inhibiting translation 
elongation causes aberrant protein secretion in a manner dependent on a large mechanosensitive 
protein channel involved in protection from osmotic shock.

34. Grabowicz M & Silhavy TJ Redefining the essential trafficking pathway for outer membrane 
lipoproteins. Proceedings of the National Academy of Sciences 114, 4769–4774, doi:10.1073/
pnas.1702248114 (2017).

35. Konovalova A, Mitchell AM & Silhavy TJ A lipoprotein/beta-barrel complex monitors 
lipopolysaccharide integrity transducing information across the outer membrane. Elife 5, doi:
10.7554/eLife.15276 (2016).

36. Danese PN et al. Accumulation of the Enterobacterial Common Antigen Lipid II Biosynthetic 
Intermediate Stimulates degP Transcription in Escherichia coli. Journal of Bacteriology 180, 
5875–5884 (1998). [PubMed: 9811644] 

37. Girgis HS, Liu Y, Ryu WS & Tavazoie S A Comprehensive Genetic Characterization of Bacterial 
Motility. PLOS Genetics 3, e154, doi:10.1371/journal.pgen.0030154 (2007).

38. Walsh NP, Alba BM, Bose B, Gross CA & Sauer RT OMP peptide signals initiate the envelope-
stress response by activating DegS protease via relief of inhibition mediated by its PDZ domain. 
Cell 113, 61–71 (2003). [PubMed: 12679035] 

39. Mecsas J, Rouviere PE, Erickson JW, Donohue TJ & Gross CA The activity of sigma E, an 
Escherichia coli heat-inducible sigma-factor, is modulated by expression of outer membrane 
proteins. Genes Dev 7, 2618–2628 (1993). [PubMed: 8276244] 

40. Lima S, Guo MS, Chaba R, Gross CA & Sauer RT Dual molecular signals mediate the bacterial 
response to outer-membrane stress. Science 340, 837–841, doi:10.1126/science.1235358 (2013). 
[PubMed: 23687042] 

41. Klein G et al. Multiple Transcriptional Factors Regulate Transcription of the rpoE Gene in 
Escherichia coli under Different Growth Conditions and When the Lipopolysaccharide 
Biosynthesis Is Defective. J Biol Chem 291, 22999–23019, doi:10.1074/jbc.M116.748954 (2016). 
[PubMed: 27629414] 

42. Amar A, Pezzoni M, Pizarro RA & Costa CS New envelope stress factors involved in σE activation 
and conditional lethality of rpoE mutations in Salmonella enterica. Microbiology, doi:doi:10.1099/

Mitchell and Silhavy Page 15

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mic.0.000701 (2018).This study defines new inducing signals for the σE response in Salmonella 
and determines that the σE response in Salmonella becomes essential in the absence of O-antigen.

43. Wang QP & Kaguni JM A novel sigma factor is involved in expression of the rpoH gene of 
Escherichia coli. J Bacteriol 171, 4248–4253 (1989). [PubMed: 2546916] 

44. Ades SE, Connolly LE, Alba BM & Gross CA The Escherichia coli sigma(E)-dependent 
extracytoplasmic stress response is controlled by the regulated proteolysis of an anti-sigma factor. 
Genes & development 13, 2449–2461 (1999). [PubMed: 10500101] 

45. Campbell EA et al. Crystal structure of Escherichia coli sigmaE with the cytoplasmic domain of its 
anti-sigma RseA. Mol Cell 11, 1067–1078 (2003). [PubMed: 12718891] 

46. Chaba R et al. Signal integration by DegS and RseB governs the σE-mediated envelope stress 
response in Escherichia coli. Proceedings of the National Academy of Sciences 108, 2106–2111, 
doi:10.1073/pnas.1019277108 (2011).This study demonstrates that the σE response requires both 
activation of DegS and reprieve of RseB inhibition is necessary to activate the σE response and 
suggested the unfolded OMPs may be sufficient for both signals.

47. Akiyama Y, Kanehara K & Ito K RseP (YaeL), an Escherichia coli RIP protease, cleaves 
transmembrane sequences. The EMBO journal 23, 4434–4442, doi:10.1038/sj.emboj.7600449 
(2004). [PubMed: 15496982] 

48. Akiyama K et al. Roles of the membrane-reentrant β-hairpin-like loop of RseP protease in selective 
substrate cleavage. eLife 4, e08928, doi:10.7554/eLife.08928 (2015).

49. Flynn JM, Levchenko I, Sauer RT & Baker TA Modulating substrate choice: the SspB adaptor 
delivers a regulator of the extracytoplasmic-stress response to the AAA+ protease ClpXP for 
degradation. Genes Dev 18, 2292–2301, doi:10.1101/gad.1240104 (2004). [PubMed: 15371343] 

50. Rhodius VA, Suh WC, Nonaka G, West J & Gross CA Conserved and variable functions of the 
sigmaE stress response in related genomes. PLoS Biol 4, e2, doi:10.1371/journal.pbio.0040002 
(2006).

51. Dartigalongue C, Missiakas D & Raina S Characterization of the Escherichia coli sigma E regulon. 
J Biol Chem 276, 20866–20875, doi:10.1074/jbc.M100464200 (2001). [PubMed: 11274153] 

52. Guillier M, Gottesman S & Storz G Modulating the outer membrane with small RNAs. Genes & 
Development 20, 2338–2348, doi:10.1101/gad.1457506 (2006). [PubMed: 16951250] 

53. Guo MS et al. MicL, a new sigmaE-dependent sRNA, combats envelope stress by repressing 
synthesis of Lpp, the major outer membrane lipoprotein. Genes Dev 28, 1620–1634, doi:10.1101/
gad.243485.114 (2014). [PubMed: 25030700] 

54. McEwen J & Silverman P Chromosomal mutations of Escherichia coli that alter expression of 
conjugative plasmid functions. Proc Natl Acad Sci U S A 77, 513–517 (1980). [PubMed: 
6102380] 

55. Danese PN & Silhavy TJ CpxP, a Stress-Combative Member of the Cpx Regulon. Journal of 
Bacteriology 180, 831–839 (1998). [PubMed: 9473036] 

56. Jubelin G et al. CpxR/OmpR Interplay Regulates Curli Gene Expression in Response to 
Osmolarity in Escherichia coli. Journal of Bacteriology 187, 2038–2049, doi:10.1128/jb.
187.6.2038-2049.2005 (2005). [PubMed: 15743952] 

57. Otto K & Silhavy TJ Surface sensing and adhesion of Escherichia coli controlled by the Cpx-
signaling pathway. Proceedings of the National Academy of Sciences 99, 2287–2292, doi:10.1073/
pnas.042521699 (2002).

58. Evans KL, Kannan S, Li G, de Pedro MA & Young KD Eliminating a set of four penicillin binding 
proteins triggers the Rcs phosphorelay and Cpx stress responses in Escherichia coli. J Bacteriol 
195, 4415–4424, doi:10.1128/jb.00596-13 (2013). [PubMed: 23893115] 

59. Bury-Moné S et al. Global Analysis of Extracytoplasmic Stress Signaling in Escherichia coli. 
PLOS Genetics 5, e1000651, doi:10.1371/journal.pgen.1000651 (2009). [PubMed: 19763168] 

60. Yamamoto K & Ishihama A Characterization of Copper-Inducible Promoters Regulated by CpxA/
CpxR in Escherichia coli. Bioscience, Biotechnology, and Biochemistry 70, 1688–1695, doi:
10.1271/bbb.60024 (2006).

61. Mileykovskaya E & Dowhan W The Cpx two-component signal transduction pathway is activated 
in Escherichia coli mutant strains lacking phosphatidylethanolamine. Journal of Bacteriology 179, 
1029–1034, doi:10.1128/jb.179.4.1029-1034.1997 (1997). [PubMed: 9023180] 

Mitchell and Silhavy Page 16

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



62. Kwon E et al. The crystal structure of the periplasmic domain of Vibrio parahaemolyticus CpxA. 
Protein science : a publication of the Protein Society 21, 1334–1343, doi:10.1002/pro.2120 (2012). 
[PubMed: 22760860] 

63. Cosma CL, Danese PN, Carlson JH, Silhavy TJ & Snyder WB Mutational activation of the Cpx 
signal transduction pathway of Escherichia coli suppresses the toxicity conferred by certain 
envelope-associated stresses. Mol Microbiol 18, 491–505 (1995). [PubMed: 8748033] 

64. Danese PN, Snyder WB, Cosma CL, Davis LJ & Silhavy TJ The Cpx two-component signal 
transduction pathway of Escherichia coli regulates transcription of the gene specifying the stress-
inducible periplasmic protease, DegP. Genes Dev 9, 387–398 (1995). [PubMed: 7883164] 

65. McEwen J & Silverman P Chromosomal mutations of Escherichia coli that alter expression of 
conjugative plasmid functions. Proceedings of the National Academy of Sciences 77, 513–517, 
doi:10.1073/pnas.77.1.513 (1980).

66. Raivio TL & Silhavy TJ Transduction of envelope stress in Escherichia coli by the Cpx two-
component system. J Bacteriol 179, 7724–7733 (1997). [PubMed: 9401031] 

67. Price NL & Raivio TL Characterization of the Cpx Regulon in Escherichia coli Strain MC4100. 
Journal of Bacteriology 191, 1798–1815, doi:10.1128/jb.00798-08 (2009). [PubMed: 19103922] 
This study provided the first comprehensive analysis of the Cpx regulon.

68. Raivio TL, Popkin DL & Silhavy TJ The Cpx envelope stress response is controlled by 
amplification and feedback inhibition. J Bacteriol 181, 5263–5272 (1999). [PubMed: 10464196] 

69. Chao Y & Vogel JA 3′ UTR-Derived Small RNA Provides the Regulatory Noncoding Arm of the 
Inner Membrane Stress Response. Molecular Cell 61, 352–363, doi:10.1016/j.molcel.2015.12.023 
(2016). [PubMed: 26805574] This study identified the CpxQ sRNA which is transcribed with 
CpxP and down regulates IM proteins which tend to misfold, as well as Skp, a periplasmic 
chaperone.

70. Grabowicz M, Koren D & Silhavy TJ The CpxQ sRNA Negatively Regulates Skp To Prevent 
Mistargeting of β-Barrel Outer Membrane Proteins into the Cytoplasmic Membrane. mBio 7, doi:
10.1128/mBio.00312-16 (2016).This study determined that CpxQ down regulates Skp in order to 
prevent the insertion of OMPs into the IM, which would lead to the dissipation of the PMF.

71. Snyder WB, Davis LJ, Danese PN, Cosma CL & Silhavy TJ Overproduction of NlpE, a new outer 
membrane lipoprotein, suppresses the toxicity of periplasmic LacZ by activation of the Cpx signal 
transduction pathway. J Bacteriol 177, 4216–4223 (1995). [PubMed: 7635808] 

72. Guest RL, Wang J, Wong JL & Raivio TL A Bacterial Stress Response Regulates Respiratory 
Protein Complexes To Control Envelope Stress Adaptation. Journal of Bacteriology 199, e00153–
00117, doi:10.1128/jb.00153-17 (2017). [PubMed: 28760851] 

73. López C, Checa SK & Soncini FC CpxR/CpxA Controls scsABCD Transcription To Counteract 
Copper and Oxidative Stress in Salmonella enterica Serovar Typhimurium. Journal of Bacteriology 
200, e00126–00118, doi:10.1128/jb.00126-18 (2018). [PubMed: 29866803] 

74. Gottesman S, Trisler P & Torres-Cabassa A Regulation of capsular polysaccharide synthesis in 
Escherichia coli K-12: characterization of three regulatory genes. Journal of bacteriology 162, 
1111–1119 (1985). [PubMed: 3888955] 

75. Shiba Y et al. Exploring the relationship between lipoprotein mislocalization and activation of the 
Rcs signal transduction system in Escherichia coli. Microbiology 158, 1238–1248, doi:10.1099/
mic.0.056945-0 (2012). [PubMed: 22322964] This study determined that the temperature 
sensitivity of a psgA mutant is due to the IM localization of RcsF, caused by inefficiency in 
lipoprotein processing.

76. Ebel W, Vaughn GJ, Peters HK 3rd & Trempy JE Inactivation of mdoH leads to increased 
expression of colanic acid capsular polysaccharide in Escherichia coli. J Bacteriol 179, 6858–6861 
(1997). [PubMed: 9352941] 

77. Konovalova A, Perlman DH, Cowles CE & Silhavy TJ Transmembrane domain of surface-exposed 
outer membrane lipoprotein RcsF is threaded through the lumen of beta-barrel proteins. 
Proceedings of the National Academy of Sciences 111, E4350–E4358, doi:10.1073/pnas.
1417138111 (2014).

78. Cho S-H et al. Detecting Envelope Stress by Monitoring β-Barrel Assembly. Cell 159, 1652–1664, 
doi:10.1016/j.cell.2014.11.045 (2014). [PubMed: 25525882] 

Mitchell and Silhavy Page 17

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



79. Hussein NA, Cho S-H, Laloux G, Siam R & Collet J-F Distinct domains of Escherichia coli IgaA 
connect envelope stress sensing and down-regulation of the Rcs phosphorelay across subcellular 
compartments. PLOS Genetics 14, e1007398, doi:10.1371/journal.pgen.1007398 (2018). 
[PubMed: 29852010] 

80. Takeda S, Fujisawa Y, Matsubara M, Aiba H & Mizuno T A novel feature of the multistep 
phosphorelay in Escherichia coli: a revised model of the RcsC --> YojN --> RcsB signalling 
pathway implicated in capsular synthesis and swarming behaviour. Mol Microbiol 40, 440–450 
(2001). [PubMed: 11309126] 

81. Torres-Cabassa AS & Gottesman S Capsule synthesis in Escherichia coli K-12 is regulated by 
proteolysis. J Bacteriol 169, 981–989 (1987). [PubMed: 3029041] 

82. Jubete Y, Maurizi MR & Gottesman S Role of the Heat Shock Protein DnaJ in the Lon-dependent 
Degradation of Naturally Unstable Proteins. Journal of Biological Chemistry 271, 30798–30803, 
doi:10.1074/jbc.271.48.30798 (1996). [PubMed: 8940060] 

83. Ebel W & Trempy JE Escherichia coli RcsA, a positive activator of colanic acid capsular 
polysaccharide synthesis, functions To activate its own expression. J Bacteriol 181, 577–584 
(1999). [PubMed: 9882673] 

84. Majdalani N, Hernandez D & Gottesman S Regulation and mode of action of the second small 
RNA activator of RpoS translation, RprA. Mol Microbiol 46, 813–826 (2002). [PubMed: 
12410838] 

85. Majdalani N, Chen S, Murrow J, St John K & Gottesman S Regulation of RpoS by a novel small 
RNA: the characterization of RprA. Mol Microbiol 39, 1382–1394 (2001). [PubMed: 11251852] 

86. Ferrieres L, Aslam SN, Cooper RM & Clarke DJ The yjbEFGH locus in Escherichia coli K-12 is 
an operon encoding proteins involved in exopolysaccharide production. Microbiology 153, 1070–
1080, doi:10.1099/mic.0.2006/002907-0 (2007). [PubMed: 17379715] 

87. Wehland M & Bernhard F The RcsAB box. Characterization of a new operator essential for the 
regulation of exopolysaccharide biosynthesis in enteric bacteria. J Biol Chem 275, 7013–7020 
(2000). [PubMed: 10702265] 

88. Francez-Charlot A et al. RcsCDB His-Asp phosphorelay system negatively regulates the flhDC 
operon in Escherichia coli. Mol Microbiol 49, 823–832 (2003). [PubMed: 12864862] 

89. Venkatesh GR et al. BglJ-RcsB heterodimers relieve repression of the Escherichia coli bgl operon 
by H-NS. Journal of bacteriology 192, 6456–6464, doi:10.1128/JB.00807-10 (2010). [PubMed: 
20952573] 

90. Castanie-Cornet MP, Treffandier H, Francez-Charlot A, Gutierrez C & Cam K The glutamate-
dependent acid resistance system in Escherichia coli: essential and dual role of the His-Asp 
phosphorelay RcsCDB/AF. Microbiology 153, 238–246, doi:10.1099/mic.0.29278-0 (2007). 
[PubMed: 17185552] 

91. Pannen D, Fabisch M, Gausling L & Schnetz K Interaction of the RcsB Response Regulator with 
Auxiliary Transcription Regulators in Escherichia coli. J Biol Chem 291, 2357–2370, doi:10.1074/
jbc.M115.696815 (2016). [PubMed: 26635367] 

92. Nagasawa S, Ishige K & Mizuno T Novel members of the two-component signal transduction 
genes in Escherichia coli. Journal of biochemistry 114, 350–357 (1993). [PubMed: 8282725] 

93. Raffa RG & Raivio TL A third envelope stress signal transduction pathway in Escherichia coli. 
Molecular Microbiology 45, 1599–1611, doi:doi:10.1046/j.1365-2958.2002.03112.x (2002). 
[PubMed: 12354228] This study identified the BaeSR two-component system as an envelope 
stress response that induces spy expression in response to envelope damage.

94. Zhou L, Lei X-H, Bochner BR & Wanner BL Phenotype MicroArray Analysis of Escherichia coli 
K-12 Mutants with Deletions of All Two-Component Systems. Journal of Bacteriology 185, 4956–
4972, doi:10.1128/jb.185.16.4956-4972.2003 (2003). [PubMed: 12897016] 

95. Leblanc SKD, Oates CW & Raivio TL Characterization of the Induction and Cellular Role of the 
BaeSR Two-Component Envelope Stress Response of Escherichia coli. Journal of Bacteriology 
193, 3367–3375, doi:10.1128/jb.01534-10 (2011). [PubMed: 21515766] 

96. Nishino K, Honda T & Yamaguchi A Genome-Wide Analyses of Escherichia coli Gene Expression 
Responsive to the BaeSR Two-Component Regulatory System. Journal of Bacteriology 187, 1763–
1772, doi:10.1128/jb.187.5.1763-1772.2005 (2005). [PubMed: 15716448] 

Mitchell and Silhavy Page 18

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



97. Nagakubo S, Nishino K, Hirata T & Yamaguchi A The putative response regulator BaeR stimulates 
multidrug resistance of Escherichia coli via a novel multidrug exporter system, MdtABC. J 
Bacteriol 184, 4161–4167 (2002). [PubMed: 12107133] 

98. Brissette JL, Russel M, Weiner L & Model P Phage shock protein, a stress protein of Escherichia 
coli. Proceedings of the National Academy of Sciences 87, 862–866, doi:10.1073/pnas.87.3.862 
(1990).

99. van der Laan M et al. A conserved function of YidC in the biogenesis of respiratory chain 
complexes. Proceedings of the National Academy of Sciences 100, 5801–5806, doi:10.1073/pnas.
0636761100 (2003).

100. Maxson ME & Darwin AJ Identification of Inducers of the Yersinia enterocolitica Phage Shock 
Protein System and Comparison to the Regulation of the RpoE and Cpx Extracytoplasmic Stress 
Responses. Journal of Bacteriology 186, 4199–4208, doi:10.1128/jb.186.13.4199-4208.2004 
(2004). [PubMed: 15205422] 

101. Becker LA, Bang IS, Crouch ML & Fang FC Compensatory role of PspA, a member of the phage 
shock protein operon, in rpoE mutant Salmonella enterica serovar Typhimurium. Mol Microbiol 
56, 1004–1016, doi:10.1111/j.1365-2958.2005.04604.x (2005). [PubMed: 15853886] 

102. Kobayashi H, Yamamoto M & Aono R Appearance of a stress-response protein, phage-shock 
protein A, in Escherichia coli exposed to hydrophobic organic solvents. Microbiology 144 (Pt 2), 
353–359, doi:10.1099/00221287-144-2-353 (1998). [PubMed: 9493373] 

103. Jones SE, Lloyd LJ, Tan KK & Buck M Secretion defects that activate the phage shock response 
of Escherichia coli. J Bacteriol 185, 6707–6711 (2003). [PubMed: 14594846] 

104. Carlson JH & Silhavy TJ Signal sequence processing is required for the assembly of LamB 
trimers in the outer membrane of Escherichia coli. Journal of Bacteriology 175, 3327–3334, doi:
10.1128/jb.175.11.3327-3334.1993 (1993). [PubMed: 8501036] 

105. Weiner L & Model P Role of an Escherichia coli stress-response operon in stationary-phase 
survival. Proceedings of the National Academy of Sciences of the United States of America 91, 
2191–2195 (1994). [PubMed: 8134371] 

106. Engl C et al. Dissipation of proton motive force is not sufficient to induce the phage shock protein 
response in Escherichia coli. Current microbiology 62, 1374–1385, doi:10.1007/
s00284-011-9869-5 (2011). [PubMed: 21259006] 

107. Wang P, Kuhn A & Dalbey RE Global change of gene expression and cell physiology in YidC-
depleted Escherichia coli. J Bacteriol 192, 2193–2209, doi:10.1128/jb.00484-09 (2010). 
[PubMed: 20061485] 

108. McDonald C, Jovanovic G, Ces O & Buck M Membrane Stored Curvature Elastic Stress 
Modulates Recruitment of Maintenance Proteins PspA and Vipp1. mBio 6, e01188–01115, doi:
10.1128/mBio.01188-15 (2015). [PubMed: 26330516] This study identified stored curvature 
elastic stress of the IM as the direct cause of PspA binding to the IM rather than dissipation of the 
PMF.

109. Dworkin J, Jovanovic G & Model P The PspA Protein of Escherichia coli Is a Negative Regulator 
of ς54-Dependent Transcription. Journal of Bacteriology 182, 311–319, doi:10.1128/jb.
182.2.311-319.2000 (2000). [PubMed: 10629175] 

110. Elderkin S, Bordes P, Jones S, Rappas M & Buck M Molecular determinants for PspA-mediated 
repression of the AAA transcriptional activator PspF. Journal of bacteriology 187, 3238–3248, 
doi:10.1128/JB.187.9.3238-3248.2005 (2005). [PubMed: 15838051] 

111. Yamaguchi S, Reid DA, Rothenberg E & Darwin AJ Changes in Psp protein binding partners, 
localization and behaviour upon activation of the Yersinia enterocolitica phage shock protein 
response. Molecular microbiology 87, 656–671, doi:10.1111/mmi.12122 (2013). [PubMed: 
23290031] 

112. Weiner L, Brissette JL, Ramani N & Model P Analysis of the proteins and cis-acting elements 
regulating the stress-induced phage shock protein operon. Nucleic Acids Res 23, 2030–2036 
(1995). [PubMed: 7596833] 

113. Weiner L, Brissette JL & Model P Stress-induced expression of the Escherichia coli phage shock 
protein operon is dependent on sigma 54 and modulated by positive and negative feedback 
mechanisms. Genes Dev 5, 1912–1923 (1991). [PubMed: 1717346] 

Mitchell and Silhavy Page 19

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



114. Jovanovic G, Engl C & Buck M Physical, functional and conditional interactions between ArcAB 
and phage shock proteins upon secretin-induced stress in Escherichia coli. Mol Microbiol 74, 16–
28, doi:10.1111/j.1365-2958.2009.06809.x (2009). [PubMed: 19682256] 

115. Jovanovic G, Weiner L & Model P Identification, nucleotide sequence, and characterization of 
PspF, the transcriptional activator of the Escherichia coli stress-induced psp operon. J Bacteriol 
178, 1936–1945 (1996). [PubMed: 8606168] 

116. Lloyd LJ et al. Identification of a new member of the phage shock protein response in Escherichia 
coli, the phage shock protein G (PspG). J Biol Chem 279, 55707–55714, doi:10.1074/
jbc.M408994200 (2004). [PubMed: 15485810] 

117. Kobayashi R, Suzuki T & Yoshida M Escherichia coli phage-shock protein A (PspA) binds to 
membrane phospholipids and repairs proton leakage of the damaged membranes. Mol Microbiol 
66, 100–109, doi:10.1111/j.1365-2958.2007.05893.x (2007). [PubMed: 17725563] 

118. Kleerebezem M, Crielaard W & Tommassen J Involvement of stress protein PspA (phage shock 
protein A) of Escherichia coli in maintenance of the protonmotive force under stress conditions. 
The EMBO journal 15, 162–171 (1996). [PubMed: 8598199] 

119. Jovanovic G, Lloyd LJ, Stumpf MPH, Mayhew AJ & Buck M Induction and Function of the 
Phage Shock Protein Extracytoplasmic Stress Response in Escherichia coli. Journal of Biological 
Chemistry 281, 21147–21161, doi:10.1074/jbc.M602323200 (2006). [PubMed: 16709570] 

120. De Las Peñas A, Connolly L & Gross CA SigmaE is an essential sigma factor in Escherichia coli. 
Journal of Bacteriology 179, 6862–6864, doi:10.1128/jb.179.21.6862-6864.1997 (1997). 
[PubMed: 9352942] 

121. Missiakas D, Mayer MP, Lemaire M, Georgopoulos C & Raina S Modulation of the Escherichia 
coli σE (RpoE) heat-shock transcription-factor activity by the RseA, RseB and RseC proteins. 
Molecular Microbiology 24, 355–371, doi:doi:10.1046/j.1365-2958.1997.3601713.x (1997). 
[PubMed: 9159522] 

122. De Las Peñas A, Connolly L & Gross CA The σE-mediated response to extracytoplasmic stress in 
Escherichia coli is transduced by RseA and RseB, two negative regulators of σE. Molecular 
Microbiology 24, 373–385, doi:doi:10.1046/j.1365-2958.1997.3611718.x (1997). [PubMed: 
9159523] 

123. Nicoloff H, Gopalkrishnan S & Ades SE Appropriate Regulation of the σE-Dependent Envelope 
Stress Response Is Necessary To Maintain Cell Envelope Integrity and Stationary-Phase Survival 
in Escherichia coli. Journal of Bacteriology 199, doi:10.1128/jb.00089-17 (2017).This study 
demonstrates that high level σE activity leads to membrane permeability and is lethal during 
stationary phase due to the expression of sRNAs targeting OMP translation.

124. Price MN et al. Mutant phenotypes for thousands of bacterial genes of unknown function. Nature 
557, 503–509, doi:10.1038/s41586-018-0124-0 (2018). [PubMed: 29769716] 

125. Liu A et al. Antibiotic Sensitivity Profiles Determined with an Escherichia coli Gene Knockout 
Collection: Generating an Antibiotic Bar Code. Antimicrobial Agents and Chemotherapy 54, 
1393–1403, doi:10.1128/aac.00906-09 (2010). [PubMed: 20065048] 

126. Hart EM et al. Fine tuning of σE activation suppresses multiple assembly-defective mutations in 
Escherichia coli. J Bacteriol (Submitted).

127. Nitta T, Nagamitsu H, Murata M, Izu H & Yamada M Function of the ςE Regulon in Dead-Cell 
Lysis in Stationary-Phase Escherichia coli. Journal of Bacteriology 182, 5231–5237, doi:
10.1128/jb.182.18.5231-5237.2000 (2000). [PubMed: 10960110] 

128. Pogliano J et al. Aberrant Cell Division and Random FtsZ Ring Positioning in Escherichia coli 
cpxA* Mutants. Journal of Bacteriology 180, 3486–3490 (1998). [PubMed: 9642209] 

129. Delhaye A, Collet J-F & Laloux G Fine-Tuning of the Cpx Envelope Stress Response Is Required 
for Cell Wall Homeostasis in Escherichia coli. mBio 7, e00047–00016, doi: 10.1128/mBio.
00047-16 (2016). [PubMed: 26908573] This study demonstrated that many of the cell growth 
and division phenotypes caused by aberrant Cpx activation are due to overexpression of ldtD and 
increased PG cross-linking

130. Bernal-Cabas M, Ayala JA & Raivio TL The Cpx Envelope Stress Response Modifies 
Peptidoglycan Cross-Linking via the L,D-Transpeptidase LdtD and the Novel Protein YgaU. 
Journal of Bacteriology 197, 603–614, doi:10.1128/jb.02449-14 (2015). [PubMed: 25422305] 

Mitchell and Silhavy Page 20

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



131. Shiba Y et al. Activation of the Rcs signal transduction system is responsible for the 
thermosensitive growth defect of an Escherichia coli mutant lacking phosphatidylglycerol and 
cardiolipin. J Bacteriol 186, 6526–6535, doi:10.1128/jb.186.19.6526-6535.2004 (2004). 
[PubMed: 15375134] 

132. Tao K, Narita S & Tokuda H Defective lipoprotein sorting induces lolA expression through the 
Rcs stress response phosphorelay system. J Bacteriol 194, 3643–3650, doi:10.1128/jb.00553-12 
(2012). [PubMed: 22563052] 

133. Boulanger A et al. Multistress regulation in Escherichia coli: expression of osmB involves two 
independent promoters responding either to sigmaS or to the RcsCDB His-Asp phosphorelay. 
Journal of bacteriology 187, 3282–3286, doi:10.1128/JB.187.9.3282-3286.2005 (2005). 
[PubMed: 15838058] 

134. Umekawa M et al. Importance of the proline-rich region for the regulatory function of RcsF, an 
outer membrane lipoprotein component of the Escherichia coli Rcs signal transduction system. 
Microbiology 159, 1818–1827, doi:10.1099/mic.0.069328-0 (2013). [PubMed: 23813676] 

135. Heacock PN & Dowhan W Construction of a lethal mutation in the synthesis of the major acidic 
phospholipids of Escherichia coli. Journal of Biological Chemistry 262, 13044–13049 (1987). 
[PubMed: 3308868] 

136. Kikuchi S, Shibuya I & Matsumoto K Viability of an Escherichia coli pgsA Null Mutant Lacking 
Detectable Phosphatidylglycerol and Cardiolipin. Journal of Bacteriology 182, 371–376, doi:
10.1128/jb.182.2.371-376.2000 (2000). [PubMed: 10629182] 

137. Costa CS, Pettinari MJ, Mendez BS & Anton DN Null mutations in the essential gene yrfF 
(mucM) are not lethal in rcsB, yojN or rcsC strains of Salmonella enterica serovar Typhimurium. 
FEMS Microbiol Lett 222, 25–32, doi:10.1016/s0378-1097(03)00221-0 (2003). [PubMed: 
12757942] 

138. Wu T et al. Identification of a multicomponent complex required for outer membrane biogenesis 
in Escherichia coli. Cell 121, 235–245, doi:10.1016/j.cell.2005.02.015 (2005). [PubMed: 
15851030] 

139. Ruiz N, Falcone B, Kahne D & Silhavy TJ Chemical conditionality: a genetic strategy to probe 
organelle assembly. Cell 121, 307–317, doi:10.1016/j.cell.2005.02.014 (2005). [PubMed: 
15851036] 

140. Strauch KL & Beckwith J An Escherichia coli mutation preventing degradation of abnormal 
periplasmic proteins. Proc Natl Acad Sci U S A 85, 1576–1580 (1988). [PubMed: 3278319] 

141. Gerken H, Charlson ES, Cicirelli EM, Kenney LJ & Misra R MzrA: a novel modulator of the 
EnvZ/OmpR two-component regulon. Molecular Microbiology 72, 1408–1422, doi:doi:
10.1111/j.1365-2958.2009.06728.x (2009). [PubMed: 19432797] 

142. Leiser OP, Charlson ES, Gerken H & Misra R Reversal of the ΔdegP Phenotypes by a Novel rpoE 
Allele of Escherichia coli. PLOS ONE 7, e33979, doi: 10.1371/journal.pone.0033979 (2012). 
[PubMed: 22439016] 

143. Rouvière PE & Gross CA SurA, a periplasmic protein with peptidyl-prolyl isomerase activity, 
participates in the assembly of outer membrane porins. Genes & Development 10, 3170–3182, 
doi:10.1101/gad.10.24.3170 (1996). [PubMed: 8985185] 

144. Heusipp G, Schmidt MA & Miller VL Identification of rpoE and nadB as host responsive 
elements of Yersinia enterocolitica. FEMS Microbiology Letters 226, 291–298, doi:10.1016/
S0378-1097(03)00613-X (2003). [PubMed: 14553925] 

145. Davis BM & Waldor MK High-throughput sequencing reveals suppressors of Vibrio cholerae 
rpoE mutations: one fewer porin is enough. Nucleic acids research 37, 5757–5767, doi:
10.1093/nar/gkp568 (2009). [PubMed: 19620211] 

146. Humphreys S, Stevenson A, Bacon A, Weinhardt AB & Roberts M The alternative sigma factor, 
sigmaE, is critically important for the virulence of Salmonella typhimurium. Infect Immun 67, 
1560–1568 (1999). [PubMed: 10084987] 

147. Craig JE, Nobbs A & High NJ The Extracytoplasmic Sigma Factor, ςE, Is Required for 
Intracellular Survival of Nontypeable Haemophilus influenzae in J774 Macrophages. Infection 
and Immunity 70, 708–715, doi:10.1128/iai.70.2.708-715.2002 (2002). [PubMed: 11796603] 

Mitchell and Silhavy Page 21

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



148. Martin DW, Holloway BW & Deretic V Characterization of a locus determining the mucoid status 
of Pseudomonas aeruginosa: AlgU shows sequence similarities with a Bacillus sigma factor. J 
Bacteriol 175, 1153–1164 (1993). [PubMed: 8432708] 

149. Davies B, Brown PD, East N, Crimmin MJ & Balkwill FR A Synthetic Matrix Metalloproteinase 
Inhibitor Decreases Tumor Burden and Prolongs Survival of Mice Bearing Human Ovarian 
Carcinoma Xenografts. Cancer Research 53, 2087–2091 (1993). [PubMed: 8347186] 

150. Konovalova A et al. Inhibitor of intramembrane protease RseP blocks the sigma(E) response 
causing lethal accumulation of unfolded outer membrane proteins. Proc Natl Acad Sci U S A, 
doi:10.1073/pnas.1806107115 (2018).This study identified a small molecule inhibitor of RseP 
and demonstrated that unfolded OMPs accumulate with σE inhibition even in the absence of 
stress.

151. Bulieris PV, Behrens S, Holst O & Kleinschmidt JH Folding and Insertion of the Outer Membrane 
Protein OmpA Is Assisted by the Chaperone Skp and by Lipopolysaccharide. Journal of 
Biological Chemistry 278, 9092–9099, doi:10.1074/jbc.M211177200 (2003). [PubMed: 
12509434] 

152. Payne JW & Gilvarg C Size restriction on peptide utilization in Escherichia coli. J Biol Chem 
243, 6291–6299 (1968). [PubMed: 4881360] 

153. Kato A, Tanabe H & Utsumi R Molecular Characterization of the PhoP-PhoQ Two-Component 
System in Escherichia coli K-12: Identification of Extracellular Mg2+-Responsive Promoters. 
Journal of Bacteriology 181, 5516–5520 (1999). [PubMed: 10464230] 

154. Véscovi EG, Soncini FC & Groisman EA Mg2+ as an Extracellular Signal: Environmental 
Regulation of Salmonella Virulence. Cell 84, 165–174, doi:10.1016/S0092-8674(00)81003-X 
(1996). [PubMed: 8548821] 

155. Prost LR et al. Activation of the Bacterial Sensor Kinase PhoQ by Acidic pH. Molecular Cell 26, 
165–174, doi:10.1016/j.molcel.2007.03.008 (2007). [PubMed: 17466620] 

156. Bader MW et al. Recognition of Antimicrobial Peptides by a Bacterial Sensor Kinase. Cell 122, 
461–472, doi:10.1016/j.cell.2005.05.030 (2005). [PubMed: 16096064] 

157. Lippa AM & Goulian M Perturbation of the Oxidizing Environment of the Periplasm Stimulates 
the PhoQ/PhoP System in Escherichia coli. Journal of Bacteriology 194, 1457–1463, doi:
10.1128/jb.06055-11 (2012). [PubMed: 22267510] 

158. Zwir I et al. Dissecting the PhoP regulatory network of Escherichia coli and Salmonella enterica. 
Proceedings of the National Academy of Sciences of the United States of America 102, 2862–
2867, doi:10.1073/pnas.0408238102 (2005). [PubMed: 15703297] 

159. Minagawa S et al. Identification and molecular characterization of the Mg2+ stimulon of 
Escherichia coli. J Bacteriol 185, 3696–3702 (2003). [PubMed: 12813061] 

160. Gunn JS et al. PmrA-PmrB-regulated genes necessary for 4-aminoarabinose lipid A modification 
and polymyxin resistance. Mol Microbiol 27, 1171–1182 (1998). [PubMed: 9570402] 

161. Pratt LA, Hsing W, Gibson KE & Silhavy TJ From acids to osmZ: multiple factors influence 
synthesis of the OmpF and OmpC porins in Escherichia coli. Mol Microbiol 20, 911–917 (1996). 
[PubMed: 8809744] 

162. Mitchell AM, Wang W & Silhavy TJ Novel RpoS-Dependent Mechanisms Strengthen the 
Envelope Permeability Barrier during Stationary Phase. J Bacteriol 199, e00708–00716, doi:
10.1128/JB.00708-16 (2017). [PubMed: 27821607] 

163. Hirschman J, Wong PK, Sei K, Keener J & Kustu S Products of nitrogen regulatory genes ntrA 
and ntrC of enteric bacteria activate glnA transcription in vitro: evidence that the ntrA product is 
a sigma factor. Proc Natl Acad Sci U S A 82, 7525–7529 (1985). [PubMed: 2999766] 

Mitchell and Silhavy Page 22

Nat Rev Microbiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Display Items

Envelope changes from non-envelope stress responses

Traditionally, envelope stress responses are considered to be stress responses induced by 

damage to the cell envelope, which respond by altering the processes of envelope 

biogenesis to combat these stresses. However, stress responses that respond to other 

signals (e.g. nutritional conditions, environmental stressors) can also change the envelope 

to aid their response to changing conditions. Some examples of these responses are given 

below.

• The PhoQP two-component system is responsible for responding to limiting 

environmental levels of divalent cations153,154, although other activating 

signals have been discribed155-157. Among its regulon members, some of 

which are indirect, are genes for LPS-modifying proteins, OMPs, and OM 

lipoproteins158-160. These gene expression changes lead to stabilization of the 

OM despite the lack of divalent cations to bridge interactions between LPS 

molecules.

• The EnvZ/OmpR two-component system responds to changes in 

environmental osmolarity. When osmolarity increases, OmpR changes the 

ratio of two major OMP porins161.

• σS is the master regulator of stationary phase in γ-Protobacteria. When σs 

levels are increased due to nutrient limitation or another stress, gene 

expression changes lead to a state of cross-protection from many stresses5. 

Changes occurring to the envelope include increasing levels of periplasmic 

stress response factors, increasing levels of peptidoglycan, and reducing 

membrane fluidity5. Moreover, we have recently demonstrated that the 

permeability barrier of the OM is strengthened during stationary phase in an 

σS-dependent manner162.

• σN is the sigma factor responsible transcription of nitrogen-related 

promoters163. Although this is a nutritional response, the σE and Psp stress 

responses both have σN-dependent promoters41,115,116. In fact, the Psp stress 

response relies on σN for its transcriptional regulation115,116.
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FIG. 1: Overview of envelope stress responses.
(a) The σE stress response begins when DegS binds to unfolded OMPs in the periplasm, 

activating DegS to cleave RseA. Through a series of proteolytic events, σE is released into 

the cytoplasm where it can bind to RNA polymerase (RNAP) and induce its regulon. (b) The 

Cpx stress response is induced by signals including IM protein folding stress and NlpE-

dependent signals, causing the autophosphorylation of CpxA. CpxA then phosphorylates 

CpxR, the response regulator, activating it for transcriptional regulation. (c) The Rcs sensor 

protein, RcsF, senses stresses such as LPS or PG defects and interacts with IgaA to remove 

inhibition of RcsC, the histidine kinase, and RcsD, the phosphotransferase. RcsC 

autophosphorylates and then transfers the phosphorylation to RcsD which transfers it to 
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RcsB, a response regulator. RcsB alone or as a dimer with RcsA acts to regulate 

transcription of the Rcs regulon. (d) The Bae system is activated by exposure to toxic 

molecules inducing the autophosphorylation of the sensor histidine kinase BaeS. BaeS 

transfers the phosphorylation to the response regulator BaeR to activate it. (e) The Psp 

system response to severe damage to the IM. This causes PspBC to interact with PspA, 

allowing PspF to interact with σN containing RNA polymerase for transcriptional regulation. 

PspA also acts as effector by directly stabilizing the IM. See the text for more detail.
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FIG. 2: Constitutive activation of stress responses is harmful.
(a) Deletion of rseA causes constitutive activation of the σE system and production of high 

levels of the sRNAs, MicA and RybB. These sRNA down regulate the transcription of 

OMPs. The loss of OMPs leads to permeability of the OM to antibiotics such as bacitracin, 

as well as a stationary phase survival defect. (b) CpxA* alleles cause constitutive activation 

of the Cpx system, presumably due to misfolding of the periplasmic domain of CpxA. LdtD, 

peptidoglycan-modifying enzyme and a member of the Cpx regulon, is produced at high 

levels, leading to excessive PG cross-linking. This cross-linking leads to growth, cell size, 

and cell division defects. (c) RcsF retained at the inner membrane interacts with IgaA to 

cause constitutive activation of the Rcs system. This leads to high-level production of OsmB, 

an inner membrane protein of unknown function. IM mislocalized OsmB is responsible for 

toxicity of constitutive Rcs activation.
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FIG. 3: Toxicity of unfolded OMPs.
After secretion through the SEC complex and cleavage of the signal sequence by signal 

peptidase (SPase), unfolded OMPs are maintained in an unfolded state in the periplasm by 

chaperones such as SurA. Then, the OMPs are assembled into the OM by the BAM 

complex. Unfolded OMPs are degraded in the periplasm by the periplasmic protease DegP. 

If both of these processes are blocked, unfolded OMPs can build up in the periplasm. 

Another periplasmic chaperone, Skp, mediates the insertion of the unfolded OMPs into the 

IM, creating open channels, dissipating the PMF, and causing cell death.
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Table 1:

Examples of cell envelope stresses and effects

Category Stress Envelope Effect References
a

Environmental Stress Decreased temperature ↓biosynthesis rates
↓ protein folding rate
↓membrane fluidity

13-15

Increased temperature Protein unfolding
Stress on biogenesis pathways
↑membrane fluidity

15-18

Changed pH Protein misfolding
Disruption of reactions 10,12

Decreased osmolarity Water uptake
↓ solute concentration
↑ membrane tension

19

Redox stress Oxidative damage to proteins
Oxidative damage to membranes
Protein misfolding

20

Nutrient limitation Prevention of biosynthesis 21,22

Toxic Compounds/Antibiotics Metals Oxidative damage
Displacement of native metals

23,24

Envelope targeting antibiotics Disruption of target structure (e.g. PG) 25,26

Translation elongation inhibiting antibiotics Disruption of SEC-mediated secretion 27

Antimicrobial
peptides

Membrane disruption 29

Bile salts Membrane disruption 30

Intrinsic Stress Translation stress Protein misfolding 32

Protein overexpression Secretion defects
Membrane disruption

31

Mutations Biogenesis alteration 18,33-36

a
Representative references demonstrating the effects of the indicated stresses
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