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Regulation by destruction: design of the sE envelope stress
response
Sarah E Ades
The signal transduction pathway governing the sE-dependent

cell envelope stress response in Escherichia coli

communicates information from the periplasm to sE in the

cytoplasm via a regulated proteolytic cascade that results in

the destruction of the membrane-bound antisigma factor,

RseA, and the release of sE to direct transcription. Regulated

proteolysis is used for signal transduction in all domains of life,

and these pathways bear remarkable similarities in their

architecture and the proteases involved. Work with the

pathway governing the sE response has elucidated key design

principles that ensure a rapid yet graded response that is

buffered from inappropriate activation. Structural and

biochemical studies of the proteases that mediate signal

transduction reveal the molecular underpinnings enabling this

design.
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Introduction
A major role of signal transduction pathways is to com-

municate information about the state of a cell or the

surrounding environment to the transcriptional machin-

ery to ensure that the proper genes are expressed at the

proper time. A fundamental problem in signal transduc-

tion encountered by all living systems is the topological

constraint posed by a biological membrane. One of the

solutions to this problem, found in all kingdoms of life, is

to tether a transcription factor to the membrane and

control its activity by a proteolytic cascade involving

two membrane-bound proteases that act sequentially to

release the transcription factor from the membrane in

response to an inducing signal. This type of pathway is

often called regulated intramembrane proteolysis (RIP)

and was first discovered in mammalian cells as a mech-

anism to coordinate the expression of genes required for
www.sciencedirect.com
cholesterol biosynthesis with the levels of cholesterol in

cellular membranes and in Gram-positive bacteria as a

mechanism to coordinate forespore and mother cell gene

expression during sporulation [1,2]. RIP pathways were

subsequently discovered in many other eukaryotic and

bacterial systems regulating diverse responses. Some

responses, such as intercompartmental stress responses,

are controlled by RIP pathways in both bacteria and

humans demonstrating the evolutionary success of this

pathway design [3–6].

Perhaps the RIP pathway most extensively studied at a

molecular level is that controlling the sE-dependent cell

envelope stress response in Escherichia coli [7]. Several key

design principles have been elucidated that govern this

regulatory pathway [8��]. First, the system can be rapidly

activated in response to the inducing signal. Second, the

signaling pathway can be activated to different extents,

producing a graded response. Third, the system is insu-

lated from stochastic fluctuations that might activate the

pathway independently of an inducing signal. Recent

biochemical and structural studies reveal the molecular

underpinnings of these properties and will be the subject

of this review. Although the details of the regulatory

interactions that govern other RIP pathways are likely

to differ, the overall key design principles uncovered by

the work on the sE system are likely to be shared.

Regulation of the sE-dependent cell envelope
stress response in E. coli
The key players

The outer membrane of Gram-negative bacteria is crucial

for viability; therefore stress responses have evolved in

these organisms to maintain its integrity [9]. In E. coli, cell

envelope stresses that disrupt the folding of outer mem-

brane porins (OMPs) trigger a RIP pathway that results in

the activation of the alternative sigma factor, sE [3,4,10].

In the absence of inducing signals, sE is held at cyto-

plasmic side of the inner membrane by the antisigma

factor RseA, a single-pass membrane protein (Figure 1a)

[11,12]. A periplasmic protein, RseB, binds to the peri-

plasmic domain of RseA and enhances the inhibition of

sE (Figure 1a) [11,12]. Upon cell envelope stress, sE is

released from RseA by a proteolytic cascade whose end

result is the complete degradation of RseA and the release

of sE to direct transcription (Figure 1) [13]. The RIP

proteases of the cascade, DegS and RseP (formerly

known as YaeL), act sequentially cleaving RseA first in

the periplasmic (Figure 1b) and then in the transmem-

brane region (Figure 1c) [3,4]. The cytoplasmic domain of

RseA (RseAcyto) bound to sE is then released and
Current Opinion in Microbiology 2008, 11:535–540
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Figure 1

Regulated proteolysis leads to the destruction of RseA and the release of sE. (a) When the pathway is in the uninduced state, DegS (blue) is inactive

and RseB (green) is bound to the periplasmic domain of RseA. DegS, RseB, the glutamine-rich regions of RseA (indicated by Q’s), and the PDZ domain

of RseP inhibit RseP (magenta). sE (red and green) is bound to RseAcyto. Outer membrane porins (OMPs) (gray-shaded shapes) enter the periplasm via

the Sec secretion machinery (not shown) and are escorted to the outer membrane by a series of chaperones. (b) Upon cell envelope stress, OMP

folding is disrupted. The C-terminal peptides of unfolded OMPs bind to DegS, activating DegS. RseB is also removed from RseA, perhaps by

lipoproteins as diagrammed. DegS cleaves RseA in the periplasmic domain. (c) RseP cleaves RseA in the transmembrane region. (d) ClpXP (light and

dark blue) degrades RseAcyto releasing sE to interact with RNA polymerase (RNAP) and direct transcription. sE regulon members restore proper OMP

folding, resetting the pathway. OM, outer membrane. IM, inner membrane.
degraded by cytoplasmic proteases, primarily ClpXP

(Figure 1d) [8��,10,14].

The inducing signal

The proteolytic cascade is induced by a conserved YxF

peptide (where x is any amino acid) found at the C-

terminus of OMPs [15]. This peptide is normally buried
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and inaccessible in folded porin trimers. When porin

folding is disrupted, the peptide is exposed and binds

to DegS, activating DegS to cleave RseA and initiate the

response [15]. Proper porin folding and transit to the outer

membrane involves a series of steps, and disruption of this

pathway at any point may lead to improperly folded

porins with exposed C-termini. After porin monomers
www.sciencedirect.com
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Figure 2

Model of allosteric regulation of DegS by YxF peptides according to the

concerted MWC model. Only the fully bound and unbound forms of

DegS trimers are shown for simplicity. The tense or inactive form of

DegS is indicated by hexagons, and the relaxed or active form of DegS is

indicated by circles. YxF activating peptides are represented by curved

lines. In the absence of peptide, the ratio of the amount of DegS in the

inactive form compared to the active form is given by L and is greater

than 1. The affinity of the inactive DegS for peptide

(equilibrium dissociation constant ¼ KT
p) is less than that of the active

DegS (equilibrium dissociation constant ¼ KR
p). Therefore the ratio of

the affinities, c, is less than 1. When DegS is fully bound by peptide, the

ratio of the amount of DegS in the inactive form compared to the active

form is given by Lc3 and is less than 1. Therefore, the greater the

difference in the affinity of a peptide for active DegS compared to

inactive DegS, the smaller the value of c and the larger the concentration

of active DegS.
emerge into the periplasm from the Sec machinery, they

interact with a series of periplasmic chaperones that

facilitate porin folding and may escort the porin subunits

to the outer membrane [16�]. Mature porin trimers are

inserted into the outer membrane by a complex that

includes both integral membrane proteins and lipopro-

teins [16�]. As a result, efficient porin folding relies on

proper lipoprotein maturation, outer membrane lipid and

lipopolysaccharide (LPS) synthesis, and protein folding

conditions. It has been proposed that porins are essen-

tially the ‘canaries in the coal mine’ of the outer mem-

brane, providing a sensitive measure of cell envelope

homeostasis [17].

The trigger, activation of DegS
All of the key players in the system, the proteases, RseA,

and sE, are present under noninducing conditions and

held in the ‘off’ state, poised to rapidly respond to

unfolded porins. DegS is not only the sensor, but its

cleavage of RseA is also the rate-limiting step of the

response [8��]. Therefore, the control of DegS is the

critical point of regulation, determining both the rapidity

and the extent of activation of sE. DegS has been the

subject of intensive biochemical and structural studies,

which have provided key insights into the mechanisms

that underlie DegS function.

Structural studies

DegS is tethered to the inner membrane by a short N-

terminal transmembrane region. The trypsin-like pro-

tease and regulatory PDZ domains are in the periplasm,

where they can access both the substrate and the inducing

signal [18]. The PDZ domain is required to hold DegS in

the inactive state [15]. Crystallographic studies of the

soluble periplasmic domain of DegS demonstrate

the structural basis for regulation [19�,20��,21,22]. The

protein forms a funnel-like trimer with the catalytic

domains fully accessible at the base of the funnel and

the PDZ domains decorating the perimeter [21,22]. In the

unliganded form, the active site of DegS is not in the

proper conformation for catalysis [21,22]. In the structures

of DegS bound to inducing peptide and of a constitutively

active variant lacking the PDZ domain, residues in the

active site are reoriented so that they are competent for

catalysis [19�,20��,21]. Mutational analysis based on the

crystal structure suggests that multiple interactions be-

tween amino acids in the PDZ domain, the protease

domain, and the linker separating the domains stabilize

the inactive form of the enzyme. Peptide binding facili-

tates the rearrangements of several of these interactions

both within a subunit and between the subunits that

stabilize the active conformation thereby triggering the

response ([19�,20��] and J Sohn et al., unpublished).

DegS, an allosteric enzyme

While structural studies provide a snapshot of inactive

and active forms of DegS, detailed biochemical analyses
www.sciencedirect.com
have led to a model explaining how interconversion

between these two forms of the enzyme yields a system

with a sensitive and rapid trigger that can be activated to

different extents [20��]. Sohn and coworkers performed

biochemical and enzymatic analyses of DegS in the

presence of a series of different inducing peptides

([20��] and J Sohn et al., unpublished). They first demon-

strated that the degradation of RseA by DegS in vitro was

sufficiently fast to account for the rapid decrease in RseA

levels seen during the initiation of the response in vivo
[13,23]. They also found that the binding of both YxF

peptides and RseA to DegS was positively cooperative

and that their experimental data fit well with a compu-

tational model based on the classical Monod Wyman

Changeux (MWC) concerted model of allostery

(Figure 2) [24]. According to this model, an allosteric

enzyme such as DegS exists in two states in dynamic

equilibrium, the tense state (inactive DegS) and the

relaxed state (active DegS). In the absence of ligand,

the equilibrium favors the tense/inactive state. Inducing

ligands bind to both states, but have a higher affinity for

the relaxed/active state and therefore shift the equi-

librium in favor of this state. For DegS, both YxF peptides

and, to a lesser extent, RseA are inducing ligands. Positive

cooperativity arises because ligand binding increases the

number of DegS molecules in the active state (Figure 2).
Current Opinion in Microbiology 2008, 11:535–540
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As such, DegS can be maximally activated at a lower

concentration of YxF peptides than would be required for

a noncooperative enzyme, increasing the sensitivity of the

response.

The allosteric model of regulation also provides an expla-

nation for the graded response observed in vivo, because

the extent of activation of DegS is determined by the

difference in affinity of a particular peptide for the active

state compared to the inactive state (Figure 2). Sohn et al.
found that different peptides activated DegS to different

extents, suggesting that their relative affinities for the two

states varied ([20��] and J Sohn et al., unpublished). This

observation also has important implications for the

biology of the system. Because sequences outside of

the conserved YxF motif, which differ among the porins,

appear to determine the extent of activation (J Sohn et al.,
unpublished and R Chaba et al., unpublished), the iden-

tity of the unfolded porin will determine the amount of

sE released from RseA. Since promoters in the sE regulon

vary in their affinity for sE, the level of activation of the

pathway will not only determine the magnitude of the

increase in transcription, but also determine which genes

in the regulon are transcribed. The response is thus tuned

not only to the amount, but also to the identity of

unfolded porins.

Inhibition of DegS by RseB

In addition to allosteric regulation of DegS, the proteo-

lytic cascade is also inhibited by the periplasmic protein

RseB. RseB binds to the periplasmic domain of RseA and

increases its proteolytic stability 2.4-fold [13]. RseB

blocks cleavage of RseA by DegS in vitro, even when

DegS is fully bound by inducing peptide [25��]. These

results suggest that an additional step is required for

activation of the response, and RseB must first be

removed from RseA for DegS to act. Early models pro-

posed that RseB was titrated away from RseA by unfolded

proteins; however, recent experiments do not support this

model [25��,26,27]. Crystal structures of RseB reveal that

it has two domains, one of which closely resembles

lipoprotein-binding domains [28�,29�]. This observation

suggests that RseB may sense disruptions of lipoprotein

synthesis either acting in conjunction with the OMP

signals or providing a new trigger for activation of the

pathway.

Intramembrane cleavage by RseP
The first cleavage of RseA by DegS releases the C-

terminal 67 amino acids from RseA, creating a substrate

for the second protease in the pathway, RseP [15]. RseP is

a multipass inner membrane metalloprotease with a peri-

plasmic PDZ domain [30]. Both in vivo and in vitro
evidences indicate that RseP is capable of cleaving

full-length RseA in the absence of the OMP inducing

signal, but does not do so because of a series of inhibitory

interactions [27,31,32]. These interactions ensure that
Current Opinion in Microbiology 2008, 11:535–540
RseP cannot degrade RseA independently of the sig-

naling pathway, thereby conferring robustness to the

system and safeguarding it against inappropriate acti-

vation. RseP is held in the inactive state by DegS, RseB,

the PDZ domain of RseP, and two glutamine-rich regions

in the periplasmic domain of RseA (Figure 1a) [27,32].

Inhibition by DegS appears to be independent of the

other inhibitory interactions and is alleviated when DegS

binds to YxF peptides [27]. Once activated, DegS cuts

RseA at a site N-terminal to the glutamine-rich regions

and the RseB-binding site, presumably physically reliev-

ing the remaining inhibitory interactions (Figure 1b)

[15,25��]. It is tempting to speculate that the PDZ domain

of RseP binds to RseB and/or the glutamine-rich regions

of RseA, and these interactions hold RseP in an inactive

conformation. However, the molecular mechanisms

underlying the regulation of RseP have not yet been

elucidated.

Our understanding of the molecular basis of RseP activity

is not as advanced as for DegS, which is not surprising

given the difficulties associated with biochemical and

structural analyses of polytopic membrane proteins. Stu-

dies of the cleavage of RseA variants by RseP have

localized the cleavage site to the transmembrane domain

of RseA raising a major question shared by all such

intramembrane proteases [31,33��]. How does hydrolytic

peptide bond cleavage occur in the hydrophobic milieu of

the membrane? The structure of a closely related pro-

tease suggests that intramembrane proteases may have

channels within the protein that allow water to access the

active site [34�]. The existence of such a channel in RseP

is supported by chemical data probing the environment of

the active site [35�]. In contrast to DegS, RseP is a

relatively nonspecific protease. The major cleavage deter-

minant identified to date is the presence of helix-desta-

bilizing residues in the transmembrane helix [31,33��].
RseP will not only degrade RseA with a heterologous

transmembrane domain, but can also degrade model

substrates with no sequence similarity to RseA [31]. In

other systems the RseP-like protease in the RIP pathway

has been shown to have additional substrates [36,37].

Although none have yet been identified for RseP, genetic

studies suggest that RseP may have a role in the cell that

is distinct from the degradation of RseA [27,38].

Degradation of RseAcyto by cytoplasmic
proteases
In many RIP pathways, the transcription factor to be

activated is part of the cytoplasmic domain of the mem-

brane-bound substrate, and cleavage by the second pro-

tease in the cascade releases the transcription factor from

the membrane in a soluble, active form. In contrast, sE is

tightly bound to the cytoplasmic domain of RseA and

additional proteases, primarily ClpXP, are required to

release sE [8,14,39]. Full-length RseA is not a substrate

for ClpXP. However, RseP cleavage releases the
www.sciencedirect.com
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cytoplasmic domain of RseA still bound to sE from the

membrane, and sequences in the new C-terminus target

RseAcyto for degradation by ClpXP [10]. The C-terminal

tail of RseAcyto also contains recognition sequences for

the SspB adaptor protein, facilitating proteolysis of RseA-

cyto by ClpXP [14]. Other cytoplasmic ATP-dependent

proteases can also degrade RseAcyto, ensuring that the

system will be fully activated, even if the proteolytic

capacity of ClpXP has been exceeded [8��].

Resetting the switch, downregulation of the
response
The regulatory pathway is not only designed to have a

sensitive trigger specifically tuned to the inducing signal,

but also includes a homeostatic mechanism providing a

quick and efficient method to reset the switch and deac-

tivate the response. Once sE is activated it transcribes the

genes in its regulon [40��]. Although the sE regulon

includes genes that affect many aspects of the cell, a

significant fraction of its known regulon members encodes

chaperones required for the deliveryand assemblyof porins

in the outer membrane, chaperones required for the deliv-

ery and assembly of LPS in the outer membrane, proteases

to degrade terminally misfolded porins, and at least two

small RNAs that target mRNAs encoding porins for degra-

dation [16�,41–44]. Therefore, the activation of the sE

pathway increases thecapacity of thecell to deliver proteins

to the outer membrane, facilitates the removal of misfolded

porins, and reduces new porin synthesis reducing the load

on the system. Each of these systems helps to lower the

level of unfolded porins, thereby reducing the inducing

signal and returning DegS to the inactivated state.

Conclusions
Remarkable progress has been made recently uncovering

the molecular mechanisms that underlie the regulated

proteolytic pathway that controls the sE-dependent cell

envelope stress response. Several key questions remain

unanswered. The role of RseB is still not well understood.

How is it removed from RseA so that the proteolytic

cascade can start? Although RseB mutants have only

minor effects on sE activity in vivo in E. coli, the pathway

is fully activated in Pseudomonas aeruginosa mutants lack-

ing the RseB homolog suggesting that RseB plays a

pivotal role [45]. How is RseP regulated at a molecular

level? Potential inhibitors have been identified, but the

molecular mechanisms are not known. Are there other

substrates for DegS and RseP? Genetic analysis of sup-

pressor mutations suggests that DegS and RseP may have

additional roles in the cell beyond regulating sE activity

[27,38]. How does the proteolytic pathway interact with

other pathways that regulate sE activity? sE is known to

be regulated by the alarmone ppGpp independently of

DegS and RseP [46�]. Do other regulatory pathways

exist? Finally, are the design principles elucidated in

the studies described here a hallmark of RIP pathways

in other organisms?
www.sciencedirect.com
Acknowledgements
The author would like to thank Carol Gross and Robert Sauer for helpful
discussions and communication of results before publication. This work was
supported by grant MCB-0347302 from the National Science Foundation.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Brown MS, Goldstein JL: The SREBP pathway: regulation of
cholesterol metabolism by proteolysis of a membrane-bound
transcription factor. Cell 1997, 89:331-340.

2. Rudner DZ, Fawcett P, Losick R: A family of membrane-
embedded metalloproteases involved in regulated proteolysis
of membrane-associated transcription factors. Proc Natl Acad
Sci U S A 1999, 96:14765-14770.

3. Alba BM, Leeds JA, Onufryk C, Lu CZ, Gross CA: DegS and YaeL
participate sequentially in the cleavage of RseA to activate the
sE-dependent extracytoplasmic stress response. Genes Dev
2002, 16:2156-2168.

4. Kanehara K, Ito K, Akiyama Y: YaeL (EcfE) activates the sE

pathway of stress response through a site-2 cleavage of anti-
sE, RseA. Genes Dev 2002, 16:2147-2155.

5. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R,
Brown MS, Goldstein JL: ER stress induces cleavage of
membrane-bound ATF6 by the same proteases that process
SREBPs. Mol Cell 2000, 6:1355-1364.

6. Ehrmann M, Clausen T: Proteolysis as a regulatory mechanism.
Annu Rev Genet 2004, 38:709-724.

7. Hasenbein S, Merdanovic M, Ehrmann M: Determinants of
regulated proteolysis in signal transduction. Genes Dev 2007,
21:6-10.

8.
��

Chaba R, Grigorova IL, Flynn JM, Baker TA, Gross CA: Design
principles of the proteolytic cascade governing the sE-
mediated envelope stress response in Escherichia coli: keys
to graded, buffered, and rapid signal transduction. Genes Dev
2007, 21:124-136.

This work establishes that the cleavage of RseA by DegS is the rate-
limiting step in the regulatory cascade controlling sE activity and outlines
the key design principles governing the pathway.

9. Rowley G, Spector M, Kormanec J, Roberts M: Pushing the
envelope: extracytoplasmic stress responses in bacterial
pathogens. Nat Rev Microbiol 2006, 4:383-394.

10. Flynn JM, Neher SB, Kim YI, Sauer RT, Baker TA: Proteomic
discovery of cellular substrates of the ClpXP protease reveals
five classes of ClpX-recognition signals. Mol Cell 2003,
11:671-683.

11. De Las Penas A, Connolly L, Gross CA: The sE-mediated
response to extracytoplasmic stress in Escherichia coli is
transduced by RseA and RseB, two negative regulators of sE.
Mol Microbiol 1997, 24:373-385.

12. Missiakas D, Mayer MP, Lemaire M, Georgopoulos C, Raina S:
Modulation of the Escherichia coli sE (RpoE) heat-shock
transcription-factor activity by the RseA, RseB and RseC
proteins. Mol Microbiol 1997, 24:355-371.

13. Ades SE, Connolly LE, Alba BM, Gross CA: The Escherichia coli
sE-dependent extracytoplasmic stress response is controlled
by the regulated proteolysis of an anti-sigma factor. Genes Dev
1999, 13:2449-2461.

14. 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 2004, 18:2292-2301.

15. 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 2003, 113:61-71.
Current Opinion in Microbiology 2008, 11:535–540



540 Prokaryotes
16.
�

Ruiz N, Kahne D, Silhavy TJ: Advances in understanding
bacterial outer-membrane biogenesis. Nat Rev Microbiol 2006,
4:57-66.

An excellent review highlighting systems required for the biogenesis of
outer membrane proteins, lipoproteins, and LPS.

17. Alba BM, Gross CA: Regulation of the Escherichia coli sigma-
dependent envelope stress response. Mol Microbiol 2004,
52:613-619.

18. Alba BM, Zhong HJ, Pelayo JC, Gross CA: degS (hhoB) is an
essential Escherichia coli gene whose indispensable function
is to provide sE activity. Mol Microbiol 2001, 40:1323-1333.

19.
�

Hasselblatt H, Kurzbauer R, Wilken C, Krojer T, Sawa J, Kurt J,
Kirk R, Hasenbein S, Ehrmann M, Clausen T: Regulation of the sE

stress response by DegS: how the PDZ domain keeps the
protease inactive in the resting state and allows integration of
different OMP-derived stress signals upon folding stress.
Genes Dev 2007, 21:2659-2670.

In this work the authors report structural and mutagenic experiments
investigating the mechanism by which the PDZ domain of DegS holds the
enzyme in the inactive state.

20.
��

Sohn J, Grant RA, Sauer RT: Allosteric activation of DegS, a
stress sensor PDZ protease. Cell 2007, 131:572-583.

Biochemical measurements of the proteolytic activity of DegS and its
activation by YxF peptides demonstrate that inducing peptides and
substrate bind to DegS with positive cooperativity and its activity can
be explained according to the MWC model of allostery. The authors
develop a quantitative in vitro assay of DegS activity that for the first time
allows careful kinetic analysis of the degradation of RseA by DegS.

21. Wilken C, Kitzing K, Kurzbauer R, Ehrmann M, Clausen T: Crystal
structure of the DegS stress sensor: how a PDZ domain
recognizes misfolded protein and activates a protease. Cell
2004, 117:483-494.

22. Zeth K: Structural analysis of DegS, a stress sensor of the
bacterial periplasm. FEBS Lett 2004, 569:351-358.

23. Ades SE, Grigorova IL, Gross CA: Regulation of the alternative
sigma factor sE during initiation, adaptation, and shutoff of the
extracytoplasmic heat shock response in Escherichia coli. J
Bacteriol 2003, 185:2512-2519.

24. Monod J, Wyman J, Changeux JP: On the nature of allosteric
transitions: a plausible model. J Mol Biol 1965, 12:88-118.

25.
��

Cezairliyan BO, Sauer RT: Inhibition of regulated proteolysis by
RseB. Proc Natl Acad Sci U S A 2007, 104:3771-3776.

Experiments examining the effect of RseB on the degradation of RseA by
DegS in vitro provide the first biochemical explanation for how RseB
enhances the proteolytic stability of RseA.

26. Collinet B, Yuzawa H, Chen T, Herrera C, Missiakas D: RseB
binding to the periplasmic domain of RseA modulates the
RseA: sE interaction in the cytoplasm and the availability of
sE-RNA polymerase. J Biol Chem 2000, 275:33898-33904.

27. Grigorova IL, Chaba R, Zhong HJ, Alba BM, Rhodius V, Herman C,
Gross CA: Fine-tuning of the Escherichia coli sE envelope
stress response relies on multiple mechanisms to inhibit
signal-independent proteolysis of the transmembrane anti-
sigma factor, RseA. Genes Dev 2004, 18:2686-2697.

28.
�

Wollmann P, Zeth K: The structure of RseB: a sensor in
periplasmic stress response of E. coli. J Mol Biol 2007,
372:927-941.

The crystal structure of RseB reveals that it has a lipoprotein-binding fold.

29.
�

Kim DY, Jin KS, Kwon E, Ree M, Kim KK: Crystal structure of
RseB and a model of its binding mode to RseA. Proc Natl Acad
Sci U S A 2007, 104:8779-8784.

In this work the authors report the crystal structure of RseB and localize
the region of RseA required for RseB binding.

30. Kanehara K, Akiyama Y, Ito K: Characterization of the yaeL gene
product and its S2P-protease motifs in Escherichia coli. Gene
2001, 281:71-79.
Current Opinion in Microbiology 2008, 11:535–540
31. Akiyama Y, Kanehara K, Ito K: RseP (YaeL), an Escherichia coli
RIP protease, cleaves transmembrane sequences. EMBO J
2004, 23:4434-4442.

32. Kanehara K, Ito K, Akiyama Y: YaeL proteolysis of RseA is
controlled by the PDZ domain of YaeL and a Gln-rich region of
RseA. EMBO J 2003, 22:6389-6398.

33.
��

Koide K, Ito K, Akiyama Y: Substrate recognition and binding by
RseP, an Escherichia coli intramembrane protease. J Biol
Chem 2008, 283:9562-9570.

Biochemical studies of RseP establish that RseP cleaves substrates with
helix-destabilizing residues in the transmembrane region.

34.
�

Feng L, Yan H, Wu Z, Yan N, Wang Z, Jeffrey PD, Shi Y: Structure
of a site-2 protease family intramembrane metalloprotease.
Science 2007, 318:1608-1612.

This work presents the first crystal structure of a protease in the site-2
family, which includes RseP.

35.
�

Koide K, Maegawa S, Ito K, Akiyama Y: Environment of the active
site region of RseP, an Escherichia coli regulated
intramembrane proteolysis protease, assessed by site-
directed cysteine alkylation. J Biol Chem 2007, 282:4553-4560.

Biochemical studies with RseP suggest that the active site is partially
accessible to water through regions of the protein.

36. Kopan R, Ilagan MX: Gamma-secretase: proteasome of the
membrane? Nat Rev Mol Cell Biol 2004, 5:499-504.

37. Bramkamp M, Weston L, Daniel RA, Errington J: Regulated
intramembrane proteolysis of FtsL protein and the control of
cell division in Bacillus subtilis. Mol Microbiol 2006, 62:580-591.

38. Douchin V, Bohn C, Bouloc P: Down-regulation of porins by a
small RNA bypasses the essentiality of the regulated
intramembrane proteolysis protease RseP in Escherichia coli.
J Biol Chem 2006, 281:12253-12259.

39. Campbell EA, Tupy JL, Gruber TM, Wang S, Sharp MM, Gross CA,
Darst SA: Crystal structure of Escherichia coli sE with the
cytoplasmic domain of its anti-sigma RseA. Mol Cell 2003,
11:1067-1078.

40.
��

Rhodius VA, Suh WC, Nonaka G, West J, Gross CA: Conserved
and variable functions of the sE stress response in related
genomes. PLoS Biol 2006, 4:e2.

Using microarrays, promoter predictions, and primer extension analyses
the authors identify genes making up the sE regulon in E. coli and extend
their findings to define a core sE regulon conserved across related
bacterial genomes.

41. Thompson KM, Rhodius VA, Gottesman S: sE regulates and is
regulated by a small RNA in Escherichia coli. J Bacteriol 2007,
189:4243-4256.

42. Johansen J, Rasmussen AA, Overgaard M, Valentin-Hansen P:
Conserved small non-coding RNAs that belong to the sE

regulon: role in down-regulation of outer membrane proteins.
J Mol Biol 2006, 364:1-8.

43. Udekwu KI, Wagner EG: sE controls biogenesis of the antisense
RNA MicA. Nucleic Acids Res 2007, 35:1279-1288.

44. Papenfort K, Pfeiffer V, Mika F, Lucchini S, Hinton JCD, Vogel J:
sE-dependent small RNAs of Salmonella respond to
membrane stress by accelerating global omp mRNA decay.
Mol Microbiol 2006, 62:1674-1688.

45. Schurr MJ, Yu H, Martinez-Salazar JM, Boucher JC, Deretic V:
Control of AlgU, a member of the sE-like family of stress sigma
factors, by the negative regulators MucA and MucB and
Pseudomonas aeruginosa conversion to mucoidy in cystic
fibrosis. J Bacteriol 1996, 178:4997-5004.

46.
�

Costanzo A, Ades SE: Growth phase-dependent regulation of
the extracytoplasmic stress factor, sE, by guanosine 30,50-
bispyrophosphate (ppGpp). J Bacteriol 2006, 188:4627-4634.

This article describes the first evidence that other regulatory pathways, in
addition to the proteolytic cascade, can affect sE activity.
www.sciencedirect.com


	Regulation by destruction: design of the &sigma;E envelope stress response
	Introduction
	Regulation of the &sigma;E-dependent cell envelope stress response in E. coli
	The key players
	The inducing signal

	The trigger, activation of DegS
	Structural studies
	DegS, an allosteric enzyme
	Inhibition of DegS by RseB

	Intramembrane cleavage by RseP
	Degradation of RseAcyto by cytoplasmic proteases
	Resetting the switch, downregulation of the response
	Conclusions
	Acknowledgements�
	References and recommended reading


