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In Escherichia coli, like in any organism, the cytoplasmic (inner or plasma)
membrane proteins play essential roles in transport of small and macro-molecules
as well as in transmission of environmental signals across the membrane. Their
quality control is critically important for growth and survival of the cell. However,
our knowledge about the players and mechanisms of the system is still limited. This
review focuses on proteolytic quality control of membrane proteins, in which two
membrane-integrated proteases, FtsH and HtpX, with different modes of action, play
central roles. The prohibitin family membrane protein complexes (HfIKC and QmcA)
contribute to the quality control system as a regulatory factor of FtsH and also as
a possible membrane-chaperone. Failure of the quality control system to function
normally leads to accumulation of malfolded cytoplasmic membrane proteins,
which in turn activate the stress response pathways previously believed to be
specialized for sensing protein abnormalities outside the cytoplasmic membrane.
In fact, many of the cytoplasmic membrane quality control factors are stress induced.
Further characterization of them as well as of the stress-sensing mechanisms
would prove useful to obtain an integrated picture of the membrane protein quality
control system.
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Cells of a Gram-negative bacterium Escherichia coli
are surrounded by two layers of membranes, outer and
cytoplasmic (inner). The cytoplasmic membrane has a
more complex protein profile than the outer membrane;
it was estimated that about 20% of E. coli ORFs encode
proteins destined to this location (7). They include trans-
porters, channels, receptors and enzymes involved in the
synthesis and metabolism of membrane constituents,
accounting for a large part of the biological activities
of the membrane. These membrane proteins should be
properly synthesized, inserted into the membrane and
folded into an active conformation, which may further
assemble into a functional complex. Defects in such pro-
cesses could occur under normal and stressed conditions.
Moreover, hazardous environmental changes could
induce denaturation and inactivation of pre-formed mem-
brane proteins. The resulting accumulation of abnormal
membrane proteins would disturb the membrane struc-
ture and function, eventually compromising cellular
integrity and viability. Therefore, it is important for
cells to monitor protein folding states and to quickly
eliminate and/or repair the abnormal proteins. Despite
the physiological importance, protein quality control at
the cytoplasmic membrane has only poorly been investi-
gated as compared to analogous processes at other cellu-
lar compartments. We have been characterizing factors
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involved in protein quality control in the cytoplasmic
membrane (Fig. 1).

FtsH

While most cytoplasmic membrane proteins are assumed
to be stable under normal growth conditions, their
abnormal states can be subject to rapid degradation.
An ATP-dependent and membrane-bound zinc metallo-
protease FtsH is the first enzyme that was shown to be
responsible for membrane protein degradation (2). FtsH
degrades SecY, the central membrane subunit of the
protein translocation machinery, and Foa, a subunit of
the Fo sector of proton ATPase, when they have failed to
assemble into the respective complex (3, 4). YccA,
a stress-inducible membrane protein receives slow
FtsH-dependent degradation when overexpressed (5).
FtsH also degrades several short-lived cytoplasmic pro-
teins such as 6°2, LpxC, ACII and ixis (2). 6°2 is dedicated
to transcription of the cytoplasmic heat-shock genes.
FtsH, which is itself a o32-controlled heat shock protein,
is thus involved in regulation of its own expression (6).
LpxC is an enzyme that catalyses a committed step for
synthesis of the lipid part of lipopolysaccharide (LPS).
Stabilization of LpxC in cells defective in FtsH leads to
the lethal unbalance in the synthesis of phospholipids and
that of LPS (7). An allele (sfhC21) of fabZ involved in
fatty acid biosynthesis restores both the phospholipids/
LPS balance and the growth of the f¢sH null mutant (7).
KdtA required for the synthesis of the sugar moiety of
LPS is also a substrate of FtsH (8). Therefore, the FtsH
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Fig. 1. Quality control factors and stress response mecha-
nisms that care cytoplasmic membrane proteins in E. coli.
FtsH dislocate abnormal membrane proteins out of the mem-
brane for their energy-dependent and processive degradation, to
which HtpX may contribute by introducing endoproteolytic

activity is required for maintenance of both the protein
and lipid compositions of the membranes.

FtsH is anchored in the membrane by the N-terminal
two transmembrane segments, which is followed by the
cytoplasmic AAA* ATPase domain and the metallopro-
tease domain (2). The AAA* protein modules are ubiqui-
tously found in biological kingdoms and known to be
involved in a wide variety of cellular processes (9). The
membrane-anchoring domain of FtsH is required for its
oligomerization, which is essential for the protease activ-
ity (10). The orthologues of FtsH in mitochondria and
chloroplasts also play crucial roles in the biology of
these organelles (11, 12). FtsH is an ATP-hydrolysis-
dependent and processive protease, although it can
degrade small peptides in the presence of a non-hydro-
lysable ATP analogue (13).

Crystal structures of the AAA* ATPase domain and the
whole cytoplasmic region of FtsH showed that it forms a
hexameric ring-like assembly (14, 15). In the ADP-bound
structure of the cytoplasmic region determined by Suno
et al. (14), the AAA domains adopt a 3-fold symmetry,
in which each subunit alternately assumes an ‘open’
and a ‘closed’ conformation, while the protease domains
have a 6-fold symmetric hexameirc structure. Although
the details of how the substrate polypeptide is delivered
and presented to the internally located protease active
site are obscure, it was proposed that repeated cycles of
a substrate binding to a conserved aromatic residue on
the edge of the central pore and open—close conforma-
tional changes of the AAA domains are coupled with
ATP hydrolysis to drive movement of the substrate
polypeptide from the central pore of the AAA domain
through a tunnel to the internal protease active sites.
In addition to ATP hydrolysis, proton motive force
(PMF) has been shown to stimulate proteolytic activity
of membrane-bound FtsH (16). PMF appears to simulate
FtsH by somehow affecting the membrane-anchoring
region.

cleavages into cytoplasmic loops of the substrates. PHD proteins,
HfIKC and QmcA function as a regulator of FtsH and/or a
membrane chaperone. Abnormal membrane proteins elicit ‘extra-
cytoplasmic’ stress responses.

Insights into features of substrates required for FtsH-
dependent proteolysis were originally gained form the
studies of YccA (5, 17), spanning the cytoplasmic mem-
brane seven times with its N-terminus exposed to the
cytoplasm (I18). The yccA11 mutation, an internal dele-
tion of eight amino acid residues from the N-terminal
cytoplasmic tail, was found to render YccA refractory to
proteolysis by FtsH (5). Systematic deletion and muta-
tional analyses of YccA and other substrate membrane
proteins showed that N-terminal cytoplasmic tails with
diverse sequences can confer FtsH-susceptibility when
their lengths are longer than 20 amino acid resides,
which presumably provide an initiation site for the pro-
cessive proteolysis (17). FtsH can also initiate degrada-
tion from the C-terminal cytoplasmic tails of some
membrane proteins (19). The SsrA tag sequence (20)
that is attached to the C-terminus of certain soluble pro-
tein can be recognized by FtsH for degradation, at least
in vitro, suggesting that FtsH might undertake degrada-
tion of SsrA-tagged membrane proteins in the trans-
translation quality control mechanism. Molecular basis
for the apparently bi-directional initiation ability of
FtsH is an interesting question. Moreover, FtsH can
initiate in vitro degradation of apo-flavodoxin from its
internal sites (21). Thus, FtsH could initiate degradation
of membrane proteins from either terminus as well as
from cytoplasmic loops.

Membrane-embedded and periplasmic regions of mem-
brane proteins are sequestered from the cytosolically
disposed catalytic domains of FtsH. However, FtsH-
mediated degradation is generally not accompanied by
accumulation of discrete degradation products containing
a membrane-embedded or an periplasmically exposed
domain of substrates. In vivo analyses of degradation of
a model membrane protein carrying an immunologically
recognizable periplasmic domain, whose folding state
can be manipulated, demonstrated that, when the
domain was unfolded, it was FtsH-dependently degraded
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Fig. 2. A model of FtsH action in membrane protein
degradation. HfIKC might control the substrate access to
FtsH within the membrane or on the periplasmic side. Upon
successful encounter, a cytoplasmic tail of a substrate mem-
brane protein is recognized by FtsH and delivered through a
tunnel to the internal protease active site by cycles of movement
of the central pore-aromatic residue (F228) in a manner coupled
with ATP hydrplysis-dependent open—close conformational
changes of the ATPase domain. Substrate dislocation and pro-
teolysis then continues processively.

together with the region C-terminal to it. When the peri-
plasmic domain was folded tightly, the degradation
stopped in front of it. The inference that the degradation
depended on the initiation event on the cytosolic side led
to the ‘substrate dislocation model’ of FtsH-mediated
membrane protein degradation (18) (Fig. 2).

FtsH catalysis of membrane protein dislocation and
degradation was reproduced in vitro using proteolipo-
somes reconstituted from purified FtsH and a substrate
membrane protein (22), suggesting that FtsH can dislo-
cate a substrate from the membrane without any aid
from other cellular proteins. FtsH-mediated extraction
and degradation of membrane proteins is reminiscent of
ER-associated degradation (ERAD) of eukaryotic mem-
brane proteins, in which another AAA ATPase, p97,
plays pivotal roles (23).

A putative polypeptide binding site of FtsH was
mapped onto the surface of the AAA* domain (24).
It may recognize a cytoplasmic tail of substrate mem-
brane proteins to capture the substrate to dislocate it
out of the membrane and deliver it to the protease
active site. FtsH must be membrane-associated to
degrade membrane proteins (10). Membrane tethering
should be required for proper positioning of FtsH to
interact with the substrate and also to generate the
force for its dislocation. Substrate binding by the central
pore region and conformational changes coupled with
ATP binding/hydrolysis mentioned above could provide
the force to extract a substrate from the membrane.

Earlier studies suggested some non-proteolytic func-
tions of FtsH. Its mutations or overproduction can mod-
ulate topogenesis of model membrane proteins without
affecting their stability (25), and some of such pheno-
types were suppressed by overexpression of cytoplasmic
molecular chaperones (26). In addition, the AAA™"
domain of a yeast FtsH homologue, Ymel, exhibits
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a chaperone-like activity in vitro (27). Although FtsH
could possess a chaperone activity, its protein unfolding
activity is much lower than that of other ATP-dependent
proteases (28). It remains to be elucidated how generally
cells utilize the protein remodelling ability of FtsH, as
exemplified by its membrane protein dislocation function.

HtpX

HtpX was first identified as a o%-controlled heat-shock
protein, whose overexpression affects lysogenziation of
phage A. The primary sequence suggested its localization
to the membrane as well its being a zinc-metalloprotease.
Involvement of HtpX in membrane protein quality con-
trol was suggested from its rediscovery as a gene product
controlled by the Cpx extracytoplasmic stress response
regulator as well as from a synthetic phenotype of its dele-
tion when combined with the ftsH disruption (29).
Whereas single disruption of htpX is silent, its combina-
tion with AftsH (in the presence of the sfhC21 suppressor)
results in temperature-sensitive growth failure. It was
thus suggested that FtsH and HtpX have overlapping
or complementary cellular functions (29).

HtpX is integrated into the cytoplasmic membrane
with overall topology similar to that of FtsH (29). As
expected from its metalloprotease active-site sequence
motif, purified HtpX was shown to degrade casein and
SecY in vitro (30). The proteolytic action of HtpX was
ATP-independent and endoproteolytic, by which it intro-
duced several cuts into cytoplasmic loops of SecY (30).
These features are in sharp contrast to the energy depen-
dence and the processivity characteristically observed
with the FtsH action. It is conceivable that HtpX
collaborates with FtsH in proteolytic quality control of
membrane proteins by introducing endoproteolytic
cleavages into cytoplasmic regions of the substrates.
This will generate cytoplasmic tails that are subse-
quently recognized by FtsH to initiate rapid proteolysis
of the rest of the polypeptide chain. Although HtpX-
dependent cleavage was reproduced in vivo for over-
produced SecY (30), ‘natural substrates’ of HtpX have
not been identified. Recently, disruption of htpX was
shown to repress swarming motility without impair-
ing swimming of individual cells (37). HtpX might par-
ticipate in the phenomenon of swarming through
degradation of some envelope proteins that affect
swarming-related cell-to-cell interactions. Escherichia
coli has three uncharacterized HtpX homologues, pre-
sumably one in the cytoplasmic membrane and the
other two in the outer membrane (30).

Omal is a yeast protein having sequence homology
with HtpX and physiological functions that overlap
those of the m-AAA protease, a mitochondrial FtsH
homologue (32). It was reported that Omal cleaves loop
regions of a substrate membrane protein (Oxal) at both
sides of the membrane, but it is unknown how Omal,
a possible inner membrane protease, can achieve it.

PROHIBITIN HOMOLOGUES

Three E. coli membrane proteins, HfIK, HfIC and QmcA,
are known to contain a PHB (Prohibitin homologous)
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domain (also known as an SPFH domain). Eukaryotic
PHB proteins possess protein- and/or lipid-binding prop-
erties and many of them are associated with the lipid
raft of membranes in various cellular compartments
(33). They have been implicated to be involved in many
different cellular processes, including apoptosis, cell pro-
liferation, senescence and regulation of mitochondrial
functions, but their exact roles are poorly understood.
Our studies suggest that the E. coli PHB proteins par-
ticipate in the protein quality control of the cytoplasmic
membrane.

HfIK and HfIC—HfIK and HfIC are cytoplasmic
membrane proteins with a type II (Nixy-Cour) orienta-
tion. Each of them has a large periplasmic domain and
a very short or negligible length of cytoplasmic tail (18).
They form a heteo-multimeric complex (HfIKC), which
interacts further with the FtsH hexamer to form a
higher order complex of about 1MDa, named ‘FtsH
holoenzyme’. The proposed composition of the holoen-
zyme is (FtsH)g(HfIKC)g (34). Electron microscopic anal-
yses revealed that Saccharomyces cerevisiae prohibtins
(Phbl and Phb2) (35) and E. coli HIKC (Saikawa, N.,
unpublished data) assume asymmetric ring-like
structures.

Several lines of evidence suggest that HfIKC nega-
tively regulate the proteolytic function of FtsH against
membrane protein substrates (5, 36, 37). Whereas some
missense mutations in AfIK and hfIC (hflK13 and hflC9)
interfere with degradation of uncomplexed SecY mole-
cules, deletion of AfIK-hfIC accelerates it. That HfIKC
is a negative modulator of FtsH was supported by the
in vitro ability of purified HfIKC to inhibit FtsH-
catalysed proteolysis of SecY and other proteins. In
contrast, degradation of soluble substrates is not mark-
edly affected either by the AfIK13/hflC9 mutation or
the AfIK-hfIC deletion. Thus, it appears that HfIKC
differentially modulates the proteolytic function of FtsH
depending on the class of its substrates, membrane-
integrated vs. soluble. Similar differential effects were
observed with the YccAll mutant protein, which is no
longer degraded by FtsH but remains associated with it
(5). Interestingly, the YccAll inhibitory effect depends
on HfIKC. This mutant protein does not affect the
FtsH-dependent rapid degradation of CII or RpoH.
Collectively, it is suggested that membrane-bound and
soluble substrates are presented to FtsH via different
pathways and that HfIKC is a regulatory factor of sub-
strate selection.

Recent co-purification and cross-linking studies
revealed that YidC, a membrane protein with essential
roles in membrane protein biogenesis (insertion into
membrane and folding), interacts with FtsH/HfIKC,
both of which are also in the proximity of a nascent mem-
brane protein (38). It is a tempting possibility that the
proteolytic quality control machine is ready to work at
very early stages of the biosynthesis of membrane
proteins.

As discussed above, the proteolytic activity of FtsH
is modulated by HfIK/HfIC, a prohibitin homologue com-
plex. YccA could also have regulatory roles for the FtsH
activity against membrane protein substrate. Recently,
Silhavy and colleagues showed that FtsH degrade the
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SecYEG translocon complex when it is jammed’ with a
folded domain of a preprotein. They propose that YccA is
a regulator of this clearance reaction (van Stelten, J.,
Silva, F., Belin, D., Silhavy, T.J., personal communica-
tion). There might be another class of regulators that
interact with a substrate of FtsH. A membrane-spanning
and small hydrophobic peptide, MgtR, directly binds to
MgtC, a multi-spanning membrane protein required for
intra-macrophage survival of Salmolella enterica, and
promotes its degradation by FtsH (39). MgtR seems to
be a substrate-specific regulator and conceptually similar
to adaptor proteins of other AAA* proteases (40). Thus,
multiple layers of regulatory devices ensure the diverse
physiological roles of FtsH.

Q@mcA—QmcA (or YbbK) is another E. coli PHB-
domain-containing protein that also belongs to a group
of prokaryotic proteins called p-stomatins (41). It was
identified as a multi-copy suppressor against the
growth defect of the fisH-hipX double disruption
mutant (see above). Interestingly, QmcA assumes the
type I orientation and has a large cytoplasmic domain,
opposite to the features of HfIK and HfIC. It presumably
forms a homo-oligomer. Pull-down assays showed that
QmcA interacts with FtsH albeit weakly. Overexpression
of HfIKC also partially rescues the ftsH-htpX growth
defect. Additional knockouts of both gmcA and AfIKC,
but not a single knockout of either of them, exacerbate
the growth defect of the AftsH-htpX strain, suggesting
further that QmcA and HfIKC have related or similar
functions in quality control of membrane proteins. As
the hfIKC mutational and overexpression effects can be
observed in the absence of FtsH, HfIKC must have
a function other than a simple modulator of the FtsH
activity. Eukaryotic prohibits have been implicated to
possess a membrane protein-specific chaperone activity
(42). It is an intriguing possibility that QmcA and
HfIKC serve as a membrane chaperone on each side of
the membrane. Such an organization of membrane cha-
perones would be beneficial for the cell to care a wide
range of membrane proteins with diverse topologies of
membrane integration.

MEMBRANE-PROTEIN STRESS

Protein abnormalities are sensed by stress response
mechanisms, leading to increased expression of chaper-
ones, folding catalysts and proteases. Such mechanisms
are specialized to deal with stresses imposed to different
cellular locations. In E. coli, cytoplasmic stresses are
dealt with by activation of 6°2 and cell envelope stresses
are mainly dealt with either by activation of another
alternative sigma factor, oF, or a two-component
system, Cpx. Cytoplasmic membrane proteins can gener-
ate both classes of stresses. When targeting of nascent
membrane proteins to the cytoplasmic membrane is
impaired [for instance, by dysfunction of the signal
recognition particle (SRP)], the o2 stress response is
upregulated, in which increased levels of cytosolic
energy-dependent proteases Lon and HsIUV(ClpQY)
become growth-essential (43). The membrane-bound
quality control factors FtsH, HfIK/C and HtpX are also
regulated by o°2, suggesting that they also contribute
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to elimination of unintegrated membrane protein
precursors.

Although the oF and the Cpx envelope stress responses
(ESR) had been believed to solely respond to accumula-
tion of abnormal proteins in the periplasm and the outer
membrane (44), we have shown that these systems also
sense abnormal proteins in the cytoplasmic membrane.
Cells devoid of the FtsH quality control protease
contained increased levels of Cpx- and oF-dependent
transcription, which was further upregulated upon over-
production of an FtsH substrate membrane protein (22).
ESR upregulation was also observed in cells depleted for
YidC, which is known to be required for correct folding
of some membrane proteins (45, 46). A class of SecY
alterations was shown not only to generate mal-folded
states of lactose permease and presumably of other
membrane proteins but also to elicit the ESR (29, 46).
Lack of poshpatidylethanolamine, a lipid required for
membrane protein topogenesis, also induces the Cpx
stress response (47). Thus, the ESR systems sense mem-
brane-integrated but abnormal states of proteins in the
cytoplasmic membrane.

That the FtsH-HtpX protease combination is essential
for cell viability together with the fact that HtpX is Cpx-
regulated (29) suggests that these membrane proteases
combat the ‘membrane stresses’ by eliminating misfolded
membrane proteins. Recent analyses of the lethal effects
of aminoglycoside abtibiotics indicate that accumulation
of mistranslated membrane proteins is a lethal element,
in which HfIKC has some role. Intriguingly, the Cpx
system enhances the antibiotic-induced cell death (48),
posing a question of why ESR, which protects cells
under physiological stress, should function otherwise in
response to a non-physiological category of membrane/
envelope perturbations. The mechanism of stress-sensing
in the cytoplasmic membrane is an important unsolved
question. It should also be asked whether abnormal
membrane proteins can indeed be repaired. To address
these questions we probably need to identify many more
additional quality control components that could exist in
the membrane.
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