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Abstract

Intramembrane metalloproteases are nearly ubiquitous in living organisms and they function in
diverse processes ranging from cholesterol homeostasis and the unfolded protein response in
humans to sporulation, stress responses, and virulence of bacteria. Understanding how these
enzymes function in membranes is a challenge of fundamental interest with potential applications
if modulators can be devised. Progress is described toward a mechanistic understanding, based
primarily on molecular genetic and biochemical studies of human S2P and bacterial SpolVFB and
RseP, and on the structure of the membrane domain of an archaeal enzyme. Conserved features of
the enzymes appear to include transmembrane helices and loops around the active site zinc ion,
which may be near the membrane surface. Extramembrane domains such as PDZ (PSD-95, DLG,
Z0-1) or CBS (cystathionines-f-synthase) domains govern substrate access to the active site, but
several different mechanisms of access and cleavage site selection can be envisioned, which might
differ depending on the substrate and the enzyme. More work is needed to distinguish between
these mechanisms, both for enzymes that have been relatively well-studied, and for enzymes
lacking PDZ and CBS domains, which have not been studied.
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1. Introduction

The cloning of human Site-2 protease (S2P) in 1997 marked the beginning of our
understanding of intramembrane proteases (IPs) [1]. Mutational analysis supported the idea
that S2P is a metalloprotease that cleaves sterol-regulatory element-binding proteins
(SREBPs) within a transmembrane segment (TMS), releasing the NH,-terminal domain of
the SREBP from a membrane so it can enter the nucleus and activate genes encoding the
low density lipoprotein (LDL) receptor and enzymes for cholesterol and fatty acid
biosynthesis. Sequence analyses suggested that S2P is a polytopic membrane protein that is
conserved in animals and archaea. Additional sequence comparisons identified similar
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proteins in the plant Arabidopsis thaliana and in diverse bacteria [2]. Shortly thereafter,
mutational studies provided evidence that bacterial proteins SpolVFB of Bacillus subtilis
and YaeL (subsequently renamed RseP) of Escherichia coli are intramembrane
metalloproteases (IMMPs) that cleave Pro-o* and RseA, respectively [3-7]. Pro-oK is
membrane-associated and inactive as a o factor, and cleavage by SpolVFB releases oX into
the mother cell where it directs RNA polymerase (RNAP) to transcribe genes involved in
spore formation. RseA is an anti-o factor with one TMS and an NH,-terminal cytoplasmic
domain that sequesters oF until a proteolytic cascade that includes RseP causes RseA to be
degraded, allowing oF to direct transcription of genes involved in the response to cell
envelope stress.

After the early work on S2P, SpolVFB, and RseP, mounting genomic sequence data
underscored the near-ubiquitous conservation of putative IMMPs in living organisms [8, 9].
Phylogenetic analysis defined four subfamilies. S2P and RseP are members of the largest
subfamily, which contain one or more PDZ domains, and SpolVVFB is a member of the large
CBS domain-containing subfamily. The PDZ and CBS domains will be described in section
2. The other two subfamilies lack PDZ or CBS domains and have different numbers of
TMSs, but none of these putative enzymes have been characterized. The evolution of IPs is
discussed by Grishin and Kinch [10] in this issue.

In addition to the roles mentioned above for S2P, SpolVFB, and RseP, subsequent
molecular genetic studies revealed diverse functions of IMMPs. Bacterial IMMPs are
implicated in production of mating signals [11], polar morphogenesis [12], cell division
[13], pathogenesis (reviewed in [14, 15]), and clearance of signal peptides from the cell
membrane [16]. These functions are described by Glickman {Glickman, 2012 #1605} in this
issue. Human S2P has at least two other substrates besides SREBPs, the transcription factors
ATF6 and CREBH, which mediate the unfolded protein and acute phase responses,
respectively [17, 18]. These and other roles of IMMPs in animals and disease are discussed
by Rawson {Rawson, 2012 #1606} in this issue. It seems likely that many other functions of
IMMPs remain to be discovered, since the few studied so far have diverse functions and
some bacterial genomes code for more than 10 of these enzymes.

Here, we focus on mechanistic insights from molecular genetic and biochemical studies
primarily of S2P, SpolVFB, and RseP, since these three IMMPS have been studied most
extensively. We describe their membrane topology, extramembrane domains, regulation of
activity, and substrate sequence specificity, emphasizing progress since prior reviews [19—
21] and questions that remain, even in light of the crystal structure of part of an archaeal
IMMP [22].

2. Membrane topology and extramembrane domains

2.1 S2P

Figure 1 depicts the biological membranes in which S2P, SpolVFB, and RseP function as
well as their predicted membrane topology and extramembrane domains.

Based on studies in Chinese hamster ovary cells, S2P functions in the Golgi apparatus,
cleaving SREBPs within a TMS or near the membrane surface after an initial cleavage by
Site-1 protease (S1P) (reviewed in [23]). The membrane topology of S2P shown in Figure
1A is based partly on protease protection experiments that suggest the two ends of the
protein are exposed to the cytosol and on glycosylation studies consistent with three
substantial lumenal loops [24]. The first lumenal loop is hydrophilic but otherwise
unremarkable whereas the second loop consists of 76% Ser residues and the third loop,
which is by far the longest at 188 residues, contains a PDZ domain with a Cys-rich insert [8]
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and a site that appears to be glycosylated although this is not necessary for activity of the
enzyme [24]. Functions of the Ser-rich loop and the PDZ domain with its Cys-rich insert are
unknown. The number of TMSs is uncertain but we favor the 8-TMS model proposed by Ha
[19] in which TMSs 4, 5, and 6 form a conserved core predicted by sequence comparisons
[2, 8]. A 3-TMS core was observed in the archaeal IMMP crystal structure [22]. TMS 4 is
predicted to contain the HEXXH metalloprotease motif in which the two His residues would
coordinate the metal ion and Glu would activate a water molecule for peptide bond
hydrolysis. Predicted TMS 6 contains Asp467, which would provide a third metal ligand,
and substitution of this residue with Asn abolished S2P activity [24]. Less certain is whether
residues 71-107 form TMSs 2 and 3, and residues 492-518 form TMSs 7 and 8, but this
seems plausible since both regions are hydrophobic and may be long enough to span the
membrane twice (since the membrane may be slightly compressed around the enzyme, see
section 5). Residues 186—214 between predicted TMSs 4 and 5 are quite hydrophobic and
are depicted in Figure 1A to form a loop in the membrane, based on analogy with the
archaeal IMMP crystal structure [22].

2.2 SpolVFB—SpolVFB is localized to the outermost membrane surrounding the
forespore during B. subtilis endospore formation [25-28], where it cleaves membrane-
associated Pro-oX [29], releasing active oK into the mother cell compartment (Fig. 1B). The
predicted membrane topology of SpolVFB, based on hydropathy analysis and the
distribution of charged residues in hydrophilic segments [30], was supported by the results
of topological analysis with fusion proteins to alkaline phosphatase and -galactosidase in £.
coli [31]. Further support for the 6-TMS model shown in Figure 1B came from the archaeal
IMMP crystal structure [22]. Predicted TMSs 2, 3, and 4 comprise the conserved core, with
the HEXXH motif in TMS 2, and Asp137 in TMS 4 providing the third metal ligand, as
supported by mutational studies [3, 4]. Residues 57-83 between predicted TMSs 2 and 3
contain a hydrophobic stretch (residues 61-70) that might loop into the membrane based on
the archaeal IMMP crystal structure [22]. Predicted TMS 6 is followed by a 92-residue
hydrophilic region that sequence comparisons identified as a CBS domain [8]. As noted in
section 1, the CBS domain is the defining feature of a large subfamily of IMMPs. The CBS
domain of SpolVVFB is exposed to the mother cell cytosol, where it is proposed to bind ATP
and regulate enzyme activity, coupling cleavage of Pro-oX to mother cell energy status [32].

Cell fractionation experiments have shown that RseP is a cytoplasmic membrane protein of
E. coli [6]. Similar to human S2P cleavage of its substrates after initial cleavage by S1P,
RseP catalyzes the second cleavage of RseA, a membrane-associated anti-oF protein, within
or near its TMS, following the first cleavage in its periplasmic region by DegS (Fig. 1C).
This latter protein is a trimeric serine protease of the cytoplasmic membrane [5, 7, 33, 34].
The amino acid sequence of RseP contains four hydrophobic stretches that would act as
TMSs [6]. While topology prediction based on amino acid sequence information yields
ambiguous results [35], experimental analysis using PhoA fusions has indicated that RseP
spans the membrane four times with periplasmically-exposed N-and C-termini [7]. This was
confirmed by another fusion assay using GFP as a reporter [35]. The predicted TMS 1 and 3
sequences contain the HEXXH motif and a possible third metal ligand, Asp402, respectively
(Fig. 1C). Functionally important roles of these residues were demonstrated by mutational
analyses [6, 7]. TMS 1, 2 and 3 form the conserved core and the expected membrane
orientation of the conserved core region supports the topology suggested by the
experimental data. The predicted first cytoplasmic region between TMS 1 and 2 contains a
hydrophaobic stretch (residues 60—73) that could form a membrane-embedded loop, similar
to the corresponding regions of human S2P and SpolVVFB (Fig. 1). Early studies suggested
that the central periplasmic domain of RseP (between TMS 2 and 3) contains a single PDZ
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domain [6, 36, 37]. The PDZ domain is a ubiquitous protein module generally involved in
protein-protein interactions [38]. Later, more detailed sequence analyses predicted that RseP
contains two tandemly arranged PDZ domains (PDZ-N/PDZ1 and PDZ-C/PDZ2) with
circularly-permutated primary sequences [8]. This was confirmed by crystal structure
analyses of the separately expressed PDZ domains [39, 40]. In contrast, S2P probably
possesses only one PDZ domain (Fig. 1). Genetic and biochemical studies suggest that the
PDZ domains of RseP are involved in regulation of its proteolytic functions (see section 3.3)
[36, 37, 39].

3. Regulation of activity

3.1 S2P

3.2 SpolVFB

Very little is known about the regulation of S2P, except that cleavage of SREBPs, ATF6,
and CREBH by S2P requires prior cleavage by S1P [17, 18, 41]. The initial cleavage by S1P
in the lumenal loop of SREBPs causes separation of its two TMSs [42] and this was
proposed to allow partial unfolding of the TMS that is cleaved by S2P [43]. The cleavage by
S1P is regulated at the level of transport of the substrate from endoplasmic reticulum
membranes to the Golgi apparatus, where S1P and S2P are located (reviewed in [23]) (Fig.
1A). Insig proteins retain SREBP-cleavage-activating protein (SCAP) in complex with
SREBPs in the endoplasmic reticulum until SCAP senses a drop in sterol concentration,
releasing SCAP-SREBP complexes for vesicular transport to the Golgi apparatus.

SpolVFB is inhibited by BofA and SpolVFA until a signal from the forespore relieves the
inhibition [44] (Fig. 2). The primary signal from the forespore is SpolVB, a serine protease
made under c© RNA polymerase control and secreted into the space between the two
membranes surrounding the forespore [45, 46]. SpolVB cleaves SpolVFA and this is crucial
to relieve inhibition of SpolVFB [47-49]. A second serine protease, CtpB, made in both the
mother cell and the forespore, and secreted from both into the space between the membranes
surrounding the forespore, can cleave both SpolVFA and BofA but appears to be a fine-
tuning mechanism since absence of CtpB only delays SpolVFB cleavage of Pro-oK slightly
[47, 49, 50]. During sporulation of B. subtilis, 1oss of SpolVFA and BofA in pulse-chase
immunoprecipitation experiments correlated with cleavage of Pro-oX to oX by immunoblot
[49]. How BofA is removed from the complex remains an open question since the BofA
level still decreases, albeit more slowly, in a sporulating cfpB8 mutant. Removal of BofA is
important since BofA alone is sufficient to substantially inhibit SpolVFB cleavage of Pro-
oX upon coexpression of these proteins in £. coli [51]. SpolVFA alone failed to inhibit
SpolVFB, but in combination with BofA, SpolVVFB was completely inhibited in £. coli
coexpression experiments [49]. Likewise, SpolVFA alone was insufficient to inhibit
SpolVFB in sporulating B. subtilis, but Spol VFA facilitates assembly of SpolVFB with its
inhibitor BofA [26] and localizes the complex to foci in the outermost membrane
surrounding the forespore [28, 52] (Fig. 3).

The significance of localizing SpolVFB in complex with its inhibitor BofA and the
assembly factor SpolVFA to foci is not clear, but it could relate to the ATP dependence of
SpolVFB [32]. The foci contain at least five other proteins, including SpollD, SpollM, and
SpollP, which are normally required for engulfment [53, 54]. These proteins appear to form
a complex that interacts with the cell wall and pulls the mother cell membrane around the
forespore [55] (Fig. 3). The other two proteins, SpollQ and SpolllAH, have extracellular
domains that interact and zipper the mother cell membrane around the forespore during
engulfment [56, 57]. The interaction of SpollQ with SpolllAH forms channels that connect
the mother cell and forespore cytoplasms [58, 59]. The channels have been proposed to
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allow the mother cell to nurture the forespore by providing small molecules for biosynthetic
activity [60]. In addition to SpolllAH, several other proteins encoded in the spo///A operon
resemble components of secretion systems [58, 59], and SpolllAA is similar to secretion
ATPases and its ATPase motifs are important for sporulation [61]. The ATPase activity of
SpolllAA, and perhaps secretion of ATP from the mother cell, through the channels, into the
forespore, might result in a relatively low ATP concentration in the vicinity of channels,
ensuring that channel-associated SpolVVFB remains inactive in case it escapes BofA
inhibition (Fig. 3). Upon completion of engulfment, the channels undergo reorganization
and some components are degraded [59, 62], perhaps allowing the ATP concentration to rise
in the mother cell, at least in the vicinity of the outermost membrane surrounding the
forespore. Binding of ATP to the CBS domain of SpolVFB would activate the enzyme [32].
In this way, activation of SpolVVFB would be coupled not only to channel-dependent
activation of o€ in the forespore, leading to secretion of SpolVB and CtpB proteases that
target SpolVFA and BofA (Fig. 2), but also to completion of engulfment and destruction of
the channels, resulting in a rise in ATP in the mother cell sensed by the CBS domain of
SpolVFB (Fig. 3). Since SpolVFB cleaves Pro-oX and since ensuing transcription by oK
RNAP primarily leads to production of spore coat proteins that assemble on the forespore
surface, a mechanism to ensure completion of engulfment and destruction of channels seems
desirable.

How might ATP activate Spol\VFB? Biochemical studies with the CBS domain of SpolVFB
suggest it forms dimers, as expected [63, 64], but that ATP binds better to a monomer and
that ATP changes the interaction between the CBS domain and Pro-oX [32]. These findings
led to the proposal that ATP binding to the CBS domain influences oligomerization of
SpolVFB, which was estimated to be tetrameric after detergent solubilization from
membranes, and/or changes the conformation of SpolVFB so that Pro-oK gains access to its
active site. Binding of adenosine-containing ligands such as ATP, ADP, AMP, and/or &
adenosylmethionine to CBS domains in metabolic enzymes, kinases, and channels regulates
their activity by inducing a conformational change, based on structural and biochemical
studies (reviewed in [65]), allowing these proteins to function as sensors of cellular energy
status [66]. By analogy, it was proposed that the CBS domain of SpolVVFB regulates its
activity in response to the ATP concentration in the mother cell [32]. Whether the ATP
concentration rises in the mother cell upon completion of engulfment and destruction of the
channels, as proposed above (Fig. 3), remains to be determined, as does the ATP
concentration dependence of SpolVFB, which might indicate whether it serves as a switch
that is sensitive to a small increase in ATP concentration or as a rheostat that regulates
production of o¥ and therefore expression of its regulon over a wider range of ATP
concentrations. Possible effects of ADP or AMP in combination with ATP also remain to be
tested.

RseP is part of a proteolytic cascade that responds to extracytoplasmic stress. In E. colj,
several pathways of the extracytoplasmic stress response serve to maintain homeostasis of
cell surface components. Among these, the oF pathway is thought to play a major role in
quality control of outer membrane proteins [67]. The most well-characterized stress cue that
triggers activation of the oF pathway is misfolded outer membrane proteins (OMPS) [68,
69]. Many OMPs share a conserved motif, YXF, at their C-terminus that is normally buried
within a folded B-barrel structure [70] (Fig. 4). The YXF motif is exposed by unfolding of
OMPs and is directly recognized by the periplasmic PDZ domain of DegS. This stimulates
Degs to cleave a peptide bond between Val148 and Ser149 in the periplasmic region of
RseA [70]. This first (site-1) cleavage by DegsS triggers a second cleavage (site-2 cleavage),
mediated by RseP, between Alal08 and Cys109, which releases the cytoplasmic domain of
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RseA in a complex with o from the membrane [5, 7, 71, 72]. Finally, the RseA cytoplasmic
domain is degraded by cytoplasmic ATP-dependent proteases such as ClpXP, allowing oF to
regulate transcription of stress-responsive genes [72, 73]. Full induction of the oF response
requires not only OMP-dependent activation of DegS but also OMP-dependent inactivation
of RseB, a periplasmic protein that binds to the periplasmic domain of RseA [74, 75] (Fig.
4). RseB binding to RseA inhibits DegS cleavage /n vitro [76], probably by masking the
Degs cleavage site in RseA [76, 77]. Potential B-strand-forming sequences in OMPs are
suggested to act directly or indirectly to inactivate RseB and/or release it from RseA [75].
Such dual signal recognition involving DegS and RseB would ensure a specific response of
the oF pathway to abnormalities in OMP folding. Although accumulation of modified or
intermediate forms of lipopolysaccharide (LPS) [78] and abnormal cytoplasmic membrane
proteins [79] induce the oF stress response, the underlying mechanisms remain unknown.
Normally, the rsePand degS genes are essential for cell growth, but are dispensable upon
down-regulation or loss of two major outer membrane proteins, OmpA and OmpC [80],
since this probably reduces the requirement for oF.

The proteolytic functions of RseP are modulated or affected by several factors, including
RseB, the Gln-rich regions in the RseA periplasmic domain, and the PDZ domains of RseP.
Usually, site-2 cleavage of RseA by RseP strictly depends on prior site-1 cleavage by DegS
[5, 7, 36]. However, elimination of RseB allows significant cleavage of intact RseA by RseP
in the absence of Deg$S and suppresses lethality of the degS disruption mutant. This suggests
that RseB acts to inhibit DegS-independent RseA cleavage by RseP [81]. This inhibition
depends on the PDZ domains of RseP, although it is not known whether RseB directly
interacts with the RseP PDZ domains. Further, systematic deletion analyses of the RseA
periplasmic domain suggested that two Gln-rich regions, Q1 (residue 162-169) and Q2
(residues 190-200), prevent DegS-independent cleavage of RseA by RseP [36] (Fig. 4).
However, these Gln-rich regions are not conserved among bacterial RseA homologues [82].
The crystal structure of the complex between RseB and the periplasmic domain of RseA, as
well as biochemical analyses, revealed that RseB binds to neighboring regions of Q1 and Q2
[76, 77]. However, it is unclear whether RseB and the GlIn-rich regions act independently or
have a functional relationship.

Although the PDZ domain was initially suggested as essential for RseP function, later
studies showed that mutation of conserved residues or deletion of the entire PDZ-N and/or
PDZ-C domains do not inactivate RseP [36, 37, 39, 83]. Partial deletion of the PDZ domains
deregulates RseP and enables it to cleave intact RseA without prior site-1 cleavage by DegS
[36, 37]. Most of the mutations identified during screening for deregulated RseP mutants
mapped within the PDZ domains, thus demonstrating the crucial and specific roles of the
PDZ domains in the regulation of RseA cleavage [39]. In Salmonella, a bacterium closely
related to £. coli, acid stress causes DegS-independent cleavage of intact RseA by RseP and
the resulting activation of oF [84]. This acid-induced RseA cleavage depends on intact RseP
PDZ domains. Collectively, these observations raise an intriguing possibility that, aside
from the conventional OMP-dependent DegS-RseP protease cascade, there exists a novel
signaling pathway(s) in which a stress signal(s) is directly recognized viathe RseP-PDZ
domains. Interestingly, most of the strong deregulating mutations affected conserved PDZ-N
domain residues that are suggested to be critical for ligand binding [39]. The PDZ domain
generally recognizes 3 to 5 C-terminal residues of a peptide ligand [38]. However, the
putative ligand-binding grooves of the RseP PDZ domains are too narrow to accommaodate
ordinary ligands. Furthermore, the ligand-binding groove of PDZ-N is partially covered by a
small helix [39, 40]. Whether ligand binding to PDZ-N is involved in modulation of RseP
function remains to be determined.
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An S2P homolog from Methanocaldococcus jannaschii, the only S2P family protein whose
structure has been elucidated [22], possesses no PDZ domain. Although structural data are
available for both of the PDZ-N and -C domains of £. coli RseP, the structures have been
solved as individual domains [39, 40]. Thus, the exact disposition of the periplasmic PDZ
domains relative to the membrane domain is not known. Recently, the structure of the PDZ-
N/PDZ-C tandem of aaRseP (an RseP homolog from hyperthermophile Aquifex aeolicus
VF5) was determined (Y. Hizukuri, S. Tabata, K. Tamura-Kawakami, T. Oda, M. Sato, J.
Takagi, Y. Akiyama, and T. Nogi, unpublished results). The structure suggests a possible
role of the PDZ domains in substrate discrimination. In the aaRseP PDZ tandem, the
putative ligand-binding grooves face each other in an anti-parallel orientation to form a
single pocket-like structure. In this configuration, PDZ domains may be positioned over the
transmembrane domain such that the putative ligand-binding grooves point toward the
transmembrane domain (Fig. 4). In this manner, the PDZ tandem would prevent access of
substrates with a bulky periplasmic domain to the proteolytic active site. Consistent with this
notion, complete removal of the entire PDZ domains (both PDZ-N and PDZ-C) renders E.
coli RseP capable of cleaving intact RseA [83] (Y. Hizukuri, S. Tabata, K. Tamura-
Kawakami, T. Oda, M. Sato, J. Takagi, Y. Akiyama, and T. Nogi, unpublished results).
These findings raise the possibility that PDZ domains serve as a size-exclusion filter to
discriminate between intact and DegS-processed RseA proteins. According to this model,
Degs cleavage would facilitate RseP-catalyzed intramembrane proteolysis of RseA by
reducing the size of the periplasmic domain of RseA, and by releasing the negative
regulation mediated by RseB and the GIn-rich sequences. The periplasmic domain of RseA
may be largely disordered when RseB is not bound to it [70, 77]. The possible cleavage of
intact RseA by RseP in the absence of RseB [81] could also be explained by the size-
exclusion model if RseA with a disordered, flexible periplasmic domain could pass through
the PDZ filter. Mutations in PDZ-N that enable DegS-independent RseA cleavage render
RseP susceptible to trypsin digestion around the PDZ-N and PDZ-C linker region [39]. This
suggests that a conformational change is induced in the PDZ domains, which modulates the
size-exclusion function of the PDZ filter. This in turn permits intact RseA to access the
active site. Although this model can account for many previous observations, further studies
are required in order to validate it.

A genetic study has suggested that Degs is also able to inhibit RseP-mediated cleavage of
intact RseA [81], although little is known regarding the inhibitory mechanism, and there is
no evidence of a direct interaction between DegS and RseP.

4. Substrate sequence specificity

4.1 S2P

Early mutational studies of SREBPs identified two sequence features important for cleavage
by S2P, but neither of the features appears to be part of a recognition sequence that dictates
the specific peptide bond to be cleaved. The sequence DRSR immediately precedes TMS 1
of human SREBP-1a and SREBP-2 (Fig. 5A shows SREBP-2). Changing DRSR to AS
severely reduced cleavage within TMS 1 by S2P [85]. Changing the Asp residue to Ala in
SREBP-1a (i.e., D484A) abolished cleavage, but the corresponding change in SREBP-2
(D478A) did not affect cleavage. Several additional changes to the DRSR sequence of
SREBP-2 were reported in a study that also mapped the S2P cleavage site in SREBP to the
peptide bond that joins L484 to C485 [86] (summarized in Fig. 5A). Changing DRSR to
AAAA or DAAA abolished cleavage, but interestingly changes to DASR or DRSA did not
alter the amount or position of cleavage, suggesting that neither R479 nor R481 is part of a
recognition sequence that determines the cleavage site. It was subsequently mentioned that
SR of the DRSR sequence is sufficient for cleavage, but the data was not shown [17]. Taken
together, it appears that S480 and/or one of R479 or R481 of SREBP-2 is important for
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cleavage by S2P, but probably not as part of a recognition sequence dictating the cleavage
site. Indeed, substitutions of Phe or Ala for residues near the cleavage site in SREBP-2 did
not impair cleavage [86] (summarized in Fig. 5A), so S2P might not recognize a specific
sequence near the cleavage site. The cleavage sites in two other substrates of S2P, ATF6 and
CREBH [17, 18], have not been mapped, so an alignment based on cleavage sites is not
possible; however, human ATF6 has the sequence PKRR preceding the target TMS and
human CREBH has the sequence QTGT in the corresponding position, so R or T residues in
these sequences could fulfill the role played by S and/or R residues in SREBPs. It is worth
noting that B. subtilis YIuC (subsequently renamed RasP) is a PDZ domain-containing
IMMP that cleaves the anti-o factor RsiW [87] and the cell division protein FtsL [13], which
share the sequence KKRAS preceding their target TMSs, and substitutions in this sequence
appear to impair FtsL cleavage, so RasP and S2P might both recognize one or more residues
preceding the target TMS.

The second sequence feature shown to be important for cleavage by S2P is the sequence NP
within TMS 1 of SREBP-2 [43]. The substitutions N495F and P496L independently reduced
cleavage, and together the double substitution abolished cleavage (summarized in Fig. 5A).
Interestingly, moving the NP sequence five residues N-terminally did not change the
position of cleavage, suggesting the sequence does not interact directly with S2P [43].
Rather, it was proposed that the NP sequence allows the N-terminal part of TMS 1 to
unwind, after separation of the two TMSs of SREBP-2 following S1P cleavage of the
lumenal loop (Fig. 5B). Substrate bending or unwinding is believed to be necessary for all
types of IPs to hydrolyze a peptide bond normally inaccessible to nucleophilic attack when
present in an a-helix [88]. The S2P substrate ATF6 has the sequence NYGP within its target
TMS and the double substitution, N391F and P394L, abolished cleavage [17]. CREBH has a
Pro residue within its target TMS that aligns with the important Pro residues of SREBP-2
and ATF6 [18], but the importance of the Pro residue and other nearby helix-destabilizing
residues for CREBH cleavage by S2P remains to be tested.

In summary, one or two Arg or polar (Ser or Thr) residues preceding the target TMS, and
two helix-destabilizing residues within the TMS, appear to be important for cleavage by
S2P, but neither of these features appears to be part of a recognition sequence that dictates
the site to be cleaved, and to the extent it has been examined, S2P might not recognize a
specific sequence near the cleavage site.

Little has been reported about sequence features of Pro-oX required for cleavage by
SpolVFB. The N-terminal residue of mature oK is Y21 of Pro-oK, implying that SpolVFB
cleaves the peptide bond that joins S20 to Y21 [89]. Confirmation of the cleavage site
includes N-terminal sequencing of a cleavage product from £. coliengineered to coexpress
Pro-oX and SpolVFB [51] and from an /n vitro reaction with purified substrate and enzyme
[32]. Subcellular fractionation experiments showed that the majority of Pro-oX is
membrane-associated in sporulating B. subtilis, whereas the majority of ¥ is associated
with core RNAP [29]. Removal of the pro-sequence appeared to release X from the
outermost membrane surrounding the forespore, allowing 6K RNAP holoenzyme to form,
and the results of immunofluorescence microscopy also supported this model. High salt (0.5
M NaCl or 0.6 M KCI) released much of the Pro-oX from membranes, suggesting a
peripheral association. SpolVFB was not required for association of Pro-oX with
membranes. Residues 1-27 of Pro-oK, when fused to the green fluorescent protein (GFP),
targeted the fusion protein to membranes in a B. subtilis spol VF null mutant that had been
starved to initiate sporulation [90]. However, the fusion protein was not cleaved in wild-type
cells undergoing sporulation. A series of C-terminal GFP fusions to Pro-oK revealed that the
N-terminal 117 residues of Pro-oX, but not the N-terminal 109 residues, are sufficient for
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cleavage to occur in sporulating wild-type B. subtilis. Replacing GFP with a Hisg tag
resulted in poor accumulation of the 117-residue version, although it was still cleaved,
whereas the 109-residue version of Pro-oX C-terminally tagged with Hisg failed to
accumulate in sporulating B. subtilis. Coexpression of the Hisg-tagged versions of Pro-oK
with SpolVFB in E. coliyielded similar results; the 109-residue version barely accumulated
and cleavage was not detected, whereas the 117-residue version accumulated but was
cleaved poorly, in this case because most of the fusion protein accumulated in inclusion
bodies. In contrast, a 126-residue version of Pro-oK C-terminally tagged with Hisg
accumulates and is cleaved very well in both B. subtilisand E. coli[51, 90]. This version,
Pro-0X(1-126)-H8, includes all of the predicted sigma factor region 2.4, whereas the shorter
versions lack part of this predicted a-helical region and might partially or completely
misfold. It seems likely that proper folding of region 2 is required for Pro-oX to interact with
SpolVFB, but the interacting surfaces remain to be defined.

The ability of Pro-o¥(1-126)-H6 to accumulate and be cleaved upon coexpression with
SpolVFB in E. colihas been utilized to investigate features of the pro-sequence that might
be important for cleavage. Addition or deletion of five residues near the N terminus allowed
accurate cleavage of the peptide bond joining S20 to Y21 [90]. Hence, SpolVFB does not
measure the distance from the N terminus to the cleavage site. An S20G substitution
enhanced cleavage of Pro-0%(1-126)-H6 by SpolVFB in E. coliand in vitro, perhaps
because a residue with a small side chain at the position preceding the cleavage site
improves access to the target peptide bond [32]. Other residues near the cleavage site
influence the abundance and accuracy of cleavage by SpolVVFB (R. Zhou and L. K.,
unpublished results), suggesting that SpolVFB differs from S2P in the mechanism of
cleavage site selection. The predominantly hydrophobic pro-sequence contains two residues
with charged side chains (K13 and E14) that might prevent it from inserting into a
membrane like a typical TMS. As noted above, high salt releases much of the Pro-gX from
membranes, suggesting a peripheral association [29]. However, this association does not
require SpolVFB and may not require any other protein, since Pro-0¥(1-126)-H6 S20G
associated readily with preformed liposomes made from £. colilipids [32]. Perhaps K13
and/or E14 interact with the membrane surface, and/or hydrophobic parts of the pro-
sequence loop into the membrane (Fig. 1B). The charge reversal substitution E14K in Pro-
0%(1-126)-H6 did not affect cleavage upon coexpression with SpolVFB in £, coli, but a
K13E substitution prevented cleavage [90]. The same K13E substitution in full-length Pro-
oX-H6 resulted in poor accumulation and undetectable cleavage in sporulating B. subtilis,
although the variant protein appeared to be membrane associated. Whether the K13E
substitution alters interaction with the membrane, with another part of Pro-oK (e.g., region
2.4, which also affects accumulation of the protein), or with SpolVFB is unknown.

Much remains to be learned about how SpolVVFB interacts with Pro-oX The CBS domain of
SpolVFB interacts with Pro-oX [32] but the details of this interaction and the effects of ATP
remain to be elucidated. Nevertheless, it seems clear already that Pro-oX interacts differently
with membranes than other IMMP substrates that have been studied and SpolVFB selects its
cleavage site differently than PDZ-domain containing IMMPs. The PDZ-domain containing
IMMPs that have been studied most, S2P (see section 4.1) and RseP (see section 4.3),
interact with substrates in which a typical TMS likely must unwind partially in order to be
cleaved, and the mechanism of cleavage site selection, to the extent it has been examined,
does not appear to rely on recognition of certain residues near the cleavage site.

RseP efficiently cleaves HA-MBP-RseA140, an RseA-derived model substrate in which the
cytoplasmic domain of RseA has been replaced by an unrelated sequence, HA-MBP, and the
periplasmic domain is truncated to mimic the DegS-processed form [71]. This suggests that
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the cytoplasmic domain of any particular substrate does not play a critical role in cleavage
by RseP. To date, RseA is the only established physiological substrate of £. coli RseP.
However, the first and fifth TMSs (LacY TMS 1 and LacY TMS 5, respectively) of LacY
(lactose permease) were found to be cleaved by RseP when the TMS of HA-MBP-RseA140
was individually replaced by these sequences [71]. A recent study has revealed that RseP
can cleave a variety of signal peptides of secretory and membrane proteins /7 vivo, at least
in the context of an N-terminally HA-MBP-attached construct [16]. The native signal
peptide of periplasmic protein LivK, which is generated upon /n vitro translocation of a
precursor protein into inverted inner membrane vesicles, was susceptible to RseP-dependent
degradation. Degradation of a signal peptide by RseP required prior processing of the
precursor protein by a signal peptidase, Lep, which removes the large C-terminal mature
domain. This fits with the PDZ size-exclusion filter model described in section 3.3. These
observations suggest that RseP is involved in clearance of remnant signal peptides from the
cytoplasmic membrane. RasP, another IMMP of B. subtilis, can also cleave signal peptides
of B. subtilis secretory proteins [16]. IMMPs might generally play a role in signal peptide
degradation in both gram-negative and gram-positive bacteria that do not have signal
peptide peptidase homologs.

Amino acid sequences of the target TMSs of RseP substrates (RseA TMS 1, LacY TMS 1
and 5, and signal peptides) are highly variable and apparently do not share any specific
motif for recognition by RseP and determination of the cleavage site, although the exact
cleavage site has been definitively determined only for RseA (between A108 and C109) and
LacY TMS 1 (mainly between F16 and F17, but with a small amount of cleavage between
F15 and F16; the numbering is according to the original LacY protein) [71]. While RseP
seems to have low sequence specificity for target TMSs, it has been shown that helix-
destabilizing residues, such as Pro, Asn, Gly and Ser, in a target TMS can facilitate RseP
cleavage [71]. As described in section 4.1, a pair of helix-destabilizing residues within the
target TMS also promote cleavage by S2P. These residues were proposed to induce partial
unwinding of the target TMS after S1P proteolysis, thereby exposing the otherwise
membrane-embedded cleavage site to the cytosolic side of the membrane at which S2P
cleavage occurs [43] (Fig. 5B). However, helix-destabilizing residues in a target TMS
promote RseP cleavage even under detergent-solubilized conditions, and RseP can cleave
intact RseA in several situations (see section 3.3). Thus, the helix-destabilizing residues of
RseP substrates might play a different role from those in S2P substrates. Pull-down
experiments have shown that helix-destabilizing residues in target TMSs stabilize substrate
binding to RseP [91]. Similar experiments revealed that several residues (highly conserved
Asn394 and Pro397 and less conserved Asn389 and Pro399) in TMS 3 of RseP are
important for substrate binding. Specific combinations of Cys substitutions in RseP TMS 3
and in the target TMS of RseA, engender disulfide bond formation, suggesting that TMS 3
directly binds a substrate. In addition to facilitating nucleophilic attack of a sessile peptide
bond, unwinding of a substrate’s transmembrane helix might be required for it to interact
with RseP TMS 3. Thus, several properties of substrates, including the presence of helix-
destabilizing residues within the target TMS and the size of the periplasmic domain may
determine their cleavability by RseP in a combinational manner.

The C-terminal residue exposed by DegS cleavage has been proposed to be another feature
of RseA recognized by RseP [40]. OMP signal-dependent sequential cleavage of RseA by
DegsS and RseP has been reconstituted /n vitro using purified proteins under detergent-
solubilized conditions [39, 40]. Biochemical analysis using an /n vitro reconstitution system
showed that mutational alterations of V148 of RseA to several charged or dissimilar amino
acids compromised site-2 cleavage [40]. In addition, structural work demonstrated that the
C-terminal residue of PDZ-C or its derivative is accommodated by the shallow putative
ligand-binding groove of a neighboring PDZ-C molecule, and perturbation of this
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interaction by a mutation (1304A) at the putative ligand binding site abolishes RseP-
dependent cleavage of RseA. On the basis of these results, a model was proposed suggesting
that binding of PDZ-C to the newly exposed C-terminal residue (Val148) of RseA,
generated by DegS-cleavage, is essential for cleavage of RseA by RseP. Although this
model plausibly explains why site-2 cleavage by RseP requires the preceding site-1
cleavage, it is not consistent with the results of recent /n vivo experiments in which
substitutions in the putative ligand-binding regions of the RseP PDZ domains, or deletion of
the PDZ domains, had little effect on RseA cleavage [83]. Moreover, alterations of the C-
terminal residue of the DegS-processed form of RseA had a minor impact on /n vivo
substrate cleavage. Furthermore, strains having a mutant form of the chromosomal rseP gene
lacking either of the two PDZ domains grew normally and exhibited almost normal RseA
cleavage and oF-activation in response to an extracytoplasmic stress. These results strongly
suggest that binding of the RseA C-terminus to RseP PDZ domains is not essential for RseP-
catalyzed site-2 cleavage. The previously observed strong dependence of RseP cleavage on
the RseA C-terminal residue [40] is reproducible but is evident only under detergent-
solubilized conditions [83], highlighting the importance of investigating IMMPs and their
substrates in the membrane-integrated state /7 vivoto discern their physiological functions.

5. Structural and biochemical insights

The crystal structure of part of an archaeal IMMP was an important advance toward a deeper
understanding of these fascinating enzymes [22]. As noted in section 2, the structure
confirmed the 3-TMS conserved core predicted by sequence comparisons [2, 8] and
supported the 6-TMS model for the membrane-embedded domain of SpolVFB (Fig. 1B) that
had been proposed on the basis of hydropathy and topological analyses [30, 31]. The M.
Jannaschii enzyme used in the structure determination was C-terminally truncated to remove
a tandem pair of CBS domains, leaving the 6-TMS domain referred to as mjS2P, which
cleaved an artificial protein substrate and contained one zinc atom per monomer [22]. As
expected, the catalytic zinc atom was coordinated by two His residues of the HEXXH motif
in TMS 2 and by one Asp residue in TMS 4 (Fig. 6). Unexpectedly, TMS 4 was interrupted
by a 6-residue loop that is preceded by a conserved Asn residue, contains a conserved Pro
residue, and is followed by the conserved Asp residue that coordinates zinc. The side chain
of the conserved Asn residue was located above the active site (as oriented in Fig. 6) and
was suggested to play a critical role in catalysis such as contributing to substrate binding
and/or formation of the oxyanion hole [22]. Substitutions at the corresponding position in
SpolVFB (N129A) or RseP (N394C) reduced but did not abolish substrate cleavage [3, 91].
As noted in section 4.3, several residues in TMS 3 of RseP, which corresponds to TMS 4 in
the mjS2P structure (Fig. 6) or in SpolVFB (Fig. 1B), have been implicated in substrate
binding [91]. The N394C substitution in RseP interfered with substrate binding, as did
several substitutions for N389 predicted to be in the TMS preceding the loop and
substitutions for two Pro residues (P397C and P399C) predicted to be in the loop. RseP
variants with a single Cys at P397 or P399, but not at N389 or N394, could form disulfide
crosslinks with substrate RseA variants with a single Cys at P5-P1 (i.e., the five residues
preceding the cleavage site N-terminally). These results indicate that P397 or P399 predicted
to be in the loop of RseP (based on the mjS2P structure) are in close proximity to the
substrate near its cleavage site, although there appears to be flexibility in the interaction. The
results also indicate that N389 and N394 of RseP participate indirectly in substrate binding
(e.g., by destabilizing a-helical structure in the enzyme). Helix-destabilizing residues in the
substrate TMS were also shown to be important for substrate binding by the enzyme [91],
and had previously been shown to be important for cleavage [71]. Precisely how the enzyme
positions the substrate so that predominantly one peptide bond is cleaved remains unclear.
To address this question, the structure of an enzyme-substrate complex would likely provide
great insight. Nevertheless, the mjS2P structure both confirmed expectations from previous
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studies and revealed unexpected features like the TMS interrupted by a loop with conserved
residues near the active site. Future studies of other IMMPs can take advantage of
predictions based on the mjS2P structure [22].

Because the mjS2P structure was solved for a protein fragment that had been solubilized
from membranes, the position of the active site with respect to the membrane surface is
unknown. The catalytic zinc atom was predicted to be located ~14 A from the cytosolic face
of the membrane surface [22]. A channel leading from the cytosolic side was proposed to
allow water access to the active site. However, Ha [19] has noted residues with charged side
chains in portions of TMSs 2-6 that are oriented toward the cytosol and has argued that
mjS2P, like the £. coli rhomboid GIpG, compresses the membrane. Molecular dynamics
simulations suggest a modest thinning (~4 A) of the lipid bilayer around GIpG [92, 93]. We
note that S2P, SpolVVFB, and RseP have residues with charged side chains at positions
corresponding to those noted by Ha in mjS2P (Fig. 7). Hence, the active site of IMMPs
might not be buried quite as deeply in the membrane as predicted by Feng er al. [22]. RseP
variants with a single Cys were used in experiments that measured Cys accessibility to
membrane-impermeable thiol-alkylating reagents, and residues near the active site were
inaccessible to probes in the 500-700 Da range, indicating that the active site is not
completely exposed at the membrane surface [94]. Residues near the active site became
partially accessible in the presence of protein denaturant, suggesting that the active site is
sequestered in a proteinaceous structure that is partially exposed to the aqueous
environment. How do substrates gain access to the active sites of IMMPs? The mjS2P
structure suggested a lateral gating mechanism because the protein crystallized as a dimer
with one subunit in a relatively closed conformation and the other in a more open
conformation with TMSs 1 and 6 from 10 to 12 A farther apart [22]. The open conformation
was envisioned to allow a portion of the substrate in an extended conformation to enter
laterally and gain access to the active site of the enzyme (Fig. 8A). However, the dimer and
the two conformations could be crystal-packing artifacts. It seems likely that removal of
tandem CBS domains from the M. jannaschii enzyme to produce the mjS2P fragment,
together with crystallization, produced an artifactual dimer in which the two molecules are
antiparallel. Whether the two conformations reflect a substrate gating mechanism of the M.
Jannaschii enzyme remains to be tested. In any case, RseP and many other IMMPSs do not
have the TMSs corresponding to TMSs 1 and 6 of mjS2P, so a different mechanism of
controlling access to the active site would be needed for these IMMPs. Other mechanisms of
substrate access to the active site can be envisioned. Interaction of the substrate with the
enzyme and thinning of the membrane around the enzyme might allow entry of a portion of
the substrate in an extended conformation from the solvent-exposed juxtamembrane region
into a solvent-exposed cavity containing the active site of the enzyme (Fig. 8B). This model
is similar to one proposed for substrate access to the £. co/irhomboid protease GIpG [95-
97] and work on other rhomboids also supports the model [98]. However, in the case of
GIpG, these and other studies indicate the importance of loop-5 (also called the L5 cap) and
TMS 5 in gating substrate access to the active site (reviewed in [19, 20, 99]). A recent
biochemical study of rhomboids reconstituted into proteoliposomes or expressed in cells
revealed the importance of the membrane in gate dynamics as well as in unwinding of the
substrate [100]. Crystal structures of GlpG-inhibitor complexes suggest that the L5 cap
likely moves when substrate interacts with the enzyme [101-103]. This has been proposed
to allow a portion of the substrate in an extended conformation to enter the active site viaa
lateral opening [102]. A similar model can be envisioned for IMMPs (Fig. 8C), especially
for substrates with a cleavage site in a very hydrophobic region, since extensive solvent
exposure might be too unfavorable energetically.

In the case of RseA access to the active site of RseP, the PDZ domains of RseP might
normally act as a size-exclusion filter that monitors site-1 cleavage or other signals (e.g.,
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acid-induced stress) and helix-destabilizing residues in the target TMS of RseA might allow
an extended conformation to form and interact with TMS 3 of RseP, positioning the target
peptide bond near the active site for cleavage v/aa mechanism like that depicted in Figure
8B or 8C. SpolVFB might use a mechanism like that depicted in Figure 8B, especially since
the pro-sequence of its substrate, Pro-o, does not appear to insert into a membrane like a
typical TMS, so lateral access to the active site might not be necessary even though
SpolVFB has TMSs 1 and 6 that could function as lateral gates. Rather, ATP binding to the
CBS domain might change the conformation and/or oligomeric state of SpolVFB so that the
pro-sequence gains access to its active site from the solvent-exposed juxtamembrane region
(Fig. 8B). Whether residues near the target peptide bond in Pro-oK interact with residues
predicted to be in the loop interrupting TMS 4 of SpolVFB (analogous to RseA interacting
with TMS 3 of RseP) and whether helix-destabilizing residues in Pro-oX (e.g., N24, N25,
P28, and P30) play a role (as in RseA) remains to be seen. The importance of helix-
destabilizing residues within target TMSs of S2P substrates has been established but the
functions of its predicted loop interrupting TMS 6, its PDZ domain, and potential lateral
gates (presumably TMSs 3 and 8) (Fig. 1A) remain to be explored with insights from the
mjS2P structure and from studies of RseP and SpolVFB.

6. Conclusions and future directions

Over a decade of work on IMMPs has provided considerable mechanistic insight. IMMPs
have a conserved core of three TMSs and one of these is interrupted by a loop that plays a
role in substrate binding based on studies of RseP [22, 91] (Figs. 1 and 6). Presumably, the
loop helps position the substrate for cleavage, but precisely how it does so and whether this
function is broadly conserved in IMMPS remains to be tested. The mjS2P structure revealed
a second loop that enters the membrane and is located near the active site [22] (Fig. 6). This
loop appears to be conserved (Fig. 1) but its function is unknown. In addition to the
conserved 3-TMS core, IMMPs have a variable number of additional TMSs and they have
extramembrane domains such as PDZ and CBS domains that govern substrate access to the
active site (Fig. 1). Recent work suggests the PDZ domains of RseP normally act as a size-
exclusion filter that ensures substrate has undergone site-1 cleavage (Y. Hizukuri, S. Tabata,
K. Tamura-Kawakami, T. Oda, M. Sato, J. Takagi, Y. Akiyama, and T. Nogi, unpublished
results) (Fig. 4), yet this function of the PDZ domains can be circumvented in multiple
ways. More work is needed to understand both how under certain circumstances RseP with
intact PDZ domains manages to cleave RseA that has not undergone site-1 cleavage and
how RseP lacking PDZ domains is prevented from cleaving membrane proteins that are not
usually substrates. Likewise, more work is needed to understand how the CBS domain of
SpolVFB regulates its activity in response to ATP [32]. In addition, many putative IMMPs
lack CBS or PDZ domains, but none have yet been studied. What are the substrates of these
enzymes and how are they brought to the active site for cleavage?

While RseP can cleave RseA that has not undergone site-1 cleavage under certain
circumstances, IMMPs typically function in pathways with other proteases. In response to
misfolded OMPs, DegS cleaves RseA at site 1, RseP then cleaves RseA, releasing its N-
terminal domain in complex with oF into the cytosol, and finally the N-terminal domain of
RseA is degraded by ATP-dependent Clp proteases to release oF (Fig. 4). Design principles
of this proteolytic cascade have begun to be revealed by detailed studies [73]. The other
known substrates of RseP are remnant signal peptides left in the membrane after cleavage by
signal peptidase [16]. RasP is a homolog of RseP that also cleaves signal peptides [16], but
RasP has a few twists in its proteolytic cascades involving other substrates. The anti-o factor
RsiW appears to be trimmed by one or more extracellular proteases after site-1 cleavage by
PrsW [104]. The need for trimming before RasP can cleave at site 2 might reflect size
exclusion by the PDZ domain of RasP. On the other hand, some data suggests that RasP
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cleaves the cell division protein FtsL without a site-1 cleavage [13]; however, intermediates
that reflect site-1 cleavage and/or trimming, could be unstable /n vivo, so a definitive answer
will require /n vitro biochemical reconstitution. So far, this has been achieved only for RseP
[71] and SpolVFB [32]. Although SpolVFB does not require prior cleavage of its substrate,
SpolVFB nevertheless functions in a proteolytic cascade, since the serine proteases SpolVB
and CtpB relieve inhibition of SpolVFB by SpolVVFA and BofA (Fig. 2). Association of
these proteins with channel proteins and engulfment proteins (Fig. 3) likely couples cleavage
of Pro-oX by SpolVFB to physiological and morphological changes during development in
ways that remain to be understood. Human S2P cleaves its known substrates after initial
cleavage by S1P (Figs. 1A and 5B). In the case of SREBPs, the sterol concentration
regulates transport to the Golgi apparatus where S1P and S2P are located, but it would be
surprising if the cleavages were not subject to additional regulation that remains to be
elucidated, as do the regulatory mechanisms for other substrates of S1P and S2P.

Understanding how IMMPs interact with their substrates and select their cleavage sites
could guide efforts to modulate cleavage by IMMPs and thus control vital signaling
pathways. Early studies revealed the importance of helix-destabilizing residues in the target
TMS of substrates for S2P [17, 43] and RseP [71]. For SpolVVFB, the target peptide bond in
Pro-oK does not appear to be within a typical TMS, and the importance of nearby helix-
destabilizing residues remains to be seen. Early studies of S2P also revealed the importance
of one or two Arg or polar (Ser or Thr) residues preceding the target TMS [85, 86]. This
feature is observed in RseA (i.e., R95), but its importance for cleavage by RseP has not been
tested. Other RseP substrates, signal peptides, typically have one or more residues with a
positively-charged side chain preceding the target TMS. The RasP substrates FtsL and RsiW
share the sequence KKRAS preceding the target TMS, which has been shown to be
important in the case of FtsL [13] and remains to be tested for RsiW. The SpolVFB
substrate Pro-oX has a polar Thr residue at position 2, but residues 2-6 can be deleted and
cleavage still occurs [90]. SpolVVFB instead appears to recognize residues near the cleavage
site (R. Zhou and L. K., unpublished data), suggesting that it differs from S2P and RseP in
its mechanism of cleavage site selection. The CBS domain of SpolVFB interacts with Pro-
0% [32] and the details of this interaction are important to understand, because it might
provide clues about how Pro-oX gains access to the active site of SpolVFB, which might be
different than the mechanisms of substrate access to the active sites of PDZ domain-
containing IMMPs like S2P and RseP (Fig. 8). Solving the structures of IMMP-substrate
complexes would likely provide additional clues about mechanisms of substrate access and
cleavage site selection, as well as aiding in rational design of IMMP modulators for
therapeutic purposes.
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Abbreviations

S2P Site-2 protease

PDZ (PSD-95, DLG, Z0O-1)
CBSs (cystathionines-B-synthase)
IP(s) intramembrane protease(s)

Biochim Biophys Acta. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kroos and Akiyama

Page 15

SREBP(s) sterol-regulatory element-binding protein(s)
TMS(s) transmembrane segment(s)
IMMP(s) intramembrane metalloprotease(s)
RNAP RNA polymerase
S1P Site-1 protease
SCAP SREBP-cleavage-activating protein
OMP(s) outer membrane protein(s)
GFP green fluorescent protein
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Figure 1.

Cellular location, membrane topology, and extramembrane domains of S2P, SpolVFB, and
RseP. A) Human S2P is located in the membranes of the Golgi apparatus and has 8
predicted TMSs of which TMSs 4-6 make up the conserved core (orange). The positions of
a Ser-rich loop, the HEXXH motif, the lumenal PDZ domain with its Cys-rich insert, and
D467 in TMS 6 are shown. When substrate SREBPs are transported from the endoplasmic
reticulum to the Golgi apparatus, S1P cleaves a lumenal loop, allowing S2P to cleave TMS 1
and release the N-terminal basic helix-loop-helix (bHLH) leucine-zipper (zip) domain into
the cytosol. The bHLH-zip domain enters the nucleus and activates transcription. The
regulatory domain (Reg.) interacts with SCAP (not shown). B) SpolVFB is located in the
outermost membrane surrounding the forespore during B. subtilis sporulation. Features
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analogous to those noted above in S2P are indicated. The CBS domain is in the mother cell,
as is most of Pro-o%, whose pro-sequence is depicted to interact peripherally and loop into
the membrane, although this is speculative. SpolVFB cleaves Pro-o¥, releasing oK into the
mother cell to direct transcription. C) RseP is located in the £. coliinner membrane with its
tandem PDZ domains in the periplasm. DegS cleaves the periplasmic C-terminal domain of
RseA, then RseP cleaves the TMS, releasing the RseA N-terminal domain in complex with
oF into the cytosol, where CIpXP degrades the rest of RseA, releasing oF to direct
transcription.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 December 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kroos and Akiyama Page 24

forespore ) mother cell

SpoIVB SPOIVER T
CtpB BofA \
T , \ oE RNA
c® RNA SpoIVEB <= polymerase
polymerase

Figure2.

Regulation of SpolVFB activity. During B. subtilis sporulation, the forespore is surrounded
by two membranes upon the completion of engulfment (top part). The bottom parts depict a
series of proteolytic cleavages. First, 6© RNAP in the forespore causes expression of serine
proteases SpolVB and CtpB (also expressed under 6E RNAP control in the mother cell),
which are translocated into the intermembrane space, where they cleave the C-terminal
domain of SpolVFA to initiate its degradation (dashes). SpolVFA is in complex with BofA
and SpolVFB in the outermost membrane surrounding the forespore, after these proteins are
expressed in the mother cell under 6 RNAP control. In the second step, CtpB and one or
more other proteases (not shown) cleave BofA to initiate its degradation (dashes). BofA is
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the primary inhibitor of SpolVFB. Finally, SpolVFB cleaves Pro-oX, releasing ¥ into the
mother cell.
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Figure 3.

A model for ATP transport and accumulation during B. subtilis sporulation, and localization
of the SpolVVFB complex with channel and engulfment complexes. A complex of SpollM,
SpollP, and SpolID proteins (red) interacts with the cell wall and causes the mother cell
membrane to engulf the forespore (top left). During engulfment, channels (green) composed
of SpollQ expressed in the forespore and SpolllA proteins expressed in the mother cell are
formed. The channels span the intermembrane space and have been proposed to allow small
molecules like ATP to move from the mother cell into the forespore. Upon completion of
engulfment, the channels undergo reorganization and some components are degraded (top
right). We propose that the ATP concentration rises in the mother cell and this is sensed by
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the CBS domain of SpolVFB. SpolVFA facilitates assembly of SpolVFB with its inhibitor
BofA and localizes the complex (magenta) to foci that during engulfment include the
channel and engulfment complexes (bottom part), although whether SpolVFA interacts
directly with a protein(s) in the other complexes or interacts indirectly is unknown (dashed
arrows).
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Figure 4.

A model for RseP function in transmembrane signaling of the oF stress response. Upper
part) Under resting conditions, DegS remains inactive as to RseA cleavage. Cleavage of
intact RseA by RseP is prevented by several negative regulators including RseB, the GIn-
rich sequences (Q1 and Q2) in RseA, and the PDZ domains (PDZ-N and PDZ-C) of RseP.
The RseP PDZ domains could act as a size-exclusion filter to block the access of RseB-
bound intact RseA into the active site of RseP. Lower part) Extracytoplasmic stresses cause
accumulation of misfolded OMPs, which trigger DegS-catalyzed cleavage of the RseA
periplasmic region through activation of DegS and inactivation of RseB. This first cleavage
releases negative regulation and allows intramembrane cleavage of DegS-processed RseA
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by RseP. oF is finally activated in the cytoplasm and promotes transcription of stress-
responsive genes. Some stress signal(s) might be directly recognized by the RseP PDZ
domains to induce cleavage of intact RseA, resulting in oF activation.
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Residues in SREBP-2 important for cleavage by S2P and a model for partial a-helix
unwinding of SREBPs. A) Effect of substitutions in TMS 1 of SREBP-2 on cleavage by
S2P. Residues 478-502 include four residues (blue) preceding TMS 1 (black). The cleavage
site is indicated by an arrow. Single-residue substitutions having no effect (green) or
reducing cleavage (orange) are shown immediately above and below the sequence,
respectively. Multi-residue substitutions having no effect (green) or abolishing cleavage
(red) are separated from the sequence by lines that indicate which residues were substituted.
B) Model for partial a-helix unwinding of SREBPs. Left) S1P cleaves the lumenal loop of
an SREBP (see Fig. 1A for domain abbreviations). Right) Separation of the two TMSs is
proposed to allow the N-terminal part of TMS 1 to unwind, exposing the cleavage site to the
cytosolic face of the membrane for cleavage by S2P.
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Figure6.

Structure of the membrane domain of an archaeal IMMP. The 6-TMS domain of the M.
Jannaschii enzyme, referred to as mjS2P, is shown in the open conformation with each a-
helix a different color and other parts blue (PDB ID: 3B4R). The three residues that
coordinate a zinc atom, which together with E55 activates a water molecule to catalyze
hydrolysis of a substrate peptide bond, are shown. Part of the loop connecting TMSs 2 and 3
is predicted to enter the membrane and a 6-residue loop interrupts TMS 4. These loops are
the basis for predicting analogous loops in S2P, SpolVFB, and RseP as depicted in Figure 1.
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mjS2P SIFWAVLFILLFVSVVLHELGHSYVAKK TMS 2
SpoIVFB LTGHMKALLCLLLIVLIHELGHAALAVE TMS 2
RseP LWDLASFIVALGVLITVHEFGHFWVARR TMS 1
hsSZ2P VNQLTYFFTAVLISGVVHEIGHGIAAIR TMS 4
mjS2P GELRIGIAGPLVSFIIGIVLLIVS TMS 3
SpoIVFB EEFAVIIAGPLQHIWLQFAAWMLA TMS 3
RseP QRAATTAAGPVANFIFAIFAYWLV TMS 2
hsS2P QQLRIFCAGIWHNFVLALLGILAL TMS 5

mjsS2P MDGGRILRATLSKK TMS 4C
SpoIVFB LDGGKLLFLLEFSKQ TMS 4C
RseP LDGGHLLFLATEKI TMS 3C
hsS2P LDGQWILNSFLDAT TMS &C

mjS2P YGYLKSTKIAANIGKSLALIMLLFGLLSMNIILILVSLEVYFGAEQESRVVEVETIFKN TMSs 5 and
SpoIVFB LPFQKAHRLNLKTSLCFCLLLGCWVLEVIPLQISAWVLEVFLAVSLFEEYRQRHYIHVR TMSs 5 and
RseP GPVSERVQDFCYRIGSILLVLLMGLALFNDFSRL ™S 4
hssSZP ATLTSVIGDNDVKDLIGFFILLGGSVLLAANVTLGLWMVTAR T™Ss 7 and 8
Figure7.

Residues with charged side chains near the cytosolic ends of predicted TMSs in IMMPs.
The indicated TMSs of mjS2P (numbered as in Fig. 6) are aligned with corresponding
predicted TMSs of B. subtilis SpolVFB, E. coli RseP, and human S2P (hsS2P). Residues
with positively (blue) or negatively (red) charged side chains that are near the cytosolic ends
of predicted TMSs are shown in color. The Asn residue at the turn separating mjS2P TMSs
5 and 6 is shown in bold.
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Models for substrate access to the active sites of IMMPs. A) Based on closed and open
conformations observed in crystals of mjS2P, TMSs 1 and 6 have been proposed to function
as lateral gates that in the open conformation allow substrate access to the active site (red
zinc atom). The substrate presumably must be unwound in the vicinity of the cleavage site in
order for cleavage to occur (arrowhead). B) The membrane is proposed to be compressed
around the enzyme so that when substrate interacts with the enzyme, a portion of the target
TMS unwinds, allowing it to access the enzyme active site from the solvent-exposed
juxtamembrane region. C) When substrate interacts with the enzyme, a portion of the target
TMS unwinds, allowing it to access the active site v/a a lateral opening in the enzyme.
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