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Abstract

Cleavage of proteins within their membrane-spanning segments is an ancient regulatory mechanism
that has evolved to control a myriad of cellular processes in all forms of life. Although three
mechanistic families of enzymes have been discovered that catalyze hydrolysis within the water-
excluding environment of the membrane, how they achieve this improbable reaction has been both
a point of controversy and skepticism. The crystal structures of rhomboid and site-2 protease, two
different classes of intramembrane proteases, have been solved recently. Combined with current
biochemical analyses, this advance provides an unprecedented view of how nature has solved the
problem of facilitating hydrolysis within membranes in two independent instances. We focus on
detailing the similarities between these unrelated enzymes to define core biochemical principles that
govern this conserved regulatory mechanism.
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INTRODUCTION

Studies focused on identifying molecular mechanisms of cellular regulation and disease over
the past decade uncovered a new class of enzymes: the intramembrane proteases [1]. While
soluble proteases use ambient water molecules to facilitate cleavage of peptide bonds,
intramembrane proteases evolved independently and had to solve the problem of catalyzing
hydrolysis within the water-excluding environment of the membrane. Discovery of
intramembrane protelysis thus defined a new frontier in enzymology, but mechanistic insights
into these membrane-embedded enzymes have remained rudimentary until recently.

Three mechanistic classes of intramembrane proteases have been discovered. Site-2 protease
(S2P) was discovered to be responsible for releasing transcription factors from the membrane
to regulate cholesterol and fatty acid biosynthesis [2]. Sequence and topology analysis of S2P
suggested four transmembrane (TM) segments with several membrane-inserted loops, and a
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transmembrane HExxH metalloprotease motif [3]. This motif had been characterized
structurally in soluble metalloproteases and functions by coordinating a zinc ion [4].
Accordingly, mutagenesis of any of these residues in various S2P family members abolishes
activity [2,5].

Efforts to understand the molecular events leading to Alzheimer’s disease identified gamma-
secretase, an aspartyl protease whose catalytic centre is the presenilin protein [6], but requires
at least three other proteins that assemble into a large complex [7,8]. Gamma-secretase contains
two conserved aspartates essential for activity, and has been termed “proteasome of the
membrane’ because it cleaves virtually any transmembrane protein of type | orientation that
lacks an ectodomain [9]. A simpler version is signal peptide peptidase (SPP), a presenilin-type
asparty| protease that removes remnant signal peptides from membranes; some of the released
peptides have regulatory activity [10].

The serine intramembrane protease rhomboid functions to release epidermal growth factor
domains from their transmembrane anchors to initiate signalling during Drosophila
development [11]. Mutagenesis of conserved residues shared by rhomboid family members
suggested a mechanism: proteolysis was found to depend on residues known to form a serine
protease active site [12]. Three of these were transmembrane: the catalytic serine in TM4,
histidine in TM6, and a glycine preceding the catalytic serine (GxS), which in some serine
proteases functions in oxyanion stabilization [13]. The function of the fourth essential residue,
an arginine within the conserved WR motif in the long extracellular loop connecting TM1 and
2, remained ambiguous. Rhomboid activity is sensitive to only serine protease inhibitors,
further strengthening the intramembrane serine protease hypothesis [12,14].

Although these are the major roles that led to the discovery of each intramembrane protease
family, parallel work in other fields broadened the role of these unusual enzymes to dozens of
processes, including eukaryotic cell signalling [15-17], apoptosis [18], and stress responses
[19,20], bacterial quorum sensing [21], mating [22], sporulation [5] and stress responses [23],
and yeast mitochondrial dynamics [24]. Recent work has also placed intramembrane
proteolysis at the core of a diverse array of pathogenic processes, including rhomboid in malaria
parasite invasion of host cells [25,26], S2P in tuberculosis [27]. and Cryptococcus virulence
[28], and SPP in viral assembly [29,30]. These discoveries now add a potential therapeutic
application to understanding the detailed biochemistry of these enzymes.

The central question of how intramembrane proteases catalyze hydrolysis within cellular
membranes has lagged behind cell biological advances. But in the last few years the tide has
turned: defined reconstitution systems have been developed for the study of these enzymes
[14,31-34], and more recently crystal structures have been solved for both rhomboid and site-2
proteases [35-40].

WHAT THE BIOCHEMISTRY TOLD US

The main objection to the intramembrane proteolysis hypothesis was the lack of biochemical
support. The first cell-free assay was developed for gamma-secretase [41], but gamma-
secretase functions as a complicated multi-subunit enzyme complex [7,8]. What was needed
to test whether these membrane proteins are themselves proteases was to reconstitute
intramembrane proteolysis with a single catalytic polypeptide. Such assays were soon
developed for both site-2 protease and rhomboid, which had bacterial homologs to serve as
model enzymes, unlike gamma-secretase.

These advances demonstrated that S2P and rhomboid polypeptides could catalyze
intramembrane proteolysis in isolation, without the requirement for other protein cofactors
[14,31-33]. The requirement for zinc was also finally demonstrated for S2P activity [33].
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Moreover, these studies have also started to uncover unique properties of these proteases,
including modulation of activity by different membrane lipids [14,34], although the
mechanistic basis of which are not yet clear. Further enzymatic and chemical probe analyses
using these defined pure-enzyme systems promise to reveal a detailed understanding of the
catalytic function of these unusual enzymes.

Throughout these studies, the catalytic residues and thus reaction chemistry at the core of these
presumed membrane-embedded enzymes strikingly conformed to what was known for soluble
proteases [4,13]. However, a structural approach was required to begin addressing how
hydrolysis is catalyzed within membranes. An added implication of the reconstitution systems
was that they showed recombinant intramembrane proteases are sufficiently robust for
structural analysis.

THE FLOODGATES OPEN

Although it was the last mechanistic class to be discovered, rhomboid provided the first
structural glimpse of an intramembrane protease, and did so in a dramatic fashion. Four groups
solved the structure of two bacterial rhomboid homologs, GIpG from Escherichia coli and
Haemophilus influenzae, as 6 TM core domains in the detergent-solubilized state [35-38].
Although they were solved in four different space groups (R32, P34, P2;, C2), the structures
overlay with remarkable similarity (the greatest difference is an RMSD of 1.24A over 164
Ca atoms with GIpGs from the two bacterial species), giving a high degree of confidence that
the overall structure is not compromised to a large extent by environmental or crystal effects.
The structure of a core domain from an Archaeal S2P, the N-terminal two thirds of the
Methanocaldococcus jannaschii S2P enzyme (MjS2P) was solved a year later [39]. These
structures of proteolytically active core domains now provide an unprecedented opportunity
to compare the features of two unrelated intramembrane proteases.

INTRAMEMBRANE PROTEASE ARCHITECTURE

One dramatic feature of the rhomboid and S2P structures is that, apart from having 6 TM
helices, they share no common structural features whatsoever. S2P family members share a
central core of three TMs, with great variety of inserted TM and nonTM sequences before,
after, and/or between these three TMs [42]. The structure of MjS2P shows that the three-TM
core provides the structural scaffold for the enzyme, as well as the active site (Figure 1a).
MjS2P TM2 contains the HExxH motif, while the TM4 helix is interrupted in its middle by a
loop that contributes the Asp residue for Zn coordination [39]. TM3 makes a series of close
contacts with both TM 2 and 4 to provide structural support. The preceding TM1, and following
TM 5 and 6 of MjS2P are variable among S2P members, as are the several short, membrane-
inserted beta-strands in MjS2P.

All rhomboid proteases contain a core region of 6 TM segments and a long loop between TM
1and 2 [12,43,44]. This basic structure is elaborated by the addition of cytosolic domains (and
a TM for mitochondrial enzymes) preceding the 6TM core, and/or a seventh TM and a C
terminal extension following the 6 TM core. The structures of GIpG contained the 6TM core
only: the 86 residue N terminal domain of E. coli GIpG was experimentally removed, while
H. influenzae GIpG naturally lacks an N terminal domain. The structures revealed a ring of
TM segments, with the surprise that the long L1 loop is partially submerged as a sideways
hairpin between TMs 1 and 3, with the WR motif stabilizing the hairpin (Figure 1b) [35-38].
The longer helices of TM 1-3 and the L1 loop likely provide the structural scaffold of the
enzyme. But unlike MjS2P, the functional regions are contributed by shorter helices on the
other side of the enzyme. TM4 helix enters the core of the enzymes at an oblique angle, bringing
the catalytic serine into the centre, but the helix stops abruptly and continues in an extended
conformation above the serine. TM6 provides the catalytic histidine and the GxxxG
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transmembrane dimerization motif that solidifies the TM4:6 interaction. TM5 bears no
sequence conservation, and exhibits the greatest flexibility of all TM segments (discussed
later).

THE PROOF: ...INTRAMEMBRANE...AND PROTEASE

The first dramatic similarity between the structures is the location of the catalytic residues: in
both cases the active site residues are indeed submerged beneath the surface of the membrane
(Fig 2), proving that proteolysis occurs within the plane of the membrane [35-39]. Moreover,
the position reflects the site of substrate cleavage and the direction of their release. For
rhomboid, the catalytic serine is recessed 10A into the outer leaflet of the membrane (Figure
2a). This is the region where rhomboid substrates are known to be cleaved, and in the majority
of cases the function is to release domains to the outside of the cell [11]. For MjS2P, the zinc
ion, coordinated by the histidines in the HExxH motif on TM2 and an Asp residue on TM4, is
sunk ~14A into the membrane from the cytosolic face (Figure 2b) [39]. Again, S2P substrates
are cleaved within the first few residues of their transmembrane segment, and released into the
cytosol [1].

Secondly, the structures provide the first picture of the catalytic centres of both enzymes, and
show that they are indeed proteases. The catalytic serine in TM4 of rhomboid proteases is
hydrogen bonded to a histidine in TM6 (Figure 2a). This observation indicates that rhomboid
enzymes use a catalytic dyad instead of a triad. The issue of triad versus dyad has been a point
of debate ever since the original observation that mutation of a transmembrane asparagine,
proposed to be the third catalytic residue, abolished the activity of Drosophila rhomboid-1,
while the asparagine mutant had mild effects in human RHBDL2 [12]. Similar discrepancies
have been observed for bacterial rhomboid enzymes in vivo [31,45,46] and in vitro [32,47].
Therefore, the structures unequivocally show that no other residue is hydrogen-bonded to the
histidine, and the candidate asparagine on TM2 lies on the opposite side of the serine such that
it could not bond with the histidine. However, the histidine may enjoy some support; a
conserved tyrosine one helical turn below the serine was observed to stack onto the imidazole
ring [35], and mutation of this tyrosine decreases proteolytic activity [47].

In MjS2P, the coordination of zinc by the two histidines of the conserved HExxH
metalloprotease motif in TM2 and an aspartate within TM4 overlayed well with the active site
from the soluble metalloprotease thermolysin (Figure 2b) [39]. Zinc coordination is likely to
be tetrahedral, with the fourth coordinating ligand coming from a water molecule. The
glutamate in HExxH is thus thought to function during catalysis to activate the zinc-bound
water, as occurs in other metalloproteases [4].

Apart from the basic chemistry underlying catalysis, many of the other stabilizing interactions
remain completely obscure. In both cases, peptide bond attack results in a negatively-charged
oxygen in the transition state that should be stabilized. For MjS2P, the oxyanion stabilization
may be provided by an invariant asparagine that sits above the zinc-coordinating aspartate, in
a similar position as an arginine that serves the same function in thermolysin (Figure 2b)
[39]. Other interactions with the peptide chain as it lies across the active site are unknown.
Even less is known about secondary contacts in the rhomboid active site, but could involve the
conserved HxxxxHxxxN motif on TM2, and/or the backbone of the GxS motif [37,38].

THE OLD PROBLEM SOLVED: WATER DELIVERY

The historical objection to intramembrane proteolysis has been the question of how water enters
and/or is held within the membrane long enough for catalysis to occur. The structures showed
that membrane-embedded active sites are indeed hydrated, and illustrated the means with

which this occurs (Figure 3). In the case of rhomboid, the catalytic serine sits at the bottom of
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a funnel-shaped cavity that is lined with polar residues and opens to the outside of the cell
[35-38,48]. The cavity is large, providing ample opportunity for water entry, and indeed all
structures, in both closed and open conformations, contain multiple water molecules. In this
case, it seems that blocking water entry is more difficult that facilitating it.

MjS2P may also have a dedicated system for water delivery, but in this case the path may be
through a narrow channel rather than a large funnel [39]. The channel runs from the cytosolic
side of MjS2P to the zinc ion (Figure 3), and is lined with polar residues including backbone
carbonyls and acidic and basic side chains. Although the path constricts are several points, the
space is sufficient for water to pass. This hypothesis is also consistent with accessibility studies,
which showed that while many residues in the GIpG active site were accessible to modifying
agents [49], active site modification could only be achieved with the E. coli S2P when a
chaotrophic agent was included [50]. However, other routes of water entry cannot necessarily
be excluded, and could come from structural vibration of the enzyme, or if larger conformation
changes occurred during catalysis.

A NEW PROBLEM RAISED: SUBSTRATE GATING

The structures therefore reformulated the central problem of intramembrane proteolysis: the
issue isn’t how water gets into the membrane-embedded active site, but how water within the
hydrated active site, and a hydrophobic substrate within the membrane lipid, meet. Unusual
structural features, and tantalizing differences between structures, provided several alternative
hypotheses.

The first structure of GIpG revealed a ring of transmembrane segments that delimit the hydrated
active site from membrane lipid. However, a gap was observed between TM1 and 3 that was
plugged by membrane insertion of the L1 loop (Figure 4a). It was proposed that displacement
of the L1 loop, which is satisfyingly conserved in all rhomboid enzymes, served a gating
function [35]. In support of this model, overlay of the active sites of Heamophlus GIpG with
chymotrypsin revealed that substrate entering from the L1 direction would lie across the active
site in the same direction as substrates are known to traverse the active sites of soluble serine
proteases [38].

But other structures of GlpG revealed differences in the position of TM5, which in the first
structure formed close contacts with neighbouring helix 2 through a series of interdigitated,
large, hydrophobic residues (Figure 4b). In the most open structure, the top of helix 5 was
observed to tilt outwards by 35 degrees [36]. In another structure, a lipid was bound between
the outwardly tilted TM5 and the neighbouring TM2 [37]. Thus, tilting of TM5 was
alternatively proposed to serve a lateral substrate gating function.

While the wealth of structural information has provided a number of alternative models for
substrate gating, enzymatic activity analysis served as an initial functional test. Mutational
analysis of residue interactions in GIpG revealed that loosening the interdigitating contacts
between TM5 and TM2, or kinking TM5 outwards with a proline substitution, resulted in an
increase of enzymatic activity up to 10-fold in vitro depending on the mutation [47]. This
observation served both as functional evidence that TM5, rather than the L1 loop, is the lateral
substrate gate, and the first identification of a rate-limiting step for intramembrane proteolysis.
Interestingly, these gating mutants also dramatically enhance GlpG activity in live E. coli cells,
suggesting that gate opening is rate-limiting in natural cell membranes [51].

The current substrate gating model via TM5 tilting is consistent with substrate requirements:
rhomboid enzymes rely on helix disrupting residues within the top region of their
transmembrane domain, presumably to facilitate unwinding of the substrate helix into the
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active site through the space provided by tilting of the top of TM5 [25,52,53]. However,
definitive proof of this model awaits the substrate:enzyme complex structure.

In the case of S2P, detailed scrutiny of the differences between two MjS2P molecules in the
asymmetric unit suggested a gating model that is similar in principle but more complex than
for GlpG. The gating again appears to derive from breaking of interdigitating interactions
between two TM segments [39]. But in this case, the result pushes TM1 and TM6 10-12A
away from each other, opening as ‘French doors’ to expose the active site (Figure 4c). The
result generates a cleft running down the length of the enzyme that could accommodate a TM
substrate. Intriguingly, the cleft reveals a new surface that could provide specificity in substrate
binding, and a narrowing at its bottom that could force the substrate to unwind near the site of
cleavage. Other possibilities for gating exist, and these tantalizing observations provide a
specific and detailed framework for future biochemical study; it might be possible to generate
activating mutants that open the gate, as proved to be informative for GlpG [47].

In both GIpG and MjS2P, substrate gating appears to be provided by TM segments that do not
have conserved sequence elements. While this may seem surprising at first, it’s precisely what
should be expected: gating occurs as a result of knob-hole interactions for packing between
TM segments, thus congruent surfaces can be reached by a myriad of different residue
combinations. Moreover, in this way, the interface can evolve to fine-tune activity and
selectivity.

EXTRAMEMBRANE REGIONS MAY PROVIDE PROTECTION

While the structures of both rhomboid and site-2 protease revealed their transmembrane core
domains, function of intramembrane proteases may also involve extramembranous regions.

Site-2 proteases usually require a prior site-1 cleavage by a different protease to remove the
protein ectodomain and convert proteins into S2P substrates. A PDZ domain inserted between
TM1 and 2 of the E. coli S2P RseP functions to limit cleavage of full-length proteins. Elegant
work showed that removal of the PDZ domain, which is thought to bind the C-terminus of
proteins, obviated the need for site-1 cleavage and resulted in unregulated intramembrane
protelysis of full-length proteins [54]. While the MjS2P does not have any domain inserted
between its analogous TMs (MjS2P TM3 and 4), a noticeable crater exists in the structure near
this region (Figure 5). It’s tempting to speculate that this would be the region where a PDZ
domain of bacterial enzymes, and the cysteine-rich region of the human enzyme, would
normally sit, above the active site core of the enzyme.

In GIpG, both the L1 loop and the L5 Cap (that emerges from TM5) cover the active site cavity
from the top (Figure 5) [48]. Since rhomboid proteases cleave full-length proteins without
requiring a prior activating cleavage, the extracellular regions do not function to limit substrate
access normally [52]. In fact, movement of TM5 necessarily results in L5 Cap displacement,
thus both need to move to facilitate substrate entry into the active site. However, given the size
of the funnel-shaped cavity, the primary function of the Cap may be to limit inappropriate
cleavage of soluble proteins (present in the periplasm of bacteria, or lumen of the secretory
pathway in eukaryotic cells). S2P does not appear to have a large enough cavity that would
require similar protection [39]. Rhomboid proteases also often contain highly-divergent
cytosolic N-terminal domains, the function of which remains unknown [12,43,44].

FUTURE DIRECTIONS

The recent flurry of intramembrane protease structures have provided major initial insights,
but this information has more set the stage for understanding this process in detail rather than
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solved its mysteries. Indeed, the available structures provide a key framework with which to
study the process in detail, and both further structural and functional studies are required.

To understand the catalytic reaction, structure of the protease:substrate complex is required to
address important outstanding questions that are currently under intense debate. Such a
structure would pinpoint exactly where and how substrate entry occurs. More interestingly,
interactions revealed at the active site should provide information regarding the role of
conserved residues in stabilizing the peptide chain as a whole, as well as the transition state
intermediate. These structural advances would, in turn, provide new information that can be
used to design selective inhibitors, which do not exist for either rhomboid or site-2 proteases.

The available structures represent the first glimpse of an intramembrane protease prototype for
two classes, but each family consists of many members with great diversity between them
[42-44]. In particular, structures of eukaryotic intramembrane proteases would greatly advance
our understanding of their specific functions. Moreover, all of the structures have been analyzed
with the widely-held assumption that it is possible to predict the way in which these enzymes
are positioned into biological membranes simply by observing the hydrophobic belt that
circumnavigates each enzyme. The reality is unlikely to be this simple.

Lastly, although we now have first example structures of intramembrane serine and
metalloproteases, no high-resolution information exists for the asparyl intramembrane
proteases. Low-resolution EM reconstruction of gamma-secretase [55,56], and elegant
biochemical analysis with accessibility and substrate probes [57-59], hint that similar
principles as observed with rhomboid and site-2 protease may apply: an internal active site
cavity protected laterally from membrane lipid with channels for water delivery and gating
have been postulated. The recent biochemical advance showing model SPPs can be expressed
in bacteria and purified in active form provides new hope for the high-resolution structure of
an aspartyl intramembrane protease [34]. It will be exciting to re-evaluate the currently-defined
core principles of intramembrane proteolysis with the third class of intramembrane proteases.
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Figure 1. Topology and structure of intramembrane proteases

(a) Topology and overall structure of mjS2P (PDB code 3B4R), a zinc metalloprotease from
M. jannaschii. The zinc-binding residues are indicated in the topology diagram (left panel) and
the structure (right panel). The conserved three-TM core is in blue, and the structural elements
that may constitute a lateral gate are highlighted in yellow. In all diagrams, extracellular is
upwards and cytosol is downwards. (b) Topology and overall structure of GlpG (PDB code
2NRF), a serine protease from E. coli. The approximate positions of the active site residues
Ser201 and His254 are indicated in the topology diagram (left panel). These two residues are
colored red in the structure (right panel). The putative lateral gate TM5 is highlighted in yellow.
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Figure 2. Active sites of intramembrane proteases

(a) Active site in GIpG (PDB code 2NRF). The left panel shows that the active site residues
Ser201 and His254 are located below the presumed lipid membrane surface. The right panel
compares the active site of GIpG (top) to that of trypsin (bottom). GIpG has a catalytic dyad,
compared to a catalytic triad in trypsin. Asn154 of GIpG is invariant in rhomboid proteases
but cannot serve as the third catalytic residue. (b) Active site in mjS2P (PDB code 3B4R). The
left panel shows that the catalytic zinc ion is located below the presumed lipid membrane
surface. The right panel compares the active site of mjS2P (grey) to that of thermolysin
(yellow).
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Figure 3.

Water delivery in intramembrane proteases. The left panel shows the V-shaped hydrophilic
cavity in GlpG (PDB code 2NRF) that converges on the active site (red). The two water
molecules are represented by yellow spheres. The right panel shows a narrow channel in mjS2P
(PDB code 3B4R) that is connected to the active site zinc ion. This channel is large enough to
allow water passage.
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Figure 4. Substrate gating models for intramembrane proteases

(a) A gating model of GIpG that relies on the L1 loop (PDB code 2I1C8). The amphipathic L1
loop (yellow) was thought to serve as the gate that regulates access of a substrate protein to
the active site (left panel). The right panel shows the myriad of packing interactions among
residues in L1 loop and between residues in L1 loop and a3 helix. The WR motif is labelled.
(b) A gating model of GIpG that relies on TM5 and the L5 Cap loop. The left panel shows
GIpG structure (PDB code 2NRF) in the open conformation (TM5 and Cap in yellow; active
site in red; the rest in blue). The right panel shows interactions between TM5 and TM2. (c) A
proposed gating model for S2P. In the left panel shows mjS2P (PDB code 3B4R) in the open
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conformation (gating elements in yellow; active site in red; the core elements in blue). The
right panel shows interactions between a1 and a6.
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Figure 5.
Roles of extracellular domains. The Cap (magenta) sits above the membrane surface in GIpG

(PDB code 2NRF). The PDZ domain of an S2P protease may dock into the open cleft at the
extracellular side of mjS2P (PDB code 3B4R).
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