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I
ntramembrane-cleaving proteases
(I-CLiPs) are a class of hydrolytic
enzymes that cleave hydrophobic
substrates within the lipid bilayer

(1). Unlike their well understood soluble
or membrane-tethered counterparts,
I-CLiPs are integral membrane proteins,
with catalytic residues thought to lie
within the confines of the membrane.
Although the identities of these residues
have suggested membrane-embedded
active sites and mechanistic convergence
with other proteases, I-CLiPs bear little
or no sequence similarity to their solu-
ble cousins, and their assignment into
mechanistic categories has been tenta-
tive. Three new articles (2–4), including
one by Ben-Shem et al. in this issue of
PNAS (4), describe the first crystal
structures of an I-CLiP, the Escherichia
coli serine protease GlpG. Together,
these reports provide complementary
pictures that offer exciting insights into
how an I-CLiP handles transmembrane
substrates and carries out hydrolysis in
a hydrophobic environment.

The known families of I-CLiPs in-
clude the site-2 protease (S2P) zinc
metalloproteases, presenilin and
presenilin-like aspartyl proteases, and
the rhomboid family of serine proteases.
These enzymes are found throughout
the major kingdoms of life, are highly
conserved, and play key roles in biology
and disease. S2P-type proteases release
membrane-tethered transcription factors
controlling sterol and fatty acid biosyn-
thesis in animals and sporulation in
bacteria (5, 6). Presenilin is the cata-
lytic engine of the four-component �-
secretase complex critical for cell-fate
determinations and the pathogenesis of
Alzheimer’s disease (7). Signal peptide
peptidase, the prototype presenilin-like
protease, releases remnant signal pep-
tides from the membrane but, unlike
presenilin, does not require other pro-
tein cofactors (8).

E. coli GlpG is a homolog of Dro-
sophila rhomboid-1, which was the first
identified intramembrane serine pro-
tease (9). Rhomboid-1 releases the
extracellular domain of the membrane-
tethered epidermal growth factor-like
protein Spitz as part of a key develop-
mental signaling pathway in flies. The
specific physiological roles of most
rhomboids, including the seven ho-
mologs identified in the human genome
and the many of bacterial and parasitic
origin, are largely unknown, but re-

search to date points to critical roles in
mitochondrial membrane remodeling
(10), apoptosis (11), quorum sensing
(12), and cell invasion (13). Interest-
ingly, even though GlpG has been
shown to cleave Spitz (14), its normal
function in E. coli remains elusive.

Careful biochemical and cell biological
studies have contributed to our under-
standing of hydrolysis by intramembrane
serine proteases since their discovery in
2001. Such studies have suggested a six-
or seven-transmembrane architecture, a
Ser–His catalytic dyad (14), and a criti-
cal Trp–Arg (WR) motif (9). Substrate
cleavage is predicted to occur several
residues into the transmembrane helix
on the periplasmic/extracellular side and
requires helix-destabilizing residues at or
near the cleavage site (15). The crystal
structure confirms and helps clarify sev-
eral of these predicted features in mo-
lecular detail and also enables new
structure-based hypotheses for catalysis
by this family of enzymes.

As predicted, the crystal structure of
GlpG reveals a core molecular architec-
ture composed of six transmembrane
helices (TM) plus two helices, H1 and
H2, that are part of the unusual loop 1
connecting TM1 and TM2 (Fig. 1a). Al-
though membrane proteins are typically
thought to form a bundle of uniform-
length helices that cross the membrane
and are parallel to each other, the TM
helices in GlpG are of varying lengths
and angles with respect to the mem-
brane normal. The particular spatial ar-
rangement creates a hydrophilic cavity
within the protein and emphasizes the
importance of the overall protein scaf-
fold in forming the unique chemical en-
vironment amenable to hydrolysis. A
major contribution of the GlpG struc-
tures is in establishing that residues
implicated in catalysis by site-directed
mutagenesis are indeed located within
the boundaries of the membrane, �10 Å
below the surface within a water-filled
cavity on the periplasmic side of the
membrane. These residues, Ser-201 and
His-254, which form the proposed cata-
lytic dyad, are hydrogen-bonded with a
distance of �3.1 Å and are located at
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Fig. 1. Views of GlpG. (a) Molecular architecture
of E. coli GlpG [Protein Data Bank (PDB) ID code
2IRV]. TMs are numbered sequentially. TM4, which
contains the catalytic residue Ser-201, is colored
light cyan; and loop 1, which comprises two un-
usual helices H1 and H2, is colored light green. (b)
Phospholipid binding in the proposed active site of
GlpG. Dashed lines indicate hydrogen-bonding
interactions to the phosphate group that likely
parallel the oxyanion hole stabilization during ca-
talysis. (c) GlpG surface (teal) and superimposed
TM2 and TM5 helices from two molecules seen in
structure solved by Ben-Shem et al. (red and teal).
A grayscale overlay of TM5 for the other structures
of GlpG (PDB ID codes 2NRF and 2IC8) is shown.
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the start of TM4 and in the middle of
TM6, respectively.

The active-site cavity is shaped by the
angled and central TM4 (Fig. 1a), in
which the helical structure begins only
at Ser-201, well within the membrane.
This substructure is caused by the in-
variant and helix-destabilizing glycine
residues that flank Ser-201. In addition,
surrounding TM helices contribute a
number of polar residues and enable
water molecules to be sequestered in
this cavity. TM4 appears to act as a
stopper to prevent the water molecules
from penetrating beyond Ser-201. Below
Ser-201, residues on TM4 interact with
other hydrophobic residues from sur-
rounding TM helices. Lipid entry to the
active site is further prevented by inter-
actions of surrounding loop residues.
Although not conserved among all spe-
cies, side chains from residues on loop 3
form hydrophobic interactions with simi-
lar residues in the connecting region
between H1 and H2 of loop 1 and act as
a further barrier to lipid entry into the
hydrophilic cavity from that side. On the
other side is loop 5, which may mediate
substrate entry (see below) and is or-
dered in only one of the two indepen-
dent views of GlpG in the Ben-Shem
et al. (4) structure.

The ensemble of GlpG structures
adds important catalytic insights. In sup-
port of site-directed mutagenesis studies
(14), Asn-154, initially proposed to be
the third residue of a catalytic triad (9),
similar to the aspartate associated with
many soluble serine proteases, is distant
from the side chains of the catalytic res-
idues. Instead, Asn-154 may provide the
oxyanion hole that stabilizes the tetrahe-
dral intermediate expected after nucleo-
philic attack of the peptide carbonyl by
Ser-201. Seen only in the structure by
Ben-Shem et al. (4), the phosphate head
group of a lipid molecule found near
Asn-154, His-254, and Ser-201 mimics
the tetrahedral intermediate expected
in the reaction and provides further sup-
port that this is the catalytic center of
rhomboid-like proteases (Fig. 1b).

In addition, the presence of the or-
dered lipid molecule near the hydro-
philic catalytic center and extending into
the hydrophobic region of TM2 and
TM5 suggests that this surface may be
used for substrate presentation. TM5 is
one of the least sequence-conserved re-
gions among rhomboids and may play a

role in tuning substrate specificity. Even
among the available structures of GlpG,
the greatest structural variation is in
TM5 and the adjacent loop 5 (Fig. 1c).
It is not known whether these differ-
ences are influenced by crystallization,
but in the structure by Ben-Shem et al.
(4), loop 5 is only ordered when the
lipid is also present. How changes
observed in TM5 and loop 5 might be
triggered in vivo is unclear, but the vari-
ability of loop 5 and TM5 within the
asymmetric unit demonstrates that such
movement is possible.

An alternative hypothesis is that the
substrate is presented to the hydrophilic
cavity after a substantial rearrangement
of H1, H2, and the rest of loop 1 to re-
veal a large opening between TM1 and
TM3 (2). The unusual short helices that
protrude partway into the membrane
contain the WR motif, are amphipathic,
and thus may be metastable. However,
this loop appears unaltered in all GlpG
structures to date. Moreover, mutation
of the WR motif, expected in this model
to destabilize the unusual structure and
therefore increase substrate access and
activity, instead reduces or abolishes
protease activity (9, 14). In addition, the
catalytic residues do not appear poised
for catalysis from this direction. An-
other possible purpose of this unusual

region is in protein–protein interactions,
which might transmit cell signals to con-
trol catalysis (4).

The first snapshots of GlpG have pro-
vided new clues about intramembrane
proteolysis, and future efforts are likely
to address details of the biochemical
mechanism of this family of enzymes.
To distinguish among various hypotheses
for substrate entry, crystallographic
trapping of a complex between GlpG
and a substrate- or product-mimicking
inhibitor, or a complex of a catalytically
inactive GlpG and a substrate, would be
invaluable. A cocrystal structure would
provide evidence for any initial docking
site for the substrate before presentation
at the active site as well as residues in-
volved in unwinding the helical substrate
to help the nucleophile gain access to
the cleavage site. Homology modeling
and structures of other rhomboids are
likely to expand our understanding of the
functional landscape of this family of en-
zymes. Detailed knowledge of intramem-
brane proteolysis by rhomboids could
eventually lead to the design of molecules
to modulate pathological activities.

The sophisticated way in which rhom-
boid sequesters its active site, which re-
quires hydrophilic residues and water, is
likely to have parallels for other in-
tramembrane proteases. For example,
studies of presenilin and the �-secretase
complex point to a hydrophilic cavity in
this intramembrane aspartyl protease
(16–18). On the other hand, results us-
ing chemical probes of �-secretase sug-
gest that substrate access involves the
interface between two distinct parts of
presenilin (19), a mechanism that may
be distinct from that proposed for
rhomboid. Molecular structures of other
I-CLiPs, such as presenilin/�-secretase,
signal peptide peptidase, and S2P, may
reveal common features and general
principles of protein hydrolysis in the
membrane. Such future snapshots will
eventually join those of rhomboid to
form a family album of these fascinating
enzymes.
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The transmembrane
helices in GlpG
are of varying

lengths and angles.
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