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Summary

Intramembrane proteases are present in most organisms, and are used by cells to send signal across
membranes, to activate growth factors, and to accomplish many other tasks that are beyond the
capability of their soluble cousins. These enzymes specialize in cleaving peptide bonds that are
normally embedded in cell membranes. They contain multiple membrane-spanning segments, and
their catalytic residues are often found within these hydrophobic domains. In the past year, a number
of important papers have been published that began to address the structural features of these
membrane proteins by x-ray crystallography, electron microscopy and biochemical methods,
including the first report of an intramembrane protease crystal structure, that of E. coli GIpG. Taken
together, these studies started to reveal patterns of how intramembrane proteases are constructed,
how waters are supplied to the membrane-embedded active site, and how membrane protein
substrates interact with them.

Introduction

Proteolytic enzymes, their structures, and mechanisms are generally thought to be among the
best understood in biochemistry. In this review we discuss however a unique, but important,
group of proteases whose functions in the cell are just being recognized [1]. Intramembrane
proteolysis was not long ago still a controversial concept. Now we know that this reaction can
be catalyzed by several families of membrane proteins [2]. The very nature of the reaction,
which involves peptide bond hydrolysis within the hydrophobic milieu of cell membranes,
suggests fundamental differences in the construction of these enzymes, in their mechanism of
action, and in how cells use them for specific functions that are not suitable for soluble
proteases.

The biological and medical importance of these proteases is best exemplified by y-secretase
[3]. The action of y-secretase illustrates a novel type of cross-membrane signaling: for example,
by cleaving the transmembrane domain of notch, which releases and activates notch
intracellular domain, y-secretase plays an essential role in notch signaling that controls cell
differentiation during development [4,5]. Also, mutations in presenilin, the catalytic
component of y-secretase, and in amyloid precursor protein, a substrate for the secretase, cause
Familial Alzheimer’s Disease [6]. Most mutations shift the cleavage specificity of y-secretase,
producing a more toxic form of amyloid p-peptide [7].

Figure 1 illustrates the membrane topologies for site-2 protease (S2P) [8], rhomboid protease
[9ee] and presenilin [10], representatives of the three mechanistic families, and the location
of their catalytic residues relative to the membrane [11-13]. There are quite a few variations
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from these structures within each family. One interesting example is signal peptide peptidase
[16], an aspartic protease like presenilin, whose catalytic motifs adopt a different membrane
orientation. This flip results in a specificity switch towards substrates of opposite membrane
topology. Similar such examples may also exist in the other two mechanistic families [17,
18].

The crystal structure of bacterial GlpG, a rhomboid family serine protease

Drosophila rhomboid-1, originally discovered as a key genetic factor in the fly epidermal
growth factor receptor signaling pathway, is the founding member of the family [12]. E. coli
GIpG is a homolog of the fly rhomboid protease. After some effort, experimental conditions
to crystallize and derivatize the bacterial membrane protein were finally found, and the
resulting crystal structure immediately suggested a solution to the problem of intramembrane
proteolysis [9ee]. With this new knowledge, we also start to see clearer patterns in the
construction of intramembrane proteases, and in their mechanism of action that are different
from soluble proteases.

GIpG is composed primarily of transmembrane helices that form an asymmetric bundle (Figure
2a, b) [9ee]. This overall feature was largely anticipated, but the crystal structure also had
many surprises. For instance, the fourth hydrophobic segment of GIpG was once thought to
constitute a single membrane-spanning helix. The crystal structure now shows that only part
of it adopts a helical conformation (S4), whereas the rest of it forms an extended loop (L3), a
region that we will re-visit later in the review. L3 and S4 are positioned roughly at the center
of the molecule, surrounded by other transmembrane helices (Figure 2c¢). This arrangement
creates a cavity near L3 that opens to one side of the membrane. One may notice that the
structure of GIpG is unlike those of channel proteins, which are also helical bundles, but have
a continuous and aqueous path that traverses the membrane. This feature is of great functional
importance, and is probably true also for intramembrane proteases of the other families (see
below). The active site of GIpG is housed inside the hydrophilic cavity.

Within the active site of GlpG, the composition and spatial arrangement of functional groups
are generally similar to those in soluble proteases (Figure 2d) [9ee,19e]. Therefore, the
chemical basis of the catalysis is likely preserved. Rhomboid uses a Ser-His catalytic dyad
(Ser-201, His-254) for nucleophilic attack on the substrate [20], which is an interesting
variation of the more conventional Ser-His-Asp catalytic triad. The oxyanion intermediate of
the reaction is likely stabilized by interactions with a backbone amide (Ser-201) and two
conserved side chains (His-150, Asn-154) of GlpG [19e,21e,22e], which is much like that of
subtilisin, a well-known serine protease.

The substrate for intramembrane proteases can only move within the plane of the membrane,
and therefore has to enter the hydrophilic active site laterally. The entry point needs to be
blocked when substrate is absent. This structural requirement is unique to intramembrane
proteases. For GIpG, the physical barrier is provided by a mobile loop structure (L5) that caps
the active site from the extracellular side: the snug fit of a hydrophobic side chain (Phe-245)
that reaches down from the loop completely blocks a gap, between two transmembrane helices
(S2, S5), that leads to the catalytic dyad (Figure 2c) [19e]. The rest of the cap sits immediately
above the dyad, preventing it from attacking substrate (the orientation of the loop is opposite
to that of a substrate, which may explain why it is not cleaved). Shortly after the E. coli structure,
the apo-structure of H. influenza GIpG has also been solved [21e]. Despite differences in the
sequence, the structure of the L5 loop, as well as its capping conformation, are identical in the
two structures. The peripheral membrane location of the L5 cap is also quite informative: the
loop contains both hydrophobic and hydrophilic residues, which enables the cap to operate
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smoothly at the lipid:water interface. Intramembrane proteases of other families are expected
to have structural elements of similar properties to execute this function.

Crystallographic evidences also indicated that the L5 cap is flexible, and has an intrinsic
propensity to flip open [19e]. Whether or not the cap is able to spontaneously “open” in the
membrane can not be decided based on crystallographic analysis of the detergent-solubilized
protease alone, but biochemical results, which are reviewed below, suggested that the answer
is likely yes. With the cap lifted, the top region of substrate transmembrane helix is able to
bend into the active site through the narrow gap between S2 and S5, in an unfolded
conformation, to become cleaved. It is also clear from the crystal structure that the active site
of GlpG, and the path that leads to it, can only accommodate a small portion of the substrate,
and that the majority of the substrate helix must remain in the lipid phase [19e]. Since there is
yet no structural information for GlpG:substrate complex, these predictions need to be proven
by future experiments.

Of the six transmembrane helices in GIpG, S5 is the most loosely packed, and may have a
certain degree of flexibility, as indicated by small variations of its position in the three crystal
forms of E. coli GlpG so-far reported [9ee,22e, 23], and by differences between E. coli and
H. influenza GIpGs [9ee,21e]. In one particular crystal form, S5 in one of the two molecules
in the asymmetric unit has tilted dramatically to the side, away from the helical bundle, and
exposing the entire hydrophilic interior of the membrane protein [23e]. This observation has
led to a rather interesting proposal that substrate entry is gated by the movement of S5.
Nevertheless, upon examining crystal packing, one may notice that the helix movement is
caused by its contact with a neighboring molecule, a possible artifact that has been overlooked.

One structural element whose role in GIpG function is unclear at the moment is the L1 loop
(Figure 2a). This loop is positioned outside the helical bundle, and half-submerged in the
membrane rather curiously [9ee]. The amino acid sequence for the submerged part is largely
hydrophaobic, and is conserved, indicating that this structure is a common feature for the
rhomboids. It is worth noting that S2P and presenilin both contain similar long stretches of
hydrophobic sequences that do not fully traverse the membrane (Figure 1). These novel
structural motifs, and their functions, remain interesting subjects for future studies.

There are two more structural issues whose relevance and implications in the function of
intramembrane proteases need to be confirmed, and further explored. One relates to the
chirality of the reaction. In the model described above, Ser-201 of GlpG has to attack the scissile
bond from the si-face, instead of from the re-face like most other serine proteases, resulting in
a tetrahedral intermediate of opposite handedness [19e]. The second issue relates to the basis
of the observed regulatory effect of lipids on protease activity [24]. In one crystal form of E.
coli GlpG, a phospholipid molecule was found in the protease active site [22e], which
suggested one potential mode of inhibition.

Low-resolution electron microscopic images of y-secretase

Two reports appeared last year that started to address structural features of this important
intramembrane protease using electron microscopy [25e,26]. These studies were still at an
early stage, and were based on negatively stained protein solutions, which restricted the
resolution. Most unfortunately, the size and shape of the particles observed in the two studies
do not match. Therefore, there is some uncertainty about these results at this time.

The most surprising feature of the secretase model from the higher resolution (15 A) study is
a chamber, about 20-40 A in length and highly irregular in shape, inside the membrane-

embedded portion of the protein complex (Figure 3a) [25e]. There are large pores that connect
the chamber to both sides of the membrane. As illustrated in Figure 3b, the internal cavity of
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GIpG is much smaller, and is open to only one side of the membrane. Because of these obvious
differences, one may think that the two proteases must operate quite differently. Nevertheless,
since the resolution of the electron microscopic study does not yet permit a trace of the
polypeptide chain, the chemical composition of the chamber wall can not be determined, and
may not be hydrophilic (most amino acid residues within the membrane-spanning segments
of the four protein components are hydrophobic). It is possible that a smaller hydrophilic cavity
exists somewhere else, which contains the active site, and is not so obvious at low resolution.

The accessibility of active site by water

At the resolution (2.1 A) the crystal structure was solved, water molecules are clearly visible
within the active site of GIpG [9ee] (Figure 4a). Biochemical studies, using proteases
embedded in natural membranes, indicated that water can diffuse directly into the protease.

While the crystal structure of GIpG was being solved, the transmembrane segment that contains
the catalytic GLSG motif was independently probed by substituted cysteine accessibility
method (Figure 1) [27e]. We now know that this segment is located at the center of the protease,
and consists of two structural elements, an extended loop (L3) and a helix (S4). Most cysteines
introduced to L3, and to position 201, react readily with alkylating reagents (a water-requiring
reaction), thus defining a hydrated and continuous path from aqueous solution to the catalytic
dyad (Ser-201, His-254) (Figure 4b). A shorter sequence around His-254 from helix S6 can
also be modified. Since some alkylating reagents are fairly large, and unlikely to penetrate into
GIpG with its cap closed, their abilities to reach residues buried deep seem to indicate that the
flexible L5 cap must be open at certain times, even while the substrate is absent.

The pattern of accessibility in transmembrane domain (TMD) 7 of presenilin, which contains
the catalytic GLGD motif, is interestingly similar (Figure 1; Figure 4c) [28]. Most residues,
from the cytosolic face (opposite of GlpG) to the catalytic aspartate, when substituted, are
susceptible to alkylation, whereas the rest of the domain is not. This result raises the possibility
that TMD?7 is also composed of two structural elements, a readily accessible and possibly
extended region (equivalent of L3 in GIpG) and a buried helix. Some residues from the exposed
region may participate in substrate binding since their accessibilities were affected by
competitive inhibitors. Residues flanking the other catalytic aspartate on TMD6 are less
exposed, but cross-linking experiment indicated that the two aspartates closely oppose each
other, and are placed inside a hydrophilic cavity [29]. Drawing lessons from GIpG, one may
predict that this local environment is tightly surrounded by transmembrane helices from the
side, but is continuous with the aqueous solution.

E. coli RseP, a S2P family protease (Figure 1), appears to be somewhat different: cysteines
introduced near its catalytic motifs are surprisingly resistant to chemical modifications [30].
This implies that, on top of the basic schemes described above, there may be complex
mechanisms that control water access, and substrate binding, to the active site for some
intramembrane proteases.

Conclusions

The past year has witnessed much progress in our structural knowledge about the
intramembrane proteases. Now we know that these membrane proteins are constructed from
rather conventional, but cleverly arranged, structural elements to accomplish a once-thought
impossible task. The chemical apparatus of their catalysis is similar to those used by soluble
proteases, but is neatly put inside the framework of an integral membrane protein. Questions
remain regarding how transmembrane protein substrates gain access to their active sites. The
model where only part of substrate enters the protease is different from ideas that the entire
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transmembrane helix becomes engulfed (Figure 3b), and the general applicability of this model
requires many future experiments to test.
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Figure 1. The membrane topology models of S2P, rhomboid and presenilin

The catalytic residues are shown in red. Presenilin is the catalytic component of a large
membrane protein complex, y-secretase, that contains three other membrane proteins
(nicastrin, APH-1, PEN-2) [14,15].
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Figure 2. The crystal structure of E. coli GlIpG

(a) A cartoon illustration of the molecule (the side view). The six transmembrane helices are
shown as cylinders of different colors, and labeled 1-6. The Ser-His dyad is also shown.

(b) The top view.

(c) A view from the back towards the lateral opening (between S2 and S5) of the active site,
highlighting L3 (green), S4 (yellow) and the L5 cap (gold). The catalytic dyad (Ser-201,
His-254) and Phe-245 from the L5 cap are shown as ball-and-stick models. The dashed line
represents hydrogen bond between Ser-201 and His-254.

(d) A detailed view of GIpG active site from a similar angle as in (c). WAT, water. His-150,
Asn-154, Ser-201 and His-254 are conserved in all functional rhomboid proteases.
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Figure 3. Internal cavities of y-secretase and GlpG

(a) The electron microscopic model of y-secretase (left), and a cut-open view (right). These
figures were from reference [25] and copyrighted by The National Academy of Sciences of
the USA. The blue surface represents the transmembrane region. The arrows point at openings
of the internal chamber.

(b) The molecular surface of GIpG (left), and a cut-open view (right). These figures are of a
different scale from those in (a). The L5 cap is omitted from both pictures to reveal the internal
cavity. The hydrophobic core of the membrane is indicated by two horizontal lines. The yellow
dotted line marks the lower portion of the internal cavity. The lateral entry is normally blocked
by Phe-245, whereas the top opening to the aqueous solution is capped by the rest of L5. The
blue surface corresponds to His-254, and the red surface corresponds to Ser-201. The red dotted
line marks the potential path of bound substrate (the majority of the transmembrane domain
on the C-terminal side remains in the lipid).
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Figure 4. The opening of active site to aqueous solution

(a) Water molecules (yellow) found inside GlpG. The peptide backbone from Trp-196 to
Gly-202 (L3), and the sidechain of Ser-201, are shown in red.

(b) A schematic representation of GIpG (kindly provided by Dr. Akiyama). Residues
highlighted in black or grey are accessible to water even while GlpG is embedded in cell
membranes [27]. The arrow marks the opening to periplasm, which is confirmed by the x-ray
structure.

(c) A schematic representation of presenilin TMD6 and TMD7 [28]. The catalytic aspartates
are shown as red letters. Residues highlighted in black or grey are accessible to water, whereas
those represented by the thick circles are not. The stars mark residues protected by a competitive
inhibitor. The arrow marks the opening to cytosolic solution. Results from a similar study differ
slightly, but they agree on the observation that residues on TMD7 from cytosol to Asp-385 are
very accessible to water [29].
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