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1. Introduction

Peptidases and proteases catalyze the hydrolysis of the
amide bonds that link amino acids together in peptides and
proteins, a process called proteolysis, and these enzymes
serve diverse functionsin biology.! Proteases in the digestive
system, such as pepsin and trypsin, break down ingested
proteins, allowing the amino acid building blocks to be
utilized by the body to make new proteins specific for the
physiology of the organism. Such degradation also takes
place intracellularly viathe proteasome, which disassembles
misfolded proteins that might otherwise compromise cell
function. Proteases, including the proteasome, also cleave
protein components involved in the cell cycle, which
regulates cell growth and replication, and proteolysis is
essentia for certain signaling pathways from the cell surface,
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which is essential for integrating the activities of the various
cells of the body. A proteolytic cascade also regulates blood
clotting, an essential stage of wound healing that, if not
properly controlled, may lead to thrombosis, embolism and
stroke. Another set of proteolytic events controls the levels
of peptidesinvolved in blood pressure regulation, and agents
that target these proteases are among the most widely
prescribed medications. Still other proteases are responsible
for generating peptide hormones such as insulin.

These illustrations are only a fraction of the proteolytic
events known to be important in biology and medicine. Over
500 proteases are predicted to be encoded in the human
genome (~2% of all encoded genes),? and the functions of
many of these proteases have yet to be determined. In
addition, pathogen-specific proteases are often essential for
infectivity and the life cycle of the organism or virus, and
inhibitors of HIV protease are part of drug cocktails that
have turned AIDS from a death sentence to a manageable
long-term illness. A number of proteases have been targeted
successfully with medications, and <till many other are
considered top targets for emerging therapeutics.®

1.1. Protease Terminology

Theresidues of protease substrates are considered relative
to the site of backbone cleavage (Figure 1). Those residues
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Figure 1. General substrate and substrate binding sites for
proteases. The scissile amide functionality is in red. Moving left
from the cleavage site are residues P1, P2, P3, P4, etc. Moving
from the right of the cleavage site are residues P1', P2', P3', P4',
etc. Corresponding binding pockets on the protease for these
residues are S1, S2, S3, $4, etc., on the left side and S1', S2', S3',
4, etc., on the right side.

N-terminal to the cleavage site are said to be on the P side,
and those residues C-terminal to the cleavage site are said
to be on the P side. Immediately N-terminal to the cleavage
site is residue P1, and moving further N-terminaly are
residues P2, P3, P4, and so on. Immediately C-termina to
the cleavage site is residue P1', and moving further C-
terminally are residues P2, P3', P4', and so on. Thus, the
protease cleaves the amide bond that links residue P1 and
P1' (Figure 1, red amide group).

Proteases contain binding pockets for substrate residues
(Figure 1). Those pockets that bind to the P side of the
substrate are called S pockets, and those pockets that bind
to the P side of the substrate are called S' pockets. The
protease pocket that interacts directly with the P1 residue of
the substrate is called S1, and protease pockets that bind to
resides P2, P3, P4, and so on are called, respectively, S2,
S3, 4, and so forth. The protease pocket that interacts
directly with the P1' residue of the substrate is called S1',
and protease pockets that bind to residues P2', P3', P4, and
so on are caled, respectively, S2', S3', S4', and so forth.
Thus, the residues involved in catalysis are located between
the S1 and S1' pockets. The character of these pockets
dictates the degree of specificity of the protease (i.e., whether
it will cleave only one particular sequence of amino acid
residues, a wide variety of substrates, or somewhere in
between).

1.2. Protease Mechanisms

The proteolytic process requires the concerted effort of
key residues within the protease active site. These hydrolytic
enzymes are classified into four general types based on their
catalytic residues and mechanism of action: (A) serine/
threonine proteases, (B) cysteine proteases, (C) aspartyl
proteases, and (D) metalloproteases. Each of these four main
protease categories contains hundreds of known examples
and have representatives in all forms of life.

Serine/threonine proteases employ a conserved serine (or,
more rarely, threonine) in the active site, which is activated
by a nearby histidine base, which is often in turn activated
by an adjacent aspartate anion, setting up what is referred
to as a catalytic triad (Figure 2A). The net result is that the
serine hydroxyl group is more nucleophilic and therefore
more capable of attacking the carbonyl carbon of an amide
bond. The nucleophilic attack converts the planar carbonyl
group into a tetrahedral carbon with a negatively charged
oxygen (B), an intermediate that is stabilized by a pocket in
the enzyme called the oxyanion hole. Reformation of the
carbonyl functionality takes place with the breaking of the
carbon—nitrogen bond (i.e., cleavage of the peptide back-
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Figure2. Genera catalytic mechanism for serine proteases. Active
site serine, histidine and (often) aspartate comprise a catalytic triad
that work together first to activate the serine hydroxyl group for
nucleophilic attack of the amide carbonyl. After release of the amino
group, water is then activated for nucleophilic attack of the ester
carbonyl of the protease—substrate covalent intermediate. The
carboxylate is then released, and the enzyme is back in its original
state and ready for another round of catalysis.
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Figure3. Genera catalytic mechanism for aspartyl proteases. Two
active site aspartates activate water and the scissile amide bond of
the substrate via hydrogen bonding. Nucleophilic attack of water
on the amide carbonyl forms a tetrahedral gem—diol intermediate
that fragments to the two cleavage products.

bone) and release of the newly formed amino terminus (C).
The serine is now part of an ester bond, which is in turn
hydrolyzed by incoming water that is activated in essentially
the same way as the serine hydroxyl was activated in the
first step (D and E). Release of the second proteolytic
product, the newly formed carboxy terminus (F), then frees
up the enzyme for another round of catalysis. Cysteine
proteases go through a similar mechanism, with the cysteine
thiol serving as the nucleophile attacking the amide carbonyl,
but in this case, the thiol is much more acidic (pK, ~ 8)
than the hydroxyl group (pK, ~ 14) and is therefore more
easily activated. A catalytic dyad, with a properly positioned
histidine adjacent to the cysteine thiol, is usualy sufficient.

Aspartyl proteases utilize two adjacent aspartate residues
in the active site. Aspartate is normally deprotonated and
therefore negatively charged at biological pH, but in aspartyl
proteases, only oneis charged, because two proximal anions
are unfavorable. These aspartates interact with water and the
carbonyl oxygen of the scissile amide bond to increase the
nucleophilicity of the water and activate the carbony! carbon
for nucleophilic attack (Figure 3A). A tetrahedral intermedi-
ate results (B), but unlike what occurs with serine and
cysteine proteases, no covalent enzyme—substrate intermedi-
ate forms. Reformation of the carbonyl group coincides with



Intramembrane Proteolysis

the departure of the amino group, simultaneously producing
the new N- and C-termini (C). Metalloprotease likewise
activatewater directly anddonotformcovaentenzyme—substrate
intermediates. A zinc atom is typicaly coordinated to two
histidines, an aspartate, and to a glutamate, and it is the
coordinated glutamate that interacts with and activates the
water for catalysis (see later discussion about S2P structure
and mechanism).

1.3. Membrane-Associated Proteases

Many important proteolytic events take place at cellular
membranes at the cell surface or in intracellular organelles.
Up until just over a decade ago, al known membrane-
associated proteases were simply tethered to the membrane,
anchored by atransmembrane domain or atype of glycolipid
called glycophosphatidylinositol (GPI). The catalytic domains
of these proteases are completely outside the membrane and
arerelated, both in sequence and in structure, to water-soluble
proteases. Examples include a subset of matrix metallopro-
teases (MMPs), which are tethered through a single trans-
membrane domain or a glycophospatidyl inositol-anchoring
domain and cleave a variety of proteins at the cell surface,
such as growth factors and growth factor receptors.* Other
examples are fungal aspartyl proteases called yapsins, which
are tethered through a GPI-anchor and are thought to play a
role in cell wall integrity and remodeling.® Severa other
membrane-tethered proteases will be discussed below, in the
context of setting the stage for intramembrane proteolysis.

Until recently, as described above, al identified proteases
had been water-soluble enzymes: either the entire enzyme
is normally found in an agueous environment or a membrane
anchor holds down an otherwise agueous protease. Beginning
in 1997, however, new proteases have been discovered that
are apparently embedded within the hydrophobic environ-
ment of the lipid bilayer and somehow carry out hydrolysis
on the transmembrane region of their substrates in the
generally water-excluding environment of the membrane.
Another unusual feature of this process is the substrates,
which are typically folded into an o-helix, a conformation
that makes the backbone amide bonds inaccessible to
nucleophilic attack due to steric hindrance by the amino acid
sidechains. Theseintramembrane-cleaving proteases(I-CLiPs)58
must therefore create an environment for water and the
hydrophilic residues needed for catalysis, and bend or unwind
their substrates to make the amide bonds susceptible to
hydrolysis. Supporting these mechanistic notions is the
observation that these newly discovered |-CLiPs are appar-
ently variations on familiar themes in protease biochemistry:
despite of the novelty of being membrane-embedded and
cleaving transmembrane domains, the residues essential for
catalysis by these I-CLiPs are virtualy the same as those
found in agueous proteases. In this review, the known
I-CLiPs are discussed by mechanistic category (specifically,
as metallo, aspartyl and serine proteases; no cysteine I-CLiPs
have yet been identified), covering the literature from their
initial discovery in 1997 to the present.

2. S2P Metalloproteases

The first discovery of an I-CLiP arose from studies on
the regulation of sterol and fatty acid metabolism. Sterol
regulatory element binding proteins (SREBPS) are transcrip-
tion factors that promote the expression of genes involved
in the synthesis of cholesterol and fatty acids.® Coordinated
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Figure4. S2P contains conserved HEXXH and LDG motifs found
in metalloproteases. SREBP isfirst cleaved by S1P in the luminal
loop. The regulatory domain (Reg) interacts with the cholesterol-
sensing SCAP to ensure that S1P proteolysis only occurs when
cholesterol levels are low. Subsequent intramembrane proteolysis
releases this transcription factor for expression of genes essential
to cholesterol and fatty acid synthesis.

gene expression is controlled through negative feedback
inhibition by cholesterol to ensure that lipids and sterols are
produced only when needed. SREBP is synthesized as a
precursor protein containing three distinct domains; adomain
exposed to the cytosol that binds DNA and activates
transcription, two transmembrane regions, and a regulatory
domain involved in the feedback control by cholesterol
(Figure 4). When cholesterol levels are high, the SREBP
precursor is kept in the endoplasmic reticulum (ER) by a
multipass membrane protein called SCAP (SREBP cleavage-
activating protein)i® in complex with a small membrane
protein called Insig.? Reduced cholesterol levels result in
dissociation of Insig from SCAP, allowing SCAP to shepherd
SREBP to the Golgi apparatus. Proteolysis of SREBPin the
Golgi results in release of the transcription factor and its
translocation to the nucleus.

2.1. Discovery of Mammalian S2P

Proteolytic release of SREBPs occursin two steps (Figure
4). First, the luminal loop between the two transmembrane
regions is cleaved by a membrane-tethered serine protease
called the Site-1 protease (S1P).1® Release of the transcription
factor requires subsequent cleavage by the Site-2 protease
(S2P), which performs a hydrolysis of an amide bond
predicted to lie three residues within the transmembrane
domain.* The requirement for a prior proteolytic event is a
common theme with I-CLiPs. Complementation cloning (that
is, adding cDNA libraries to a cell line to find rescuers of a
mutant phenotype) identified S2P as a multipass membrane
protein containing a conserved HEXXH sequence charac-
teristic of zinc metalloproteases.® The two histidines and
the glutamate are required for S2P activity, consistent with
known metalloprotease biochemistry in which the two
histidines coordinate with zinc and the zinc in turn activates
the glutamate for interaction with the catalytic water. Further
analysis led to the discovery of a conserved aspartate located
~300 residues from the HEXXH sequence that is likewise
critical for S2P activity and thought to be a third residue
involved in zinc coordination.*® Similar to SREBP, sequential
processing by S1P and S2P of the otherwise membrane-
associated transcription factor ATF6 is an essential step in
the ER stress response.r’
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Figure 5. B. subtilis S2P-like protease Spol VFB and sporulation.
Upon engulfment of the forespore by the mother cell, a signaling
pathway involving the transcription factor ¢ is initiated in the
forespore that triggers the synthesis of the IVB serine protease.
This protease degrades SpolVFA, which along with BofA serves
to inhibit SpolVFB. With the inhibition of the S2P-like protease
released, Spol VFB cleaves pro-oX, allowing this transcription factor
to signa in the mother cell for further factors needed for spore
maturation.

2.2. Bacterial S2P-like Proteases

Further support for the proteolytic function of S2P came
from the discovery of a family of related proteins in
bacteria.'® These prokaryotic proteins play an essential role
in the proteolysis of otherwise membrane-bound transcription
factors needed for sporulation. These factors control gene
expression in the mother cell after engulfment of the
forespore. Cleavage of pro-o* and release of the transcription
factor requires the multipass membrane protein Spol VFB in
Bacillus subtilis (Figure 5), and this protein likewise contains
the HEXXH motif and a second conserved region with an
aspartate, both of which are essential for proteolysis. Another
bacterial S2P family member, Yael (also caled RseP) in
Escherichia coli, similarly requires HEXXH and a conserved
aspartate to play arole in coordinating cell growth and cell
division, through intramembrane proteolysis of RseA, afactor
critical for responding to extracytoplasmic stress.’® Interest-
ingly, the membrane orientations of the mammalian substrate
SREBP and the bacterial substrate o* are opposite to each
other, correlating with that of their respective enzymes, S2P
and SpolVFB, which are similarly thought to have opposite
orientations.’® This implies that the catalytic region must
align with the peptide substrate with proper relative
directionality.

Although SpolVFB and Y ael are both S2P-like bacterial
enzymes that cleave transmembrane proteins, the regulation
of this key intramembrane proteolytic event for these two
[-CLiPs is quite different. For cleavage of RseA by Yael/
RseP, the regulation is similar to that in SREBP cleavage
by S2P: intramembrane proteolysis requires a prior cleavage
event outside the membrane by another (serine) protease
called DegS.® In contrast, SpolVFB apparently does not
require prior proteolysis, and regulation occurs more directly
at the level of SpolVFB. Two membrane proteins, BofA and
SpolVFA, serve to inhibit SpolVFB activity, and this
inhibition is released by proteolysis of SpolVFA by the
forspore-secreted serine protease 1IVB (Figure 5).22% The
roles of many other S2P metalloproteases in biology remain
unknown; however, an S2P homologue encoded by the
human pathogen Mycobacterium tuberculosis was found to
regulate cell envelope composition as well as growth and
persistence in vivz0.% These findings suggest that this protease
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may be an appropriate target for developing therapeutics for
tuberculosis.

2.3. Substrate Recognition

As mentioned above, the a-helical conformation of the
transmembrane substrate renders the amide bonds inacces-
sible to attack by a catalytic residue or water, requiring some
bending or unwinding of the helix before proteolysis can
occur. The SREBP substrate contains a conserved asparagine-
proline (NP) sequence within its transmembrane region that
is critical for proteolytic processing by S2P.2* These two
residues have the lowest propensity to form a-helices,
suggesting that the NP-containing SREBP transmembrane
region may be metastable. After S1P cleavage and dissocia-
tion of the other transmembrane region, the NP sequence
may facilitate unwinding of the residues immediately up-
stream, including the leucine—cysteine bond that gets
cleaved. Unwinding was originally thought to possibly result
in protrusion of this bond to the membrane surface and access
by the active site residues of S2P. However, the recently
solved crystal structure of an S2P-type protease shows that
the active site is apparently well within the boundaries of
the lipid bilayer (see below). Nevertheless, unwinding may
be important for substrate recognition, entry into the active
site, and accessibility of the scissile amide bond.

2.4. Structure of an S2P

The E. coli Yael/RseP protease has been purified to
homogeneity with preservation of proteolytic activity.”® Most
recently, a high-resolution crystal structure of an S2P family
member, from archaeabacteria species Methanocal dococcus
jannaschii, MjS2P, has been reported,® confirming the
presence of zinc and its coordination with the key trans-
membrane histidines, glutamate, and aspartate residues
(Figure 6). The protease crystallized in two conformations,
one in which the active site appears more accessible through
lateral gating (“open”) and onein which it isless accessible
(“closed”, shown in Figure 6). Transmembrane domains
(TMDs) 2—4 are highly conserved, contain the catalytic
residues, and do not vary much between the two conforma-
tions. TMDs 2—4 are thus thought to represent the core
domain, while TMD 1, TMD 5 and TMD 6, which are less
conserved and more conformationally flexible, are thought
to be important for substrate gating from the hydrophobic
lipid bilayer into the internal, water-containing active site.
In the open conformation, TMD 1 and TMD 6 are spaced
further apart, suggesting that substrate enters the active site
by traversing between these two TMDs. This new and
detailed structural information allows the generation of
specific hypotheses about substrate recognition and process-
ing that can be tested biochemically (e.g, through mutagen-
esis), as is dready being done with the Rhomboid serine
proteases (see below).

3. Presenilin-Type Aspartyl Proteases

A key step in the pathogenesis of Alzheimer’s disease is
APP proteolysis resulting in the formation of the amyloid-3
peptide (ApB), the principle protein component of the
characteristic cerebral plagues of the disease.?”?® The N-
terminus of Af is produced from the amyloid S-protein
precursor (APP) first by the action of -secretase, a membrane-
tethered enzyme that resembles pepsin and other water-
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Figure 6. Structure of archaeal MjS2P. (A) The six transmembrane domains (TMDs) are arranged as a helical bundle, with two histidines
from TMD 2 and an aspartate from TMD 4 coordinated to the zinc atom (gray). A second crystallized conformation has TMD 1 and TMD
6 much further apart, suggesting that this is the site of lateral gating by which the transmembrane of the substrate accesses the internal
active site. (B) Closeup of the active site, explicitly showing another residue (a glutamate in TMD 2) coordinated with the zinc. This

glutamate activates water for catalysis.

Presenilin

Tumen/exiracellular

Figure 7. Presenilin, the y-secretase complex, and the proteolysis of APP to Af. Presenilin is processed into two pieces, an N-terminal
fragment (NTF, dark portion) and a C-terminal fragment (CTF, light portion) that remain associated. Each fragment donates one aspartate
essential for y-secretase activity (arrows near these aspartates denote N- to C-terminal directionality of the protein sequence). APP isfirst
cleaved in the extracellular domain by 3-secretase, and the remnant is cleaved twice within the membrane by y-secretase to produce the A
peptide of Alzheimer’s disease (secreted) and the intracellular domain (AICD, freed into the cytosol).

soluble aspartyl proteases.® % This proteolysis leads to
membrane shedding of the large luminal/extracellular APP
domain (Figure 7). The 99-residue membrane-bound remnant
is then cleaved in the middle of its transmembrane region
by y-secretase, releasing A3 and again near the inner leaflet
at the e site to release the APP intracellular domain (AICD).**
Rare mutations in the APP gene, found in and around the
Ap region, cause familia early onset Alzheimer’s disease,
and these mutations alter the production of Ap or its
aggregation properties, important evidence for the amyloid
hypothesis of Alzheimer pathogenesis.?? Alzheimer-causing
mutations also occur in one of the subunits of y-secretase
(see below). Also described below, chemical probes played
important roles in the characterization, identification, puri-
fication, and mechanistic understanding of the I-CLiP that
is now known as the y-secretase complex.

3.1. Discovery of Presenilin as a Protease

Several more or less contemporaneous observations pro-
vided critical clues for the identification of the elusive
y-secretase, a subject of intense interest as a potentia
therapeutic target. First, genes encoding the multipass
membrane proteins presenilin-1 and presenilin-2 were dis-
covered in a search to identify other genes associated with
familial, early onset Alzheimer’s disease.®** %" The disease-

causing missense mutations were soon found to alter how
y-secretase cuts APP, leading to increased proportions of
longer, more aggregation-prone forms of AB.%¥4' Second,
knockout of presenilin genes eliminated y-secretase cleavage
of APP.*2~% Third, the types of compounds that could inhibit
y-secretase contained moieties typically found in aspartyl
protease inhibitors.*46 These findings led to the identification
of two conserved transmembrane aspartates in the multipass
presenilin that are critical for y-secretase cleavage of APP
(Figure 7), suggesting that presenilins might be the respon-
sible aspartyl proteases.*’~4°

Presenilin is cut into two pieces, an N-terminal fragment
(NTF) and a C-terminal fragment (CTF),>*5! the formation
of which is regulated by limiting cellular factor(s).>? NTF
and CTF remain physically associated in a high-molecular
weight complex and are metabolically stable.>*553-55 These
and other results suggested that the NTF—CTF heterodimer
is the biologically active form.® Intriguingly, the NTF and
CTF each contribute one of the essential and conserved
aspartates, suggesting that the y-secretase active site might
be at the interface between these two presenilin fragments.
In strong support of this hypothesis, transition-state analogue
inhibitors of y-secretase, compounds designed to interact with
the active site of the protease (e.g., compound 1, Figure 10),
were found to bind directly to presenilin NTF and CTF.%657
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However, presenilins are apparently part of a larger multi-
protein complex which constitutes y-secretase (see below).

3.2. The Notch Receptor and Other Substrates

At the same time presenilins were discovered as suscep-
tibility loci for Alzheimer’s disease, they were also shown
to be required for Notch signaling,* a pathway essential for
cell differentiation during development and beyond.>® After
Notch is synthesized in the ER, the receptor is cleaved in its
extracellular domain during its passage through the secretory
pathway, and the two pieces so generated remain associated.®
Upon interaction with a cognate ligand, Notch becomes
susceptible to a second extracellular proteolysis, by a
membrane-tethered metalloprotease, near the membrane.5*6?
The membrane-associated remnant is then cleaved within its
transmembrane domain by a presenilin-dependent y-secre-
tase-like protease,® releasing the Notch intracel lular domain
(NICD). NICD translocates to the nucleus and activates
transcription after associating with the nuclear partner CSL
(CBP/RBPjk, Su(H), Lag-1).%* Knock-in of a Notch-1
transmembrane mutation that greatly reduces presenilin-
mediated proteolysis leads to a lethal phenotype in mice
similar to that seen in Notch-1 knockout mice, indicating
that efficient y-secretase cleavage is essential for Notch
signaling during development.®®

Since the discovery that Notch is cleaved by y-secretase,
aplethora of other substrates have been identified, including
Erb-B4, E- and N-cadherins, CD44, the low density lipo-
protein receptor, Nectin-1, and the Notch ligands Delta and
Jagged.%®%” Knowledge of the cellular functions of these
proteolytic events vary, but in the case of N-cadherin, the
produced intracellular domain associates with the transcrip-
tional activator CBP (CREB hinding protein) and promotes
its migration to the cytosol and degradation by the protea-
some.® Also, neuregulin-1-triggered cleavage of ErbB4
inhibits astrocyte differentiation by interacting with repressors
of astrocyte gene expression.’® While cellular function can
be ascribed in some cases, the ability of y-secretase to cleave
so many different substrates and its apparently poor sequence
specificity raises the question of whether amajor role of this
enzyme is to serve as a general degrading protease for
membrane-bound protein remnants.”® Indeed, y-secretase
appears to be unique among intramembrane proteases in its
ability to process so many different substrates. The broad
substrate recognition by y-secretase is likely related to the
fact that, unlike the other intramembrane proteases, the
enzyme apparently does not require helix-breaking residues
near the cleavage sites within the substrates.

3.3. Other Subunits of the y-Secretase Complex

The highly conserved role of y-secretase in Notch signal-
ing and its importance in development made possible genetic
screens in worms (specifically Caenorhabditis elegans) that
identified two Notch modifiers, a single-pass membrane
protein APH-2 (nicastrin) and a multipass protein APH-1."1"7
Nicastrin was independently isolated biochemically as a
presenilin-associated protein and found to be essential for
y-secretase processing of both APP and Notch.™ A saturation
screenin C. elegans for presenilin modifiers netted all these
proteins and added Pen-2. All four proteins (presenilin,
nicastrin, Aph-1, and Pen-2) associate with one another”™7®
and with an immobilized y-secretase inhibitor.”®”” Moreover,
their coexpression increased y-secretase activity in both
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Figure8. Presenilin interacts with three other membrane proteins,
nicastrin, Aph-1, and Pen-2, whereupon presenilin is cleaved into
NTF and CTF to form active y-secretase.

Drosophila and mammalian cells™ " and reconstituted activ-
ity in yeast.”® Because yeast have no such protease activity
and contain no apparent orthologs of these metazoan proteins,
these findings strongly suggest that this quartet of proteins
is necessary and sufficient for y-secretase activity. Thiswas
subsequently confirmed through purification of the protease
complex to virtual homogeneity.”

y-Secretase is so far unique among intramembrane pro-
teases in being composed of severa different proteins. all
the others apparently work alone as single proteins. Coex-
pression, RNA interference, and the identification of as-
sembly intermediates suggest the order in which these four
subunits come together,”>8%8! and partial dissociation of the
protease complex with detergent offersamodel for how these
subunits interact (Figure 8).8° Nicastrin and Aph-1 together
can stabilize full-length presenilin, and final addition of Pen-2
apparently triggers presenilin endoproteolysis and y-secretase
activity.” Pen-2 is also required to stabilize the presenilin
subunits.® The specific biochemica functions of these
presenilin cofactors have been mostly enigmatic; however,
nicastrin has been suggested to play a role in substrate
recognition (see section 3.4 below).

As for the stoichiometry of the y-secretase complex, this
has been a matter of some controversy, with discrepancies
in the reported size of the complex and in the number of
presenilin molecules per complex. Sizes of 100—150 kDa
to 2 MDa have been reported,>3547683-8 gnd several studies
suggested that two presenilins reside at the catalytic core of
the protease complex.2-8 Most recently, however, rigorous
biochemical and biophysical experiments have shown that
isolated, active complexes contain only one of each com-
ponent® and, consistent with this stoichiometry, that the size
of the purified enzyme is ~230 kDa, as determined by
scanning electron microscopy.*

3.4. Substrate Recognition

Among the more intriguing questions about the entire
emerging family of I-CLiPs is how they handle substrates
and cleave within their TMDs. Because it presumably
contains water and uses hydrophilic residues, the membrane-
embedded active site should be sequestered from the
hydrophobic environment of the surrounding lipid tails. Thus,
the active site might be envisioned to be part of a pore or
channel that could allow entry of water.® However, the
substrate passes through the membrane and cannot enter such
a pore or channel directly; docking on the outer surface of
the protease, with lateral gating to bring the substrate into
the internal active site, might be required.® Initial evidence
for such a mechanism came from isolation of the y-secretase
complex with an immobilized transition-state analogue
inhibitor.”” Detergent-solubilized membranes from a cultured
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Figure 9. Model for how substrates interact with presenilin. Substrate is light green, presenilin NTF is copper, presenilin CTF is gold,
Pen-2 isred, Aph-1isblue, and nicastrin is bright green. The active site (represented by the blue star in stage 1), containing water and two
aspartates, is thought to be sequestered away from the hydrophobic environment of the lipid bilayer, necessitating an external docking site
for the transmembrane domain of the substrate. Studies with chemical probes (helical peptides and transition-state analogues) support this
model (see text). The transmembrane domain of the substrate interacts with the docking site, while the N-terminus of the substrate putatively
interacts with the Nicastrin ectodomain (stage 2). The transmembrane domain of the substrate then passes either in whole or in part into the

active site for proteolysis (stage 3).

human cell line were passed through this affinity matrix,
resulting in copurification of y-secretase complex members
and an endogenous membrane-bound APP stub found in
these cells. This stub results from alternative processing of
APP by membrane-tethered a-secretases, and like the stub
produced by [-secretase, it is aso a y-secretase substrate.
Thus, an endogenous substrate copurified with the y-secretase
complex, while the protease active site was blocked by the
immobilized transition-state analogue inhibitor, suggesting
the existence of a separate substrate binding site. Substrate
bound to this specia type of exosite, dubbed the “docking
site”, could co-purify without being subject to proteolysis.

3.4.1. Helical Peptide Substrate Mimics

Designed peptides based on the transmembrane domain
of APP and constrained in a helical conformation (e.g.,
compound 2, Figure 10) can potently inhibit y-secretase,
apparently by interacting with this docking site.®* Conversion
of these helical peptide inhibitors into affinity labeling
reagents led to the localization of the substrate docking site
to the presenilin NTF/CTF interface.®? Transition-state
analogue inhibitors also bind directly to the NTF/CTF
interface, but at a site distinct from that of helical peptide
inhibitors. These findings suggest a pathway for y-secretase
substrate from docking site to active site: upon hinding to
the outer surface of presenilin at the NTF/CTF interface, the
substrate can pass, either in whole or in part, between these
two presenilin subunits to access the interna active site
(Figure 9). Interestingly, extension of a 10-residue helical
peptide inhibitor by just three additional residues resulted
in a potent inhibitor®® apparently capable of binding both
docking site and active site,> suggesting that these two
substrate binding sites are relatively close.

3.4.2. Nicastrin in Substrate Recognition

Up until recently, all the action seemed to be taking place
on presenilin. However, one study has suggested that
nicastrin also plays a critical role in substrate recognition.®
The ectodomain of nicastrin bears sequence resemblance to
aminopeptidases, although certain catalytic residues are not
conserved. Nevertheless, nicastrin may recognize the N-
terminus of y-secretase substrates derived from APP and
Notch (Figure 9), and consistent with this notion, mutation
of the aminopeptidase domain was reported to prevent this
interaction. One conserved glutamate was noted to be
especially important, perhaps because this residue forms an
ion pair with the amino terminus of the substrate. The
sequence of the substrate N-terminus is apparently not critical
for the interaction, but afree amino group is. Indeed, ssmple
formylation of the substrate N-terminus was enough to
prevent effective substrate interaction and proteolytic pro-
cessing. Thus, nicastrin may be akind of gatekeeper for the
y-secretase complex: type | membrane proteins that have
not shed their ectodomains cannot interact properly with
nicastrin and do not gain access to the active site. However,
a new study contradicts this view, with evidence that
mutation of the aminopeptidase domain can interfere with
the maturation of the y-secretase complex, not with the
activity of the mature complex.*®

3.5. Inhibitors and Modulators

y-Secretase has in many ways been an attractive target
for Alzheimer therapeutics® with one inhibitor now in
advanced clinical trials® (compound 3, Figure 10). However,
interference with Notch processing and signaling may lead
to toxicities that preclude clinical use of such inhibitors.
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Figure 10. Inhibitors of y-secretase. Transition-state analogue
inhibitors such as 1 include hydroxyl-containing moieties that
interact with the catalytic aspartates of aspartyl proteases. Helical
peptide inhibitors include o-aminoisobutyric acid (Aib)-containing
substrate mimics such as 2 [(*) denotes that the threonine residue
contains an O-benzyl group]. These helical peptides mimic the APP
transmembrane domain and interact with the substrate docking site
on the protease. Also shown is the potent benzodiazepine inhibitor
3 (LY-450,139), which isin late-stage clinical trials for the treatment
of Alzheimer’s disease.

Long-term treatment with y-secretase inhibitors causes severe
gastrointestinal toxicity and interferes with the maturation
of B- and T-lympocytesin mice, effects that are indeed due
to inhibition of Notch processing and signaling.*®*° However,
compounds that can modulate the enzyme to ater or block
Ap production with little or no effect on Notch would bypass
this potential roadblock to therapeutics. Recent studies
suggest that certain compounds can alter substrate selectivity
and the sites of substrate proteolysis, both in cells and in
purified biochemical systems.

Certain nonsteroidal anti-inflammatory drugs (NSAIDs;
e.g., ibuprofen, indomethacin, and sulindac sulfide) can
reduce the production of the highly aggregation-prone Aj342
peptide and increase a 38-residue form of Aj, a pharmaco-
logical property independent of inhibition of cyclooxyge-
nase.!® The alteration of the proteolytic cleavage site is
observed with isolated or purified y-secretase, 1412 indicat-
ing that the compounds can interact directly with the protease
complex to exert these effects. Enzyme kinetic studies and
displacement experiments suggest the selective NSAIDs can
be noncompetitive with respect to APP substrate'® and to a
trangition-state anal ogue inhibitor, suggesting interaction with
a site distinct from the active site.'® The site of cleavage
within the Notch transmembrane domain may be similarly
affected, but this subtle change does not inhibit the release
of the intracellular domain and thus does not affect Notch
signaling.'® For this reason, these agents may be safer as
Alzheimer therapeutics than inhibitors that block the active
site or the docking site. Indeed, one compound, R-flurbi-
profen (also called tarenflurbil, compound 4, Figure 11), is
in late-stage clinical trials.!® Surprisingly, the site of
proteolytic cleavage by the presenilin homologue signal
peptide peptidase (SPP; see section 3.7) can aso be
modulated by the same NSAIDs that affect y-secretase.
Because SPP apparently does not require other protein
cofactors, these findings suggest that presenilin is the site of
NSAID binding within the y-secretase complex and that SPP
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Figure 11. Modulators of y-secretase. NSAID-like modulator 4
(R-Flurbiprofen or tarenflurbil), which was in late-stage clinical
trials for Alzheimer’s disease, shifts where y-secretase cuts APP,
reducing the aggregation-prone Aj342 and elevating more soluble
A[338. In contrast, naphthyl ketone 5 inhibits total A production
without interfering with the ability of y-secretase to cleave Notch
receptor substrates.

and presenilin share a conserved drug binding site for
allosteric modulation of substrate cleavage sites.’® However,
a new study suggests that the substrate itself is the target,
specifically in the region of APP substrate at the extracellular/
membrane junction.’®” A much weaker interaction was
observed with a comparable substrate based on Notch,
suggesting an alternative explanation for the lack of effect
on Notch signaling.

Another type of allosteric modulator is compounds that
resemble kinase inhibitors and interact with a nucleotide
binding site on the y-secretase complex. The discovery that
ATP can increase A production in membrane preparations
prompted the testing of avariety of compounds that interact
with ATP binding sites on other proteins.’® In this focused
screen, the Abl kinase inhibitor Gleevec emerged as a
selective inhibitor of A production in cellswithout affecting
the proteolysis of Notch. In light of these findings, ATP and
other nucleotides were tested for effects on purified y-secre-
tase preparations and found to selectively increase the
proteolytic processing of a purified recombinant APP-based
substrate without affecting the proteolysis of a Notch
counterpart.’® Furthermore, certain compounds known to
interact with ATP binding sites were found to selectively
inhibit APP processing vis-avis Notch in purified protease
preparations (e.g., compound 5, Figure 11). These and other
results suggest that the y-secretase complex contains a
nuclectide binding site and that this site allows allosteric
regulation of y-secretase processing of APP with respect to
Notch. Whether this regulation is physiologically important
is unclear, but the pharmacological relevance is profound
and may lead to new therapeutic candidates for Alzheimer’s
disease.

3.6. Toward the Structure of y-Secretase

The purification of the y-secretase complex™ has allowed
the first glimpse into its structure. Electron microscopy and
single particle analysis reveals that the complex has a
globular structure that at low resolution (10—15 A) appears
rather amorphous™® (Figure 12). [Another structure, eluci-
dated in asimilar manner but of much poorer resolution (~45
A), has a'so been reported.''!] Nevertheless, two important
features can be gleaned. Thefirst isarather large low-density
interior cavity of ~20 A diameter that is presumably where
the active site resides, a characteristic reminiscent of the
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Figure 12. Structure of the y-secretase complex as deduced by electron microscopy. (A) Although the resolution is relatively low (~15
A) and the structure is globular, (B) a central cavity of low density suggests the location of the active site, and two ports, H1 and H2,
suggest site of water entry. Reprinted with permission from ref 110. Copyright 2006 National Academy of Science.

proteasome. The second is the presence of two small
openings that may be the site of entry for water.

Other structural features have been revealed by cysteine
mutagenesis with cross-linking of chemical probes.*>'*® The
generation of a cysteine-less version of presenilin that retains
the ability to assemble with other complex members, undergo
endoproteolysisto NTF and CTF, and process APP allowed
incorporation of single cysteine resides at various sites near
the key aspartates. Disulfide formation with thiol-containing
reagents then provided information about the relative acces-
sibility of these sites from the agueous milieu, allowing the
construction of a model in which water can funnel down to
where the aspartates reside. Furthermore, simultaneous
mutation of the two conserved transmembrane aspartates to
cysteine and apparent intramolecular cross-linking provided
the first evidence that these two aspartates are indeed in close
proximity,**2 which is required for them to coordinate and
serve catalytic function. With the use of this same approach
(cysteine mutagenesis and cross-linking), two recent studies
suggest that TMD 9 serves as a gatekeeper for lateral entry
of the substrate TMD.1*415 Still another cysteine-cross-
linking study suggests that TMD1 is in direct contact with
TMD 8.1 More detailed information will likely require a
crystal structure of presenilin or a presenilin homologue (see
below).

3.7. Signal Peptide Peptidases

The concept of presenilin as the catalytic component for
y-secretase was considerably strengthened when signal
peptide peptidase (SPP) was found to be a smilar intramem-
brane aspartyl protease. SPP clears remnant signal peptides
from the membrane after their production by signal peptidase
(Figure 13). However, this process apparently also plays a
role in immune surveillance, in which signal peptides from
the major histocompatibility complex (MHC) type | are
cleaved by SPP and the peptide products presented onto the
cell surface as an indication to natural killer cells whether
MHC synthesis is proceeding normally.**” In addition, SPP
is exploited by the hepatitis C virus for the maturation of its
core protein, suggesting that this protease may be a suitable
target for antiviral therapy.''® SPP was identified by affinity
labeling with a peptidomimetic inhibitor, and the protein
sequence displayed intriguing parallels with presenilin.*®
SPP contains two conserved aspartates, each predicted to lie
in the middle of a transmembrane domain (Figure 13), and
the aspartate-containing sequences resemble those found in
presenilins. The predicted topology of SPP aso resembles
that of presenilins, placing the key aspartates in the same
relative position to each other in the membrane. As with the
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Figure 13. The presenilin homologue signal peptide peptidase
(SPP). Signal peptides are removed from membrane proteins via
signal peptidase (SP), and these peptides are released from the
membrane by SPP-mediated intramembrane proteolysis. SPP, like
presenilin, contains two aspartates essential for protease activity,
but the conserved aspartate-containing motifs are in the opposite
orientation compared with their presenilin counterparts (cf. Figure
7). Consistent with the flipped orientation of SPP vis-avis
presenilin, the substrates of these two proteases also run in the
opposite direction. Unlike presenilin, SPP apparently does not
require other protein cofactors or cleavage into two subunits for
proteolytic activity.

metalloprotease S2P compared with its bacterial relatives,
the orientation of the aspartate-containing transmembrane
domains of SPP is apparently opposite that of presenilins,
again in correlation with the orientation of SPP substrates,
which is opposite that of y-secretase substrates. Interestingly,
prior to the identification of SPP, a computational search
for presenilin-like proteins netted an entire family of so-called
presenilin homologues (PSHS);*?° however, it is not yet clear
if al of these proteins have catalytic activity. Two homo-
logues, SPP-like proteases, SPPL2a and SPPL2b, have
recently been found to cleave tumor necrosis factor o*?* and
the dementia-associated Bri2 protein,'? although the biologi-
cal roles of these proteolytic events are unknown.

SPP appears to be less complicated than y-secretase.
Expression of human SPP in yeast reconstituted the protease
activity, suggesting that the protein has activity on its own
and does not require other mammalian protein cofactors.!'
This has recently been confirmed by the expression of various
SPP orthologs in E. coli and purification of active enzyme
to homogeneity.'?® Moreover, unlike presenilins, SPP is not
processed into two pieces. Thus, SPP may be amore tractable
enzyme for understanding this type of intramembrane as-
partyl protease and may shed light on y-secretase structure
and function. Indeed, the catalytic sites of the two proteases
appear remarkably similar: their activities are inhibited by
some of the same active site directed peptidomimeticst?+1%
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Figure 14. Rhomboid serine proteases. Rhomboids contain a
conserved serine and histidine, which comprise a putative
catalytic dyad of a serine protease. Rhomboid-1 cleaves within
the transmembrane region of the Drosophila EGF-like growth
factor Spitz.

and helical peptides,'% and activity can be modulated by the
same NSAIDs that affect y-secretase.)® SPP forms a
homodimer very rapidly in cells, and this dimer is stable
enough to allow isolation and analysis.*?® Moreover, this
dimer can be specifically labeled by a transition-state
analogue inhibitor, suggesting that the dimer is catalytically
active. The functional importance of this dimer, however, is
unclear; dimerization is not necessary for proteolytic activity,
as determined from purification of recombinant SPP from
E. coli.’?® In terms of substrate recognition, however, SPP
does display an important difference with y-secretase: the
apparent requirement for helix-breaking residues that should
facilitate the ability of the enzyme to access the site of
hydrolysis.*?

4. Rhomboid Serine Proteases

The study of a conserved growth factor signaling pathway
also led to intramembrane proteolysis. Epidermal growth
factor (EGF) receptor ligands are synthesized as single-pass
membrane proteins, but signaling requires proteolytic release
and secretion of the ligand for interaction with its cognate
receptor. In vertebrates, thisis accomplished by membrane-
tethered metalloproteases. Genetic analysis in Drosophila,
however, identified two essential players, dubbed Star and
Rhomboid-1, in the proteolysis of an EGF ortholog Spitz.
No other components are apparently required. Full-length
Spitz remains in the ER until it is ushered by Star to the
Golgi apparatus, where it encounters Rhomboid-1.%2 Rhom-
boid-mediated proteolysis in the Golgi is then followed by
secretion for intercellular communication. But how does
Rhomboid allow cleavage of Spitz?

4.1. Discovery of Rhomboid as a Protease

Mutational analysis of conserved nonglycine residues
revealed a tantalizing requirement for a serine, a histidine,
and an asparagine, which together might serve as a catalytic
triad typically found in serine proteases'® (although subse-
quent studies support a Ser-His dyad*®) (Figure 14). These
three residues were predicted to reside about the same depth
within the membrane and thus have the potential to interact
with each other. Consistent with this idea, the cleavage site
of Spitz was estimated to be at an equivalent depth in the
transmembrane region, and Spitz cleavage was sensitive only
to serine protease inhibitors. Moreover, a careful analysis
of concentration dependence revealed that expression of
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catalytic amounts of Rhomboid-1 still allowed Spitz pro-
teolysis. Taken together, Rhomboid-1 is apparently a novel
intramembrane serine protease.

4.2. Substrate Recognition and Rhomboid
Regulation

What determines Rhomboid substrate specificity, and how
is this proteolytic event regulated? Most of the Spitz
transmembrane region could be swapped with that of a
nonsubstrate protein without affecting cleavage by Rhom-
boid; however, the N-terminal quarter of the transmembrane
region was critical for substrate recognition.’3! Indeed,
incorporation of this substrate motif into Delta allowed this
Notch ligand to be processed by Rhomboid. Further exami-
nation of the substrate motif led to the tentative identification
of a critical glycine—alanine, suggesting that, as with S2P
and SPP, Rhomboid seems to require helix-destabilizing
residues within the transmembrane domain of its substrates.
Rhomboid activity is distinguished from that of most of the
other I-CLiPs because Rhomboid does not require prior
substrate cleavage by another protease. Rhomboid regulation
apparently occurs mainly by translocation of the substrate
from the ER to the Golgi (mediated by Star) and spatial
control of Rhomboid transcription.

4.3. Other Rhomboids in Biology

Like S2P, Rhomboid genes have been conserved through-
out evolution. Surprisingly, in spite of overall low homology
with Rhomboids from multicellular organisms, a number of
unicellular Rhomboids were capable of cleaving Drosophila
Rhomboid substrates, and mutation of the putative catalytic
residues abolished protease activity, illustrating the evolu-
tionary conservation of the serine protease function of
Rhomboid.**? The natural substrates for microbial Rhomboids
are unknown, with two notable exceptions: (A) Providencia
stuartii Rhomboid protease AarA cleaves a protein called
TatA as part of a quorum-sensing signal,** and (B) a
Rhomboid from a parasitic amoeba sheds cell surface
receptors as a means of evading the immune system.’3* As
for substrates of eukaryotic Rhomboid-1 homologues, two
mitochondrial membrane proteins have been identified as
substrates for yeast Rhomboid RBD 1.3 RBD1-mediated
release of one of these substrate (dynamin-like GTPase
Mgm1lp) is essential for remodeling of the mitochondrial
membrane, and the human ortholog of RBD1, PARL, could
restore substrate proteolysis and proper growth rates and
mitochondrial morphology in a yeast RBD1 mutant,*
suggesting that the role of these Rhomboidsin mitochrondrial
function has been evolutionarily conserved. Indeed, arecent
study identified a mitochondrial protein OPA1 as a likely
substrate for PARL, the cleavage of this substrate being
critical to cristae remodeling and cytochrome c release during
apoptosis.**® In Toxoplasma, TYJROMS5, one of five nonmi-
tochondrial Rhomboids in these parasites, cleaves a cell
surface adhesion protein as a key step in cell invasion, and
similar findings in the related Plasmodium falciparum, the
malarial parasite, have recently been reported,*®® suggesting
that Rhomboids are potential targets for treating infections
by these deadly pathogens.
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Figure 15. Structure of E. coli Rhomboid GIpG. (A) The serine in transmembrane domain 4 and the histidine in transmembrane domain
6 are coordinated in a manner consistent with known serine proteases and at a depth within the membrane consistent with the site of
proteolysis of Rhomboid substrates. (B) Closeup view of the active site from a crystal structure with a bound phospholipid. The interaction
of the phosphate group with the backbone NH of serine 102 and with the side chain of asparagines 154 suggests the site of the oxyanion

hole.

4.4. Structure of Rhomboid

Rhomboid provided the first crystal structures of an
I-CLiP, with four reports on the E. coli Rhomboid GIpG*°—14
and one on the Haemophilus influenza Rhomboid
(HiGIpG).** These structures show remarkable similarities
and important differences that provide insight into how this
class of membrane-embedded protease carries out hydrolysis
in the lipid bilayer. The structures all reveal that the key
serine and histidine implicated as the catalytic dyad are
indeed coordinated with each other and lie at a depth within
the membrane consistent with where Rhomboids cleave their
transmembrane substrates (Figure 15A). A cavity is open to
the periplasmic space, with the catalytic dyad at the bottom
of this opening, and this cavity contains multiple water
molecules.

How substrate enters this cavity is not entirely clear, but
the position of transmembrane domain 5 varies in the
different structures, and movement of this domain can
provide a space through which substrate may reach the
catalytic dyad. Indeed, one of the reported structures contains
a bound lipid in this space,*> with the phosphate group
residing near the Ser-His dyad and a key Asn residue that
may contribute to the oxyanion hole that stabilizes intermedi-
ates and transition-states during serine protease catalysis
(Figure 15B). Furthermore, mutational analysis revealed that
altering residues predicted to disrupt TMD 5'srole as agate
led to increased proteolytic activity,’* providing further
validation for the site of lateral entry of the substrate. These
structural findings validate the molecular and biochemical
studies on Rhomboids and suggest that such approaches have
been providing true mechanistic insight into the workings
of other I-CLiPs. As with the structure of an S2P metallo-
protease (see above), these structures offer details that inspire
specific hypotheses about how Rhomboids handle substrates
to hydrolyze transmembrane domains.

5. Conclusions and Perspective

I-CLiPs are membrane-embedded enzymes that hydrolyze
transmembrane substrates, and the residues essential to
catalysis reside within the boundaries of the lipid bilayer.
These proteases appear to recapitulate the mechanisms of
soluble proteases, and the crystal structures of Rhomboids

and an S2P support this notion, at least for the serine and
metallo I-CLiPs. All 1-CLiPs would be predicted to contain
an initial substrate docking site, but to date, evidence for
such a docking site has only been provided for y-secretase.
The I-CLiPs discovered so far each play critical roles in
biology and are closely regulated, but the means of control
vary. They are al involved in cell signaling, but do soin a
variety of ways. Membrane topology seems to dictate the
types of substrates that can be cleaved, but this concept
remains speculative. Most |-CLiPs appear to require helix-
breaking residues near the cleavage sites of their substrates,
although y-secretase may be a notable exception.

Critical remaining issues include the identity of substrates
for the I-CLiP family members whose roles are unknown.
For instance, although an entire family of PSHs and
Rhomboids have been discovered, natural substrates are only
known for a handful of these proteins, and very little is
known about the natural substrates of microbial and parasitic
[-CLiPs. The conservation of putative catalytic residues
implies conservation of proteolytic function, but the search
for substrates is far from trivial. A computational approach
for sequence motifs that are apparently required for substrate
proteolysis by Rhomboids led to identification of adhesion
proteins in Toxoplasma as potential substrates.** Most
typically, genetic and cell biological studies suggest a
connection between protease and putative substrate, with
follow-up molecular and biochemical studies for validation.

Another key issue is understanding the specific mecha-
nisms of these proteases. This includes elucidating confor-
mational changes that take place in both enzyme and
substrate during proteolysis and identifying enzyme residues
that directly interact with substrate. Structural biology is
clearly the emerging frontier in the study of I-CLiPs, with
Rhomboid and S2P providing the first fruits of such
endeavors. Detailed structural understanding should provide
clearer appreciation for how these remarkable enzymes work.
The development of small molecule tools should ultimately
dovetail with these structural studies, allowing cocrystal
structures that offer further insight into mechanism and that
pave the way for structure-based design in cases where the
target has high therapeutic relevance.
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