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ABSTRACT:. The amyloidg protein (A3) is strongly implicated in the pathogenesis of Alzheimer’s disease.
The final step in the production of Afrom the amyloid precursor protein (APP) is proteolysis by the
unidentified y-secretases. This cleavage event is unusual in that it apparently occurs within the
transmembrane region of the substrate. Studies with substrate-based inhibitors together with molecular
modeling and mutagenesis of thesecretase cleavage site of APP suggestjtkegicretases are aspartyl
proteases that catalyze a novel intramembranous proteolysis. This proteolysis requires the presenilins,
proteins with eight transmembrane domains that are mutated in most cases of autosomal dominant familial
Alzheimer’s disease. Two conserved transmembrane aspartates in presenilins are essgra@lrEiase
activity, suggesting that presenilins themselves)asecretases. Moreover, presenilins also mediate the
apparently intramembranous cleavage of the Notch receptor, an event critical for Notch signaling and
embryonic development. Thus, if presenilins grsecretases, then they are also likely the proteases that
cleave Notch within its transmembrane domain. Another protease, S2P, involved in the processing of the
sterol regulatory element binding protein, is also a multipass integral membrane protein which cleaves
within or very close to the transmembrane region of its substrate. Thus, presenilins and S2P appear to be
members of a new type of polytopic protease with an intramembranous active site.

The identification of mutant genes associated with human disease-causing genetic mutation does not provide clear clues
diseases is progressing apace, demonstrating the power antb the normal function of the encoded protein or to the
utility of genomics. Often, however, the pinpointing of a biochemical and cellular processes involved in pathogenesis.

This problem has been particularly vexing in the area of
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Ficure 1: Topologies of (A) APP, (B) presenilins, and (C) SREBP and Notch and sites of proteolytic processing. The dark bar in APP
represents the Aregion. The dark bar in presenilins represents the hydrophobic portion of the large cytosolic loop that contains the site

of cleavage by a “presenilinase” (PSase).

proteins have been veiled. The APP sequence did, howeverlevels, including 44, (1, 2). Two disease causing mutations
offer an immediate hint to how mutations might lead to just beyond thew-secretase cleavage site (i.e., within the A
FAD: as the name indicates, APP is the precursor for the region) affect A production and parenchymal deposition

amyloid{3 protein (AS), the major protein component of
amyloid plaques in AD brains. APP, a type | integral
membrane glycoprotein, is proteolytically processeduby

and are associated clinically with hereditary cerebral hemor-
rhage with amyloidosis, either with or without features of

AD (8).

andp-secretases, thereby shedding the large ectodomain and Mutations in APP, however, account for only a very small
producing membrane-associated 83- and 99-residue frag{raction of FAD cases. Most are caused by mutations in

ments, respectively (C83 and C99; see Figure B)\)These
fragments are then cleaved bysecretase, an unusual

presenilins 1 and 2, two closely related integral membrane
proteins (, 2, 9). All FAD-causing presenilin mutations

protease that apparently cuts within the transmembraneanalyzed to date lead to specific increases flAormation

domain of the substrate, to form the 4 kD# Arom C99
and an N-terminally truncated portion of3Ap3, from C83.

Mutations Which Cause FADAD-causing mutations in
APP lie near theg- andy-secretase cleavage sites and lead
to increases in either total/Aor in a specific A6 isoform
(3). AB is secreted under normal physiological conditions
from a variety of cell types, with roughly 90% as a 40-residue
Ap isoform (AB40) and 10% as a 42-residue variantiA).

in transfected cell linesl0—13) and in transgenic micelQ,

11, 14). Importantly, living subjects with FAD-linked pre-
senilin 1 (PS1), presenilin 2 (PS2), or APP mutations have
elevated plasma B, and increased Ay, in the media of
primary fibroblast cultureslf). The discovery that mutations

in the presenilin genes account for the majority of FAD cases
has generated a flurry of activity to determine the normal
cellular roles of the corresponding proteins and how these

The latter is more hydrophobic and considerably less solubleproteins influence A production. These highly homologous

than AB4, forming Ag fibrils in vitro via a nucleation-
dependent mechanism)( In addition, A8, fibrils can seed
AP fibril formation in vitro; thus, AS4 that would otherwise
remain soluble can aggregate ont8.Atemplate fibrils §).
Despite AB4, being a small fraction of secretedfAthis
isoform is the major & species in AD plaque$(-7). Four
different FAD-causing point mutations near tpsecretase
cleavage site result in specific increases pyAproduction,
while a double mutation near thsecretase cleavage site

proteins have been localized primarily to the ER and Golgi
in transfected mammalian cell8§—19), and co-immuno-
precipitation experiments indicate that small amounts of APP
can interact with presenilins in these organell26, 21).
Evidence strongly supports an eight-transmembrane topology
for the presenilinsk, 22—24) (Figure 1B), although six- and
seven-transmembrane topologies have also been off2?ed (
25, 26).

Remarkably, over 50 different mutations in the presenilins

found in a Swedish pedigree makes APP a better substratéhave been found to cause FAR7j: all result in missense

for the latter protease, leading to a doubling in total A

! Abbreviations: AD, Alzheimer’s disease;fAamyloidf3 protein;
APP, amyloid precursor protein; AEPsoluble amyloid precursor
protein; C83, 83-residue C-terminal proteolytic fragment of amyloid
precursor protein; C99, 99-residue C-terminal proteolytic fragment of
amyloid precursor protein; CTF, 18 kDa C-terminal proteolytic fragment
of presenilin; ER, endoplasmic reticulum; FAD, familial Alzheimer’s
disease; NTF, 28 kDa N-terminal proteolytic fragment of presenilin;

mutations, although one is a point mutation in the PS1 gene
upstream of a splice acceptor site that results in an in-frame
deletion of exon 9 (PSAE9)? These mutations are not
clustered in one region of the presenilin linear sequence;
rather, they are located primarily within or very near to

2 This splice alteration also results in a S290C mutation. Interestingly,
a recent study has shown that the increasefinp8aused by PSAE9

PS, presenilin; S2P, site 2 protease; SCAP, sterol-cleavage activatingis due to this point mutation, not the deletid28). Thus, all FAD PS

protein; SREBP, sterol regulatory element binding protein; TM,
transmembrane.

mutants analyzed at this level increasgsAas a result of single point
mutations.
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hydrophobic domains. FAD-causing mutations in PS1 can of their resemblance to the high-enegpmdiol intermediate
rescue PS1 knockout mice from otherwise lethal errors in (49—52). Moreover, the corresponding difluoro alcohols are
embryonic development, demonstrating that these FAD also inhibitors of A6 production, albeit weaker than the
mutant presenilins are function&q, 30). This, along with ketones %3). However, the fact that they inhibit at all is
other evidence (see below), suggests that the incregégd A inconsistent withy-secretase working through either a serine
production caused by the mutant presenilins is due to a toxicor cysteine protease mechanism, which would require the
gain of function and not a loss or reduction of function. ketone for nucleophilic attack54). In contrast, difluoro
Properties of Presenilins ang-Secretase?S1 and PS2  alcohol-containing peptidomimetics are known to be capable
both undergo proteolytic processing within the conserved, of inhibiting aspartyl protease$¥).
hydrophobic portion of the cytosolic loop between TM6 and  Structure-activity relationships and site-directed mutagen-
TM7 (dark bar, Figure 1B) to form tightly regulated amounts esis studies also indicate thasecretase has loose sequence
of heterodimeric complexes of a 28 kDa N-terminal fragment specificity 63, 56—58), a finding that might seem incon-
(NTF) and a 18 kDa C-terminal fragment (CTR1{35). sistent with the fact that APP is cleaved at specific sites by
Even when overexpressed, the PS holoproteins do not leadhe enzyme. This apparent paradox can be resolved by
to increased cellular levels of NTFs and CTFs, suggesting considering the distance within the membrane as the key
that presenilins compete for certain limiting cellular factors determinant of where/-secretase cleaves. Thus, the pro-
critical for endoproteolysis and stabilization of their frag- teolysis within the APP transmembrane domain may actually
ments 86). The PS holoproteins are unstable, with half-lives take place within the membrane. In support of this hypoth-
of about 1.5 h 83, 34), and their degradation is apparently esis, when the APP transmembrane region is computationally
mediated in part through the proteasor@é @8). In contrast, folded into ana-helical conformation, typical of transmem-
the PS fragments produced through normal endoproteolysisbrane domains, the-secretase cleavage sites leading facA
of wild-type and FAD-mutant presenilins are quite stable and A4, formation are on opposite faces of the heB8);
(tuz ~ 24 h) 33, 34), consistent with the hypothesis that the Moreover, FAD-causing APP mutations in this region are
heterodimeric complexes represent the biologically active immediately adjacent to the cleavage site f@nAormation.
form of the protein. The normal endoproteolytic sigd)(is Thus, the helical model, based on the hypothesis that the
missing in the PSIAE9 variant, which is thus not cleaved y-secretase proteolysis takes place within the membrane, can
in this manner 31—-33, 39). However, this variant is  explain how these mutations can cause specific increases in
apparently a functional presenilid@ 41), consistent with ApB4z, eventually leading to AD. Results from a recent site-
the idea that the exon 9 region is inhibitory and that either directed mutagenesis study by Lichtenthaler et al., in which
cleavageor deletion of this region is required for activity = numerous residues near thesecretase cleavage sites were
One report claims that certain FAD-causing mutations in PS1 systematically replaced with phenylalanine, were also con-
lead to some elevation in the levels of the NTF-CTF sistent with the helical model, and thus with an intramem-
heterodimers4?), suggesting that accumulation of the mutant branous proteolysissg).
heterodimers may contribute to increasegkAproduction. Two TM Aspartates in PS Are Critical for FunctioH.
An alternative cleavage mediated by a caspase-3-like cysteiney-secretase catalyzes an intramembranous proteolysis, then
protease occurs within the hydrophilic part of the large loop the enzyme would be predicted to have multiple transmem-
(Figure 1B), and this proteolysis takes place during apoptosisbrane domains, suitable to form an active site that allows
(43—45). However, this alternative PS processing leads to the entrance of the required catalytic water. Mutations in
unstable fragments that are degraded, in part, by anotherthe protease itself might also be predicted to cause FAD.
cysteine protease3§). Surprisingly, the myriad presenilin mutations that raighA
The presenilins are apparently critical forsecretase levels and cause FAD are scattered throughout the linear
activity: De Strooper et al. reported thafAroduction is sequence. However, most of these mutations are found either
dramatically reduced in primary fibroblasts derived from PS1 within transmembrane domains or in the hydrophobic portion
knockout mouse embryos compared with corresponding of the cytoplasmic loop (see Figure 1R)(These observa-
wild-type littermates46). While a- andS-APP; levels were tions suggest a direct role of the preseniling/isecretase
essentially unchanged, the APP C-terminal fragments thatactivity and raise the question: are presenijirsecretases?
serve ay-secretase substrates were substantially increasedMore specifically, are presenilins aspartyl proteases? Pro-
(Presumably, the residuaj3®production in the PS1 knockout  vocatively, the presenilins contain two completely conserved
fibroblasts is due to PS2. See below.) These findings haveaspartates within predicted transmembrane domajnsiie
been confirmed directly in brain tissue of PS1— vs +/+ in TM6 and one in TM7, regions that flank the large
mice @7). The biochemical role of presenilins in mediating cytoplasmic loop that contains the site of endoproteolysis.
y-secretase activity has been widely considered central toThese TM aspartates, conserved everCeenorhabditis
the molecular mechanism of AD. eleganshomologues €0, 61), appear to be aligned in the
y-Secretase displays some properties of an aspartyl pro-membrane with each other and with theecretase cleavage
tease. We have found that substrate-based difluoro ketonesites in APP.
peptidomimetics inhibit the production offfat they-secre- When we mutated either of these two TM aspartates in
tase level: a- and-secretase-generated ARPoducts are human PS1 and stably cotransfected them with human APP
not affected, buy-secretase substrates C83 and C99 (Figure into Chinese hamster ovary (CHO) cells, we were surprised
1B) are dramatically increased in the presence of theseto find that neither mutant PS1 underwent the normal
inhibitors @8). These difluoro ketones readily form hydrates endoproteolysis in the cytoplasmic lodg2}. Thus, each of
in the presence of small proportions of water, and such the two TM aspartates is apparently critical for this pro-
hydrates are known to inhibit aspartyl proteases by virtue teolytic processing of PS1. Introduction of either mutant PS1
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Ficure 2: Schematic model for the involvement of presenilins fhgeneration. Presenilins and APP form stable complexes. After presenilin
binds to an unidentified limiting cellular factor(s) (protein X), the full-length presenilin undergoes autoproteolysis via the two transmembrane
aspartates (asterisks). Shedding of the APP ectodomairsegretase allows C99 to bind to the active sitg-skcretase (presenilin) with
subsequent generation offABy analogy with Notch, the other proteolytic product of C99 cleavage (C57/C59) may serve as a signaling
molecule.

also led to inhibition of endogenoyssecretase activity: A as expected; nevertheless, this mutant PS1 also caused
levels were reduced and both C83 and C99 levels wereincreases in C83 and C99 when transiently introduced into
increased in rough correlation with the expression of mutant either COS-1 monkey kidney cells or human embryonic
holoprotein 62). Apparently, the two mutant PS1 holopro- kidney (HEK) 293 cells §2). Thus, this TM aspartate is
teins act as dominant negatives, blocking the normal role of independently critical foy-secretase activity, even in a form
endogenous PS1 in mediatingsecretase activity. These of PS1 that does not require endoproteolysis for function.
results have been observed in several different cell types, The two TM aspartates in PS1 were also found to be
including human cell lines, and in transient as well as stable critical for in vitro generation of A& (62). When C99 was
tranfectants. In addition, mutating the aspartates isostericallyexpressed in a cell-free transcription/translation system in
to asparagine or isoelectronically to glutamate gives similar the presence of wild-type human PS1-containing microsomes,
results, indicating that each of the two TM aspartates is a new 4 kDa band was immunoprecipitated by ghsbecific
absolutely required and suggesting that the introduced antibody after incubation under mildly acidic but not neutral
mutations do not simply result in misfolding. Similar effects conditions, a result expectedjifsecretase were an aspartyl
are observed when either of the two conserved TM aspartateprotease. Little or no A was produced when C99 was
in PS2 are mutated(; W. T. Kimberly et al., unpublished  expressed in the presence of microsomes containing D257A
observations). or D385A PSL1. Also, £ was generated from cell-expressed
The possibility remained that the effect of the introduced APP by incubating microsomes containing wild-type but not
mutations ory-secretase activity was only due to the inability D—A mutant PS1. Thus, the results from in vitro experiments
of the mutant PS1 holoproteins to undergo proteolytic mirrored those obtained from whole cells.
processing to the stable NTF/CTF complexes that are likely The most parsimonious hypothesis consistent with these
the active form of the protein. We therefore introduced the findings is that the presenilins afesecretases, intramem-
D385A mutation into PSIAEY, a functional form of PS1  brane-cleaving aspartyl proteases activated through autopro-
which cannot be processed in this manrg&S, 40, 41). The teolysis (Figure 2). APP and presenilins form stable com-
D385A PS1AE9 did not undergo normal endoproteolysis, plexes 0, 21), but the APP TM domain cannot access the
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active site of PS, which is still in the pro form. Note that, in
this model, the hydrophobic portion of the large cytosolic
loop is locatedwithin the boundaries of the membrane,
although this portion of the loop may only contact PS TM
domains and not lipids. After presenilins bind to a certain

Biochemistry, Vol. 38, No. 35, 19991227

cleave C-terminal CAAX motifs of proteins after prenylation
of the cysteine §8). While these proteases do not cleave
within transmembrane domains (i.e., they are not I-CLiPs),
they are members of a growing class of multi-TM proteases.
Another I-CLiP candidate is an unidentified protease

as yet unidentified cellular factor(sB), autoproteolysis  involved in processing the Notch receptor (Figure 1C).
takes place to form the active PS heterodimer, each subunitSignaling from Notch is critical for cell-fate decisions during
(NTF and CTF) contributing one of the two essential catalytic development, and this signaling requires cleavage within or
aspartates. Certain viral aspartyl proteases [e.g., HIV proteasemmediately adjacent to the single TM segment of Notch
(49)] also form the active site at the interface between two (69). The intracellular domain of Notch is thus released,
subunits, each contributing one aspartate, although in thesevhereupon it binds to and activates the CSL transcription
cases the enzymes are homodimeric, not heterodimeric. Afactors. PS1 is intimately involved in this apparent TM
necessary correlary to this hypothesis is that the limiting cleavage of Notch. PS1 knockout mice die during gestation
cellular factor(s) must remain bound to PS after facilitating (70, 71), and isolation of the defective embryos showed that
autoproteolysis: the release of the factor(s) would allow the Notch signaling is dramatically reducedlj. Moreover,
conversion of overproduced PS holoprotein to increased neurons and fibroblasts isolated from these embryos trans-
NTF/CTF complexes, which is not observed in transfected fected with a Notch construct showed dramatically reduced
cells. Thef-secretase cleavage of APP, which sheds the release of the Notch intracellular domain, demonstrating that
ectodomain, is presumably also a prerequisite for binding PS1 somehow mediates this TM processing ev@a); (
of the substrate, C99, to the active site of PSsécretase).  similar results have also been observed in the 7i$, 74).
In this model, the proteolysis of C99 topSAis rapid, Importantly, the deficiency in PS1 did not affect the
explaining why PS/C99 complexes have not yet been maturation of Notch: cleavage by a furin-like convertase
detected by co-immunoprecipitation. within the Golgi, a necessary step for Notch signaliiig) (
That presenilins are merely involved in the trafficking of was unaffected72). Inhibitors of y-secretase, including a
APP and/ory-secretase to appropriate subcellular micro- substrate-based difluoro ketone peptidomimetic designed to
domains is not supported by the results from in vitro mimic the cleavage site within the APP TM, also block the
experiments 47, 62), nor is this notion supported by final TM proteolytic event essential to Notch signaling,
observations that APP processingdoyandj-secretases is  emphasizing the close similarity between this proteolysis and
normal in PS1-deficient cells46). However, it is instead  the y-secretase cleavage of APR2). If presenilins are
possible that the presenilins are critical cofactors/faecre- indeed y-secretases, then PS1 would very likely be the
tases, analogous to the sterol-cleavage activating proteinl-CLiP responsible for the release of the Notch intracellular
(SCAP) involved in theextramembranous processing of the domain.
sterol regulatory element binding protein (SREBBJ)( An apparent discrepancy in this hypothesis is that the
SREBP, a transcription factor essential for cholesterol Notch TM cleavage takes place at or near the cell surface
biosynthesis, is expressed as an ER-localized precursorafter binding by an extracellular ligand, and mosf A
protein with two transmembrane segments (Figure 1C). production apparently requires internalization from the cell
Reduced cholesterol levels are sensed by the eight-TMsurface 76). In contrast, presenilins are localized primarily
SCAP, which then binds to the C-terminal portion of the inthe ER and Golgi16—19). Careful biotinylation studies,
immature SREBP and allows cleavage of the lumenal loop though, clearly demonstrate that PS1 NTFs and CTFs are at
of SREBP by the membrane-anchored site 1 prote@de ( the cell surface, where they form complexes with Notch (W.
Other Intramembrane-Cleéng Proteases (I-CLiPs)A J. Ray et al., unpublished observations). The fact that the
role for presenilins as proteases would be analogous to theNotch TM cleavage is sequence specific might also seem
second proteolytic event in SREBP maturation. This second inconsistent with the hypothesis that presenilins)asecre-
cleavage apparently takes place just within the first TM tases, since the APP TM cleavage shows loose specificity.
region and results in release of the transcription factor and However, the Notch TM domain may be the primary
translocation to the nucleus (Figure 1G34( 65). The substrate for presenilins, with higher affinity for the protease
selection of CHO cells auxotrophic for cholesterol led to the than the APP substrate. Thus, alterations in the Notch TM
identification of the site 2 protease (S2P), a multi-TM, ER- domain may have profound effects on its high-affinity
resident protein containing a metalloprotease signaturebinding to presenilins, while mutations in the APP TM might
sequence (HEXXH) that apparently lies either just within have little impact on this relatively low-affinity binding.
the membrane or at the membrateytosol interface (i.e., The Origin of I-CLiPs.The presenilins have no obvious
aligned with the TM cleavage site in SREBBY). Despite sequence homology with known aspartyl proteases. However,
the presence of the HEXXH sequence and the requirementother known aspartyl proteases are all cytosolic enzymes,
of S2P for the putative transmembrane processing of SREBP,so should sequence homology be expected? From an
S2P otherwise bears no resemblance to other known met-evolutionary perspective, it seems much less likely that a
alloproteases, and direct evidence for protease activity of S2Psoluble protease would acquire multiple TM domains than
has not yet been obtained. Nevertheless, like the presenilinsfor a multiple TM protein to incidentally acquire proteolytic
S2P is a candidaiatramembraneleavingprotease (I-CLiP), activity. The latter route might be expected to require fewer
that is, a multi-TM protease with an intramembranous active mutations, since typically only a few active site residues are
site which cleaves within the transmembrane region of its essential for catalysis. According to this view, the relationship
substrate. Other multi-TM proteases include signal peptidasebetween presenilins and other aspartyl proteases would be
(67) as well as Rcelp and Ste24, which are ER proteins thatstrictly mechanistic, not structural; a limited number of
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protease mechanistic motifs may be efficient enough to be
useful to a cell or organism, and nature can arrive at
essentially the same mechanism from different evolutionary
directions.

Catalytic antibodies provide a clear illustration of this type
of mechanistic convergence. On a molecular level, the ability
of the immune system to respond to a foreign antigen with
specific antibodies resembles an accelerated evolutionary
process. Antibodies with esterase activity can be elicited with
phosphonate transition state analogues as haptens. Remar
ably, cocrystallization of one such antibody esterase with
its corresponding phosphonate hapten revealed that the active
site contained a Ser-His dyad near the phosphorus atom that
resembles two of the three components of the classical Ser-
His-Asp catalytic triad of serine proteas&g)) Kinetic data
also supported a hydrolytic mechanism for the antibody that
is strikingly similar to that of the serine proteas@8)( This
hydrolase originated from antibody genes and is not ho-
mologous with natural enzymes. Nevertheless, mutation of
the antigen binding region resulted in convergence to a
hydrolytic mechanism common to serine proteases.

From this perspective, the lack of sequence homology
between S2P and any other known metalloprote@6gi$
not surprising. The multi-TM S2P likely originated from a
multi-TM protein that acquired the HEXXH motif and not
from a soluble metalloprotease that acquired multiple TMs
over time. The challenge is to identify polytopic proteins
that bear some sequence resemblance to S2P or to presenilin
as a means of tracing their origins and understanding how
they developed their remarkable ability to carry out in-
tramembranous proteolyses. One such protein might be spe-

4 ac. el tein involved in trafficking that sh Ficure 3: Computer-generated model of the TM regions of
» a L. eleganprotein nvolved In trarficking that SNOWS — ,egenjlin-1 (orange) bound to the TM region of APP (white). (Top)

homology to the presenilins7g). Two other C. elegans  From top right, TM regions 48 run counterclockwise. In general,
proteins, sel-12 and HOP-1, are much more closely relatedsites of mutation in presenilin-1 that cause early-onset familial

to human presenilins6(l). In fact, human presenilins or ~ Alzheimer's disease (magenta) can be arrayed along the same face

HOP-1 can rescue mutant sel-12 phenotyp 41, 61) of a given TM region. The aspartates in TM6 and TM7 (green)
’ ' were oriented for interaction with water (yellow) in a manner similar

emphasizing the conservation of function of these proteins y it for aspartyl proteases. For clarity, only side chains of disease-
from worm to man. Whether spe-4 is a bona fide presenilin causing PS1 mutations are shown. (Bottom) Close-up view of the
is currently not clear. TM aspartates coordinated with water, poised to hydrolyze the Val

. - lle amide bond and generateggf. Colors are as described in panel
Molecular Modeling of Presenilin-1as noted above, the A. For clarity, only the side chains of the APP Vdle bond (white)

PS TM regions are highly conserved, suggesting that theseang disease-causing PS1 mutations (magenta) are shown.
regions are critical for function. Immunocytochemistry and

studies with PS fusion proteins strongly support the eight- This would also be the region where the hydrophobic
TM topology illustrated in Figure 1B22—24). Specific  proximal portion of the TM6— TM7 loop would bind and
regions of PS1 have been predicted to be T#s&nd we  pe cleaved, putatively by autoproteolysis.

have confirmed this prediction using sequence analysis tools The crystal structure of bacteriorhodopsin (one of the few

available at the Swiss Protein Databank web site. Intrigu- integral membrane proteins for which a crystal structure is

'Iggg we T'nd byt n;oleculfar modellggltr]?ht/le:jlmost all thfd available) was used as a template to construct an initial three-
-causing mutations of a given omain would gimensional model of the intramembrane regions of PS-1.

be aligned along a single face if the domain assumesatypicalEach end-capped TM region of PS1 was overlaid, one by

a-helical conformation. Moreover, almost all the mutations | " 0o corresponding TM regions of bacteriorhodop-
in TM6 an_d TM7 are on the same face of the helix as the sin, orienting FAD mutation sites toward the center and
cr|t|cz_a| residues Asp257 and ASp3BD. It would therefo;e seem coordinating the TM6 and TM7 aspartates to a single water
pcr)].f,sr:blfhto construcltzzshree;dtlmensllontarlll mOd%l.otf ZS%M molecule. With the addition of each helix, the side chains at
whic N gj/atrrllous itical mu atloPs in the pre cljcel th the helix-helix interface were relaxed, and the resultant helix
regions an € critical aspartales are arrayed along &, ,,qe \yas subjected to energy minimization. Other factors
interior of the protein. This interior would represent the active considered in arranging hefishelix interactions included the
f’r']te: A?gt_lr_tla\;l_:uon .Of Ps_l(\j/vhire, a(;:qordlmg to dotur h_ypotheS|s, TM hydrophobic moments, identifying nonconserved regions

€ region binds1) and is cleaved to give A as potentially lipid-interactive, and maximizing the interac-
tions between aromatic residues (Trp, Tyr, Phe) at the
3 PS1 contains all but two of the identified PS FAD mutatio?g)( membrane interface30). In addition, the PS1 helices were
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adjusted to provide space for the APP TM helix. The APP
TM region was then docked into the center of the PS1 model,
oriented so that the major cleavage site, leading faoA
would be near the catalytic water between the aspartates,
and the complex was energy minimized (Figure 3).
Although this three-dimensional model of presenilins is
speculative, its construction is nevertheless worthwhile.
Given the difficulty of crystallizing integral membrane
proteins, it is not likely that the three-dimensional structure
of presenilins as they exist in the membrane will be solved
soon. In the meantime, a three-dimensional model that is
predictive of inhibitor potency would be useful for the design
of candidate therapeutic agents for the treatment of AD.
Furthermore, the model could guide the design of molecular
biology experiments to discern the importance of specific
residues in PS function. The results of these inhibitor studies
and molecular biology experiments can, in turn, be used to
improve the model. In this iterative fashion, a reasonable
model of the active site of PS may ultimately be realized.

CONCLUSIONS

The presenilins appear to be among the first examples of
I-CLiPs. The finding that two transmembrane aspartates in
presenilins are independently critical for two different
proteolytic events (PS endoproteolysis ansecretase activ-
ity) strongly suggests that these polytopic proteins are novel

intramembrane-cleaving aspartyl proteases activated through 17.

autoproteolysis. Thus, the majority of genetic mutations that
cause early-onset FAD would be in the very proteases that
produce the & found in the disease-associated amyloid
plaques. Exactly how they catalyze intramembranous pro-
teolyses is a fascinating biochemical question, one that will
require extensive efforts at reconstitution and identification
of essential cofactors or subunits. The question is not strictly
academic: the presenilins are prime targets for the develop-
ment of new therapeutic agents for AD. Finally, these studies
on the presenilins offer a glimpse of the new role of the
biochemist in the age of genomics. In the past, problems
tended to center around identifying key proteins involved in
a given biochemical event. The reverse is becoming increas-
ingly more common: the proteins are already largely
identified through their corresponding DNA sequences. The
problem now is deciphering their biochemical roles in health

and in disease.
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