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hypothesis with regard to the pathogenesis
of Alzheimer’s disease
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Alzheimer’s disease is a complex neurodegenerative process that is believed to be due to the accumulation of short, hydrophobic
peptides derived from amyloid precursor proteins by proteolytic cleavage. It is widely believed that these AB peptides are secreted
into the extracellular spaces of the CNS, where they assemble into toxic oligomers that kill neurons and eventually form deposits of
senile plaques. This essay explores the possibility that a fraction of these AB peptides never leave the membrane lipid bilayer after
they are generated, but instead exert their toxic effects by competing with and compromising the functions of intramembranous
segments of membrane-bound proteins that serve many critical functions. Based on the presence of shared amino acid sequences
containing GxxG motifs, | speculate that accumulations of intramembranous AB peptides might affect the functions of amyloid pre-
cursor protein itself and the assembly of the PS1, Aph1, Pen 2, Nicastrin complex.

neurodegeneration

t has been known for close to a

century that plaque-like deposits of

material are scattered throughout

the brains of patients with ad-
vanced dementia, an observation first
described by a German neurologist
named Alois Alzheimer. We now know
that these plaques are composed of
many components, including small pep-
tides generated by proteolytic cleavage
of a family of transmembrane polypep-
tides known as amyloid precursor pro-
teins (APPs). Two peptides that are
widely regarded as major contributors to
the pathology of Alzheimer’s disease
(AD) are known as AB peptides A40
and A42, and each has the amino acid
sequence presented below. Both are de-
rived from the putative transmembrane
segments of APP molecules, with A42
having two additional nonpolar amino
acids.

Cleavage of the APPs by different
combinations of three proteolytic en-
zymes, which are commonly referred to
as secretases, generates peptides with
different biological properties (Fig. 1).
The two A peptides, A40 and A42, are
generated when the - and +y-secretases
act in concert, and it is their overpro-
duction (or underremoval) and subse-
quent aggregation, that is believed to
lead to a cascade of reactions that are
responsible for neuronal dysfunction,
neuronal death, and plaque formation
(1, 2).

The evidence that links AB peptides
to the pathogenesis of AD is substantial,
but the means by which these peptides
exert their toxic effects, and where in
neuronal cells they act, is far from clear.
Many new treatments for AD, some
quite revolutionary, such as attempts to
vaccinate people with the AB peptides
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themselves, are based on the notion that
one of these AB peptides, the A42 form,
is primarily responsible for neuronal
damage and cell death that is character-
istic of the Alzheimer’s syndrome. Al-
though there is no question that Af
peptides are present in Alzheimer’s
plaques, we still have no way of knowing
how, or even whether, such deposits
contribute to the earliest stages of the
disease. Some investigators, convinced
that the plaques accumulate long after
the disease has progressed, believe that
small aggregated forms of AB 42, often
referred to as “soluble oligomers,” are
the pathogenic agents; but how they
work is still a mystery. Some thoughts as
to how they might be pathogenic are
summarized below.

Mutant forms of APP and of the pre-
senilin proteins (PS1 and PS2), which
are now believed to be the y-secretases,
have been identified in a small subset of
AD patients who suffer from early-onset
disease, and these are associated with
elevated levels of both types of AB pep-
tides in the affected brains. Because
<5% of AD patients have these mutant
forms of APP or PS1, we assume that
these mutations enhance the same
pathogenic processes that also operate
in the far more prevalent sporadic forms
of AD in patients who lack these muta-
tions. A significant fraction of such pa-
tients do express a specific allele of the
gene that codes for apolipoprotein E,
but how this enhances the onset of AD
is still not clear.

A great step forward was achieved
when it was realized that human forms
of these mutated genes were able to
promote the expression of large quanti-
ties of AB peptides in the brains of
transgenic animals, creating potential
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animal models of the human disease.
Many comparable experiments have
been reported, using a variety of mutant
forms of both APP and PS1, both singly
and in combination. Animals bearing
combinations of mutant forms of APP
and PS1 develop large deposits of AB
peptides in their brains, but the neuro-
logical defects cause by the expression
of these mutant human genes have been
variable. Some, but not all, affected ani-
mals develop significant neuronal degen-
eration, and some show evidence of
learning defects. However, missing from
the brains of these doubly transgenic
animals were neurofibrillary tangles, one
of the hallmarks of human AD. Neurofi-
brillary tangles are large protein aggre-
gates composed of phosphorylated
forms of tau proteins that are linked
functionally with the microtubular net-
work that is involved in axonal trans-
port. Recently, a triple transgenic mouse
bearing mutant forms of APP, PS1, and
Tau was created that seems to have ev-
ery pathologic feature of human AD,
including neurofibrillary tangles (3). Al-
though these triple transgenes had large
extracellular deposits of AB peptides in
their brains as the disease progressed,
which were similar in appearance to the
plaques seen in human AD, most of the
immunologically detectable AB was first
seen inside neurons, not in the extracel-
lular spaces. These findings confirm
what many previous investigators have
noted, that the initial manifestations of
AP accumulation begin inside neurons,
with the earliest detectable material lo-
cated inside membranous compartments,
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AT TRHDSGYLVHHQKLVFFA

AFTRHDSGYLVHHQKLVFFA

Fig. 1.

VGSNKGAIIGLMVGGVVIA

VGSNKGAIIGLMVGGYV

Amino acid sequences of peptides generated by proteolytic cleavage of the APP. The yellow

background highlights some of the hydrophobic amino acids that are believed to reside within the lipid
bilayer of the membrane. Positively charged residues are blue, and negatively charged residues are red.

which some have identified as endoso-
mal or lysosomal (4-6). Although this
latest triple transgene satisfies the criti-
cisms directed to earlier transgene mod-
els that lacked one or more features of
the human disease, we should remember
that no patient has yet been described
who has, as far as we know, a compara-
ble genetic burden.

Although mutations in the two prese-
nilin genes (PS1 and PS2) are found in
more than half the cases of early onset
familial AD, in which large amounts of
AP 42 accumulate, it is still a mystery
how PS1 mutations cause the disease,
because >150 different mutations have
been identified, and they are scattered
throughout the entire polypeptide chain
of PS1 molecule (7). If these mutations
cause a “gain of function,” as many
have suggested, because more AB 42
accumulates in the brains of these pa-
tients, how can so many different muta-
tions achieve the same result? This
question has been asked by many work-
ers in the field and still remains
unanswered.

Both APP and Ap Peptides Derived from
APP Appear to Be Dimeric

An additional element of complexity,
which now has to be considered in any
interpretation of the intramembranous
cleavage process, is the recent claim (8),
not yet widely acknowledged, that APP
molecules probably exist in situ in neu-
ronal plasma membranes as homo-
dimers. These APP dimers appear to be
sequestered in specific domains of the
lipid bilayer that are enriched in choles-
terol and other sphingolipids. These do-
mains, often referred to as “rafts,” are
likely to affect how protein—protein in-
teractions are regulated, and may be
part of the mechanism through which
cholesterol could influence AB produc-
tion (9, 10). Moreover, it has recently
been reported that AB peptide dimers
can also be found in such lipid raft re-
gions (11), a remarkable finding that
could imply that both polypeptides of an
APP dimer are cleaved in some coordi-
nated way. However, finding a8 dimeric
peptides bound to membrane fragments
derived from neuronal surface mem-
branes has other implications, as dis-
cussed in detail below.

APP dimers are likely to be held to-
gether through noncovalent interactions
between their transmembrane segments,

as is the case with many other single
pass transmembrane (TM) proteins of
similar type. Glycophorin A (GPA), the
major sialoglycoprotein of the human
erythrocyte membrane (12) is one well
studied example that has a TM domain
with a characteristic stretch of GxxxG
residues, which, when present in an
a-helical fold, is believed to allow close
packing of neighboring helical segments.
It has been suggested that this might
explain why the associations between
glycophorin monomers are strong
enough to resist dissociation by SDS
(13). In this regard, it is interesting to
compare the TM sequences of GPA and
corresponding segments of both APP
and two APP-like proteins, APLP1 and
APLP2 (Fig. 2).

Although all three APP-related se-
quences have the characteristic stretch
of 22 nonpolar amino acids found in
single-pass TM proteins, APP and
APLP1 also have the GxxxG sequence
present in GPA, which might be an indi-
cation that their dimeric forms might
also have glycophorin-like stability when
present in a lipid bilayer, or when dis-
solved in SDS. Although it does appear
that this GxxxG pattern is important for
the stability of the GPA dimer, recent
studies show that stable dimers can also
form between other hydrophobic se-
quences (14-17), including some that
have an AxxxG motif. It is also clear
that the stability of intramembranous
dimeric helices involves van der Waals
interactions between amino acids that
are distant from the GxxxG motif.

Proteolytic cleavage of APP dimers in
neuronal membranes might also explain
why dimeric forms of AB peptides are
present in membrane fragments derived
from neuronal surface membranes (11),
a recently reported observation that has
some surprising implications. Membrane
fragments isolated from brains of

GPA SEP! ITLHEGVMAGVIGTILLISYGIRR

APP KGAIGLMVGGYVIATVIVITLVMLK KKQ
APLPI| R/ AVSGLLIMGAGGGSLIVLSMLLLRRKKP
APLP2 LSSSALIGLLVIAVAIATVIVISLVMLEKRQ
Fig. 2. Comparison of transmembrane domains

of the APP family and human erythrocyte GPA.
Gray highlighted residues are considered to be the
transmembrane domains, with yellow highlight-
ing the GxxxG motifs.

9094 | www.pnas.org/cgi/doi/10.1073/pnas.0503181102

Tg2576 transgenic mice were isolated by
sucrose gradient flotation and found to
contain remarkably high levels of pep-
tides containing 40 and 42 amino acids
(A40 and A42). Such membrane frag-
ments, enriched in these AB peptides,
were not found in control brain tissues,
and their levels increased progressively
as the transgenic mice aged. Further-
more, these investigators found similar
AP dimer-enriched membrane frag-
ments in brain samples derived from
two patients with AD. The authors of
this work considered these membrane-
bound AB dimers to be part of the
secretion pathway leading to the extra-
cellular accumulation of AB oligomers,
but it is also possible that some of these
AP dimers were the products of in-
tramembranous cleavage of AAP dimers
that remained embedded in the lipid
bilayer. The implications of this alterna-
tive pathway are discussed below.

Proteolytic Cleavages of APPs:
Many Paths to Ap Generation

The number of proteolytic enzymes that
have the ability to cleave APP and
APP-like molecules continues to ex-
pand, and with this knowledge comes
the opportunity to reconsider how af
peptides might be generated in ways
other than through the coordinated ac-
tions of the B and y-secretases. As de-
picted below, the commonly accepted
pathway for AB generation involves the
cleavage of APP at sites within the lipid
bilayer, which produce 40- and 42-aa
peptides that are generally believed to
exit from the membrane and collect in
the extracellular space, or in the case of
APPs on intracytoplasmic membranes,
within some specific vesicular compart-
ment. Because large amounts of such
peptides are eventually found in the
extracellular space, this assumption is
reasonable, but one has to ask what
fraction of APP molecules are cleaved
in this way and whether every cleaved
peptide necessarily exits from the mem-
brane. The prevalent view that AB pep-
tides jump from the membrane to the
aqueous medium is based on the as-
sumption that the polar and charged
amino acids at the amino terminus of
the AB peptides exert enough drag to
pull the remaining hydrophobic amino
acids and the carboxylated C terminus
across the bilayer and into the aqueous
medium. Even if a significant fraction
of such peptide do partition into the
extracellular medium, or inside cytoplas-
mic vesicles, peptides that are cleaved
further, either by a-secretases or other
ADAM-like proteases, would have
shorter polar segments, and they may be
more likely to remain within the lipid
bilayer. Similarly, peptide fragments of

Marchesi
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Schematicdiagram of the possible ways in which transmembrane APP molecules might be cleaved

by different combinations of membrane-bound proteases. APP, believed to be dimeric in neuronal
membranes, is depicted here as a monomer. The transmembrane orientation of APP would be reversed
in intracytoplasmic membranes, with the amino terminus extending into the lumens of the ER and other

cytoplasmic vesicles.

APP that are generated only by B-secre-
tase action would be expected to remain
within the bilayer, as would peptide
fragments created by the combined ac-
tions of multiple proteases that cleave
the APPs at each membrane interface.
What happens to peptides like those
depicted in Fig. 3D is anybody’s guess,
but there is no reason why they cannot
remain within the bilayer for long peri-
ods of time, perhaps, in the case of non-
dividing neurons, even indefinitely.

Interactions Between A Peptides

and Cell Membranes: Do They Act

on the Outside or from Within the

Lipid Bilayer?

AP peptides are often referred to as
being amphipathic in the sense that
their carboxyl terminal segments (either
12 or 14 aa) are nonpolar and, in most
cases, hydrophobic. It is this segment
that is assumed to interact most strongly
with membrane lipids, and indeed, re-
cent theoretical studies using molecular
dynamics simulations (18) predict that
AP peptides can either insert into lipid
bilayers or remain there once inserted.
Schematic models taken from this study
show how different versions of AB pep-
tides can assume a transmembrane con-
figuration, even with half the peptide
made up of a number of polar and
charged residues. The native transmem-
brane APP molecule is believed to be
oriented in neuronal surface membranes
as depicted schematically in Fig. 34,
with a =600-aa segment extending into
the extracellular space. Although APP is
believed to be dimeric in situ, for sim-
plicity, only monomeric versions are
shown here.

Marchesi

Sequential cleavage by both B- and
y-secretases generates the fragments
depicted in Fig. 3B that are the well
characterized A40 and A42 fragments
considered to be the neurotoxic pep-
tides. Each AB peptide (sequences
shown above) has a relatively polar
amino terminal segment linked to 9 or
11 hydrophobic residues that represent
its intramembranous domain. The in-
tramembranous site of cleavage by
y-secretase is marked by one of the red
arrows.

If APP molecules are cleaved by ei-
ther a- or B-secretases, but without sub-
sequent vy cleavage, peptides like those
depicted in Fig. 3C would be generated,
and presumably would remain anchored
firmly in the membrane bilayer. Inactive
mutant forms of PS1 might be responsi-
ble for such partial cleavages. Peptides
stripped of most of their charged and
polar amino acids, through the actions
of multiple proteases, some like the
ADAMSs acting at the external interface
and others like the 8- and e-secretases
(19) acting at the cytoplasmic interface,
are shown schematically in Fig. 3D. Such
peptides would be extremely hydropho-
bic and likely to remain within the lipid
bilayer. They might be confined to lipid
raft regions, as some have suggested, or
they could move within the membrane,
with the potential to affect membrane
functions in a number of ways, as de-
scribed below.

Because an average lipid bilayer, com-
posed primarily of phospholipids, has
polar, water-containing domains that
cover both surfaces, positively charged
amino acids could be stabilized in these
domains, and it is the combination of

these electrostatic interactions with the
surface domains and the stability of the
hydrophobic residues within the interior
that is believed to account for their abil-
ity to insert into membranes. According
to this line of reasoning, once these pep-
tide are inserted in the membrane, they
are likely to remain there. This idea was
exploited experimentally by a number of
investigators who attempted to show
that AB peptides that are secreted into
extracellular fluids could reinsert them-
selves into model lipid bilayers, and
once there, could associate together to
create what were believed to be channel-
like structures that modified the electri-
cal properties of the membrane. This,
they suggested, could be the basis for
the ability of AB peptides to induce
neuronal apoptosis by allowing lethal
concentrations of calcium to enter cells.
Although this is a credible hypothesis
that has some experimental support (20,
21), one has to ask whether AB peptides
can actually do this in vivo.

There are many examples of well doc-
umented, channel proteins that are com-
posed of B peptides that are arranged in
conformations known as “g barrels,”
but these barrel-like structures are com-
posed of continuous polypeptide chains
and are not assembled from individual B
strands, as would be the case if the AB
peptides were to create similar channels.
Another complication is the fact that
the transmembrane segments of APP
molecules, from which the AB peptides
are derived, have an a-helical conforma-
tion, which explains their thermody-
namic stability within the membrane
environment. Because AB peptides
present in the extracellular fluid are be-
lieved to convert to a hairpin-like
B-strand structure after they exit from
the membrane, one wonders why they
insert back into the lipid bilayer as
B-strands, rather than the more stable
helical coils. How multiple B-strands can
assemble into ordered, stable, function-
ing channels is another question that
remains to be answered.

Several recent observations support
an alternative interpretation of how A
peptides might alter the properties of
neuronal cell membranes. Rather than
assuming that they damage cells by in-
serting into surface membranes after
they accumulate in the extracellular
spaces, one has to consider the possibil-
ity that they might exert their potentially
toxic effects only if they remain within
the lipid bilayer after proteolytic cleav-
age. All of the arguments offered to
support the claim that they enter mem-
branes from the outside can equally well
support the notion that they need not
necessarily exit from the membrane af-
ter cleavage. Although we know that AB
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peptides do eventually accumulate out-
side cells as the disease progresses, how
they do so may be more complicated
than their simply being expelled as a
result of the cleavage process. The re-
cent demonstration, described above,
that dimeric forms of the AB peptides
exist in neuronal membrane fragments,
offers powerful support for this idea. By
far the simplest interpretation of this
finding is that APP dimers are cleaved
by the secretases as dimers, and a signif-
icant fraction that contain the A 42
fragment are retained in surface mem-
branes. The AB dimers identified in this
study are likely to have been derived by
cleavage of existing APP dimers, but
reassociation of cleaved monomers, or
fragments of them, is also possible.

One can only imagine how the accu-
mulation of AB peptides, or fragments
of them, within surface membranes
might affect neuronal functions. Intact,
uncleaved APP dimers are undoubtedly
anchored to specific sites along the
membrane through links to cytoskeletal
elements, but no obvious restraints
would prevent AB peptides from diffus-
ing within the plane of the membrane.
We have no idea how long such in-
tramembranous fragments would remain
within the membrane interior, but if
even low levels persist over time, they-
could have a significant impact on the
health of long-lived, nondividing neu-
rons. It is easy to imagine how such
peptides could influence the behavior of
intramembranous segments of receptors
or channels, or even intramembranous
segments of enzymes like the presenilins
and other secretases.

Lessons From GPA That Might Apply

to Amyloid Ap Peptides

GPA was one of the first TM proteins
to be sequenced (12), and it has proved
to be a good model system to explore
the conformation and behavior of in-
tramembranous segments of single-pass
TM proteins (22, 23). The evidence is
substantial that its TM domain is a
22-aa segment composed largely of hy-
drophobic amino acids that fold into a
classical a-helical conformation. More-
over, this helical segment retains its
helicity in the presence of high concen-
trations of SDS, and in common with
amyloid AB peptides, it also is able to
oligomerize (or dimerize) in the pres-
ence of SDS. When this was first de-
scribed decades ago (22), the ability of
GPA to form stable dimers in SDS was
considered a puzzling observation, be-
cause SDS was then believed to disrupt
all noncovalent interactions between
polypeptide chains. Because of its ability
to dissociate proteins into their individ-
ual subunits, SDS/PAGE was at that

«
GLYCOPEPTDES

§ A f

HYDROPHOBIC ~CYTOPLASMIC
PePTIDE PEPTIRE

~ &

A T )

Fig. 4.

Glycophorin dimers, normally stable in SDS, are dissociated at high temperature. Under these

conditions, peptide fragments generated by proteolytic cleavage of the transmembrane domain are able
to associate with glycophorin monomers, creating chimeric pseudodimers. [Reproduced with permission
from ref. 22 (Copyright 1976, American Chemical Society, Washington, DC).]

time, and still is, routinely used to iden-
tify and determine the approximate sizes
of subunits of all classes of protein mol-
ecules. To explain the ability of GPA
dimers to resist disruption by SDS, En-
gelman and coworkers (13) proposed
that the amino acid sequence GxxxG in
the TM domain of GPA accounts in
part for their stability. They reasoned
that glycines on the same side of an
a-helix permit closer packing of the
polypeptide chains, thereby enhancing
van der Waals forces between neighbor-
ing helices. This, they believe, comple-
ments the stability of the hydrogen
bonds that link helical segments to-
gether. Although these observations
were carried out on chimeric GPA pep-
tides in the presence of SDS, it is rea-
sonable to assume that GPA dimers also
exist in the hydrophobic milieu of a
lipid bilayer, an environment that en-
hances hydrogen bonding.

The APP also has a similar GxxxG
segment within its transmembrane do-
main, as do many other transmembrane
segments, as discussed below, and many
have speculated that APP also exists as
a dimer in the plasma membrane. Al-
though the evidence favoring a dimer
structure in native membranes is still
circumstantial, it is worth noting that
many single-pass TM proteins have been
shown to be dimeric, and in every case,
their TM segments are comparable to
those of both GPA and all members of
the APP family. If APP is dimeric when
embedded in a membrane, and it is
cleaved by the secretases while dimeric,
one would expect to find dimeric forms
of the AB peptides in residual mem-
brane fragments, and this is precisely
what has been reported, as described
above. In those studies, substantial
amounts of SDS-stable dimeric forms of
both AB-40 and AB-42 peptides were
found in membrane fragments prepared

9096 | www.pnas.org/cgi/doi/10.1073/pnas.0503181102

by detergent extraction and sucrose
gradient flotation, which indicated that
the AB dimers were associated with
so-called lipid raft domains of the
membrane.

The simplest interpretation of these
findings is to assume that a substantial
amount of uncleaved APP molecules
exists as dimers in brain membranes,
and when they are cleaved by the sequen-
tial actions of the B- and y-secretases,
their intramembranous domains remain
associated as dimeric AB peptides, as
they were in the intact APP molecules.
This interpretation differs from the
widely held view that AB peptides are
released into the extracellular space
through secretory mechanisms, and as
their local concentration increases, they
form a series of oligomers and eventu-
ally higher forms that become amyloid
fibrils (24, 25). What is proposed here is
that a fraction of the cleaved AB pep-
tides never leave the membrane, but
remain instead within the phospholipid
bilayer. The effects of these intramem-
branous peptides are likely to depend on
where they are generated and how long
they remain within the bilayer. What
follows below are speculations as to how
AP peptides might influence vital mem-
brane functions depending on whether
they accumulate in neuronal surface or
ER membranes or at synaptic clefts.

Ap Peptides Might Affect the Cleavage
of APP Itself

If AB peptides accumulate in high
enough concentrations in neuronal cell
membranes, they should be able to dis-
place full-length APP monomers and
create chimeric dimers, with their asso-
ciations mediated by their common
GxxxG segments. We make this assump-
tion based on carlier studies of GPA, in
which it was shown that peptides derived
from the transmembrane domain of

Marchesi
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APP GSNKGAIIGLMVGGVVIATVIVITLVMLEKK
Aph-1Aa AYVSGLSFGIISGVFSVINILAALGPGVVG
Aph-1B AYVSGLGFGIMSGVFSFVNTLS SLGPGTVG
Fig.5. A comparison of the amino acid sequences

of the transmembrane segments of APP and two
isoforms of Aph, a critical protein involved the
assembly of the PS1/y-secretase complex. Yellow
highlighting defines the GxxxG motifs.

GPA, which contain the GxxxG motif,
readily form SDS-stable chimeras with
intact GPA molecules. This is shown
schematically in Fig. 4. A similar mecha-
nism is proposed for the interactions
between A peptides and full-length
APP molecules.

Because chimeric dimers, composed
of a full-length APP molecule linked to
an AP fragment, are not normally seen
in membranes, both subunits of APP
must be cleaved with great efficiency,
implying that partially cleaved APP
dimers are better substrates for the
secretases than uncleaved dimers. If this
is so, APP/AB chimeras would be pref-
erentially cleaved, thereby generating
ever increasing amounts of intramem-
branous AB. Because this cascade effect
obviously does not happen in normal
neuronal membranes, regulatory mecha-
nisms must exist to either limit the
amount of AB generated or reduce the
amount that is freely diffusible within
the bilayer. The PS1/y-secretase com-
plex is a likely regulator of AB produc-
tion, but as will be described below, its
ability to regulate the cleavage process
may also be compromised by excessive
intramembranous Af.

Ap Peptides Might Destabilize the
PS1/y-Secretase Complex

Recent reports highlight the functional
importance of GxxxG motifs in the TM
segments of APhl (26, 27), and these
findings raise the possibility that AB
peptides might also affect the proteo-
lytic processing of APP molecules by
interfering with the assembly of the pre-
senilinl/y-secretase complex. The se-
quences of the two isoforms of Aph-1
that contain the GxxxG motifs are
shown in Fig. 5 and compared with the
TM sequence of APP.

Aphl is a stabilizing element that
links together nicastrin and Pen2 with
presenilin I to generate y-secretase ac-
tion. The role of Aphl as a necessary
component of the PS1/y-secretase activ-
ity was first discovered in Caenorhabditis
elegans (26), and a mutant form, which
had a loss-of-function phenotype, was
found to have an amino acid substitu-
tion (aspartic) for a critical glycine resi-
due in the fourth transmembrane seg-
ment of the molecule. Follow-up studies

Marchesi

confirmed that mutated glycines in
GxxxG domains of mammalian cells
block the ability of APH-1/Nicastrin
subcomplexes to stabilize the PS1/vy-
secretase complex (27). One has to ask
whether excessive amounts of AB pep-
tides, which contain similar GxxxG
domains, can modify in some way the
capacity of GxxxG-containing segments
of Aphl to assemble functional multi-
protein complexes. AB peptides might
compete with the natural binding part-
ners of Aph-1-GxxxG segments or
possibly even associate directly with ho-
mologous segments of Aph-1 itself. We
have no way at present to predict how
much AB might accumulate inside the
membrane, but if it is confined to the
two dimensional bilayer, its diffusion
would be restricted and its effective con-
centration would be higher than would
be the case for extracellular material.

It may seem a stretch to propose that
the AB peptides might influence associ-
ations between peptides that have
similar, but nonidentical, amino acid
sequences, but many have noted that the
amino acid sequences of TM domains of
proteins are not strictly conserved, and
substitutions can be made in noncritical
residues and still retain intersubunit
packing. This has been shown most dra-
matically in several elegant studies com-
paring the high-affinity associations
between GPA monomers and the lower-
affinity homodimers of the M12 coat
protein (MCP) (28, 29). Although there
are numerous differences in the amino
acid sequences of their TM domains,
heterodimers are readily formed if they
both contain extended peptide segments
of 13 hydrophobic amino acids contain-
ing the GxxxG motif and a number of
B-branched amino acids (isoleucine, va-
line) that appear to enhance intersub-
unit packing. It has been suggested, on
the basis of studies with several model
systems, that the canonical sequence
LxxxGxxxGxxxT/S is a characteristic
feature of TM domains that can form
stable oligomers. If we compare the rel-
evant sequences of A and Aph-1, we
see that these parameters are largely
satisfied.

Although they both lack an amino
terminal leucine, they have the GxxxG

canonical sequence L...[§...[G.. T/S

GATIGLMVGGVVI

GLSFEIISEVFSV

Abeta
Aph-1

Fig. 6. Both the AB peptides and an Aph-1 pep-
tide have amino acid sequences that are similar to
the canonical sequence LxxxGxxxGxxxT/S, thought
to be a characteristic feature of transmembrane
segments that are able to form stable oligomers.

anchoring point and an abundance of
valines and isoleucines (Fig. 6). We
might also predict that the affinity be-
tween the TM segments of AB and
Aph-1 would be lower than that between
GPA dimers, because the hydroxyl side
chain of serine” (or threonine) en-
hances the packing of GPA dimers (30),
and AB and APh-1 have valine or iso-
leucine at that position. Low-affinity
associations between AB/Aph-1 het-
erodimers would be appropriate if their
interactions were part of a dynamic reg-
ulatory mechanism.

Mutant forms of PS1 have long been
associated with the increased production
of AB peptides in patients with early
onset AD, a finding that has been diffi-
cult to explain because numerous differ-
ent mutations seem to generate the
same result. If the PS1/y-secretase com-
plex has a more complex regulatory role
than we now realize, a partial loss of an
inhibitory function could explain the
increased AB generation if the mecha-
nism proposed above plays any role
in vivo.

Implications

If AB peptides, or fragments of them,
are toxic to neurons because they con-
centrate within the lipid bilayer, we have
to consider alternative ways that neu-
rons might be damaged, as well as en-
tirely different approaches to therapy.
The idea that AB peptides compete with
natural APP dimer formation is only
one obvious way in which competing
peptides might interfere with normal
APP functions. It is now clear that many
enzymatic reactions occur within lipid
bilayers, including a series of proteolytic
cleavages now referred to as regulated
intramembranous cleavage (RIP) (31).
A variety of signal transduction mecha-
nisms seem to be controlled by RIP ac-
tivity, including, but not limited to,
notch processing, which requires an in-
tact y-secretase mechanism. Koo and
Kopan (32) point out that the PS1/+-
secretase complex is now emerging as
an important generator of neuronal dys-
function independent of its role as a
generator of excessive AB. PS1/vy-secre-
tase insufficiency could result if, as we
postulate, AB peptides are able inhibit
Aph-1’s ability to assemble and maintain
the PS1/vy-secretase complex.

It may seem a daunting prospect to
try to design agents to inhibit interac-
tions between hydrophobic peptides
within the lipid bilayer, but a number of
attempts have been made to inhibit re-
ceptor functions by adding synthetic
peptides that mimic parts of transmem-
brane segments of the target receptor
(33, 34). In a remarkable series of ex-
periments involving growth factor recep-
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tors, two sets of investigators have found
that peptide segments corresponding to
their intramembranous domains were
able to alter the activities of the cognate
receptors. Small hydrophobic peptides
were able to either induce dimer forma-
tion in the case of the platelet-derived
growth factor receptor (35) or inhibit
dimerization of the Erb B receptor (36),
and both were believed to act by associ-
ating with the corresponding intramem-
branous domains of the transmembrane
molecules.

It may also be possible to modify trans-
membrane subunit interactions by agents
that modify properties of the lipid bilayer
itself. Compounds, like the sterols that
naturally intercalate within the lipid
bilayer, are known to affect many mem-
brane functions. Recently, many inves-
tigators have reported that a class of
polycyclic compounds known as nonsteroi-
dal antiinflammatory drugs (NSAIDS)
block the production of AB peptides in
animals models of AD and cultured cells
(37-39). It has been claimed that
NSAIDS block AB production by affect-
ing the conformation of PS1 (40), but it is
also conceivable that NSAIDS might in
some way modify interactions between

intramembranous peptide segments.

Fundamental to our understanding of

the AB cascade hypothesis is the still
unanswered question: what are the phys-
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people, we know nothing of their physi-
ological role. The effect that hydropho-
bic segments of these peptides might
have on neuronal cell membranes is
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under normal conditions do indeed par-
tition within the lipid bilayer, one pre-
sumes they would be freely diffusible in
the membrane and able to interact with
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of cell membrane proteins might con-
tribute to the pathogenesis of AD. As
predicted by the amyloid AB hypothesis,
large amounts of such peptides accumu-
late in the brains of affected people,
and they almost certainly play a major
role in the pathogenesis of the disease.
How they do this is under intense inves-
tigation, but there is no clear consensus.
Many new therapies designed to reduce
ApB levels in AD patients are being pro-
posed, but efforts to reduce peptide lev-
els in the blood and tissue spaces may
not target the most toxic factors. To
guide new therapeutic initiatives, more
effort should be devoted to the study of
normal functions of both the APP pro-
tein and the AB peptides derived from
it. One idea, proposed here, is that hy-
drophobic segments of AB peptides
might normally reside within the lipid
bilayers of neuronal cell membranes,
with consequences for normal physiol-
ogy and pathogenesis yet to be explored.
Although the intent of this paper is to
focus attention to alternative ways in
which AB peptides might contribute to
neurodegeneration, one should also ac-
knowledge that other mechanisms not
involving AB peptides may be important

in the pathogenesis of AD.
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