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y-Secretase is a novel aspartyl protease that cleaves the trans7able 1. Aib-Containing Peptides Inhibit y-secretase Activity in
. . . a
membrane domain of the amyloi@ precursor protein (APP) to ~ Cells
produce the amyloid peptide (AS), a process implicated in the APP transmembrane residues 707-719:

pathogenesis of Alzheimer’s disedsEhis enzyme is a multiprotein -~-ValGlyGlyValVallleAlaThr Val Ile Vallle--
c_omplex cqntaining the 8-tran_smembrar_1e presenilin as its Presump- peptiges: ot 1C, (uM)
tive catalytic component and is a founding member of an emerging 1 Boc-VallleAibThr*ValAib-OMe 12
class of intramembrane proteade3uch proteases resemble their 2 Boc-ValVallleAibThr*ValAib-OMe 6
soluble or membrane-tethered counterparts in residues required for 3 Boc-AibValVallleAibThr*ValAib-OMe 6
talysis but not with respect to sequence homology. Intramembrane Boo GlydibValVaTled ibThr Valdib.OMe ]
cataly 1resp a ology. Intran AN€ 5 Boc-ValGlyAibValVallleAibThr#ValAib-OMe 3
proteases are predicted to have the hydrophilic active site buried ¢ Boc-AlaThr#Aib Tle ValAib-OMe 25
in the protein interior, sequestered from the hydrophobic environ- 7 Boc-lle AlaThr*Aib Ile ValAib-OMe 15
ment of the lipid bilaye As a corollary, the integral membrane 38 Boc-Aiblle AlaThr*Aib lle ValAib-OMe 10
. . i 9 Boc-ValAiblle AlaThr*Aib Ile ValAib-OMe 3
substrate should first interact on the surface of the protease within Boc-GlyValAiblle AlaThr*Aib Tle ValAib-OMe 5

the membrane before entering the active site. Biochemical evidence
supports the existence of such an initial substrate docking site o a pgterisks indicateO-benzyl protection of Thr. Arrows:y-secretase
y-secretase: an endogengusecretase substrate copurifies with  cleavage sites in APP.

the protease complex from an immobilized transition-state analogue
m K
5
o

inhibitor4 That is, the substrate becomes stalled in the docking site *

because the immobilized inhibitor occupies the active site.

To further test this idea and identify new inhibitor prototypes,
we designed short peptides based on the APP transmembran
domain that would assume a helical conformation, because evidence
suggests that the APP transmembrane domain is helical upon initia
interaction with they-secretase complé&é To achieve this P
constraint, we incorporated a well-known helix-inducing residue, e W:::Iengl:::m) .o [Peptide 11] (W)

o-aminoisobutyric acid (AibJ.In the design, APP residues were ) ) - i . A

iudiciously swapped with Aib so that. upon helix formation. the Figure 1. Aib-containing peptides are helical and inhibit detergent-
Ju_ . y pp » up . ' solubilizedy-secretase. (A) CD spectra of enantiomg@nd11. Troughs

Aib residues would be on one face of the helix, and APP residues at 206-208 and 226-223 nm are characteristic of a right-handed helix,
would be on the other. Further, N-termin@rt-butoxycarbonyl, while peaks at these wavelengths are characteristic of a left-handed helix.
C-terminal methyl ester, and threoni®ebenzy! protecting groups  (B) Helical peptidel 1inhibits the production of both 40 and A342 from

were retained to enhance cell permeability. These peptides blocked®0!ubilized cell membranes and recombinant substrate.

Ap production from APP-transfected Chinese hamster ovary (CHO)
cells in the lowuM range (Table 1), with longer peptides showing
higher potencies. This effect occurred at theecretase level, as
APP y-secretase substrates were increased in a concentration
dependent manner consistent with effects ghpkoduction (see

‘4d§? ‘cm? dmor 1]
I

om IX10
1-Secretase Activity (% Control) &

10

similar 1Cso values (~100 nM, Figure 1b). In contrast, the
compound had no effect up to 28/ on -secretase in a purified
enzyme assay (data not showpSecretase is a membrane-tethered
pepsin-like aspartyl protease that generates the N-terminug of A
Supporting Infirmation). from APP? Thgsg findings sugge.st.that thg Aib.-contair?ing pgptides
Surprisingly, we found that enantiomers of these compounds, selectively inhibity-secretase activity by direct interaction with the

with all b-amino acids, were equally or more potent than their prn?rte?si. hether th tides inhibi ; imoly by virt
L-peptide counterparts. Both enantiomers are helical in solution: 0 testwhether these peptides in mec.re ase simply by virtue
theL-peptides are right-handed helices, andithgeptides are left- of their hydrophobicity or if conformation is critical, we disrupted

handed, as supported by CD (Figure 1a) and 2D NMR (Supporting the h(_elicity ofD-peptidel_l, swapping one of the Aibs with glycine
Infirmation). One of the most potent compounds in this series, (peptide12) or by inverting thea-stereocenters of the fourth and

D-peptidell, was tested in &-secretase assay using detergent- fith rEsidue_sl(lpeptiQQS) (Table IZ)' Either n}ir;hor modification Ie(:
solubilized membranes and a recombinant APP-based sub’strate.iﬁ s?ﬁitanga . ?ﬁs |n.gotency. ?ézrsllogto erit()e(;e:foifrters ?
Peptidell inhibited the production of both the major 40-residue € fifth and sixth residues (peptidd) led to a~100-fold loss o

form of A3 (AB40) and the minor 42-residue form GA2) with potency (and a clear reduction in helicity as determined by 2D
f (AF40) fA2) NMR, Supporting Infirmation)L-Peptide5 is substantially less

" Harvard Medical School and Brigham and Women’s Hospital. potent thf’m ItSD-peptldQ counterpart in the cgll-frgg assay, but a
*Harvard Medical School and Massachusetts General Hospital. systematic phenylalanine scan ®fled to the identification of a
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Table 2. Disruption of Helicity Reduces Inhibitory Potency toward
Detergent-Solubilized y-Secretase

Peptides: I1Cso (nM
11 Boc-"ValGly4ib°Val®ValPlle4ib°Thr*"Valdib-OMe 90
12 Boc-"ValGlyGl°Val®Val’lle4ib®Thr*°Valdib-OMe 1,000
13 Boc-"ValGly 4ib"Val'Val®lle4ib°Thr*"Val4ib-OMe 3,000
14 Boc-"ValGly 4ib°Val“Val‘lle4ib°Thr*°Val4ib-OMe 9,000
5 Boc- ValGly 4ib Val Vallledib Thr* Val4ib-OMe 30,000
15 Boc- ValGly 4ib Val Vallledib Phe Valdib-OMe 30
16 Boc- ValGly 4ib”Val®Val lledib Phe Valdib-OMe 15,000

Peptide 15
(300 nM)

Vehicle

1500

2500 psec

Figure 2. Helical peptides disrupt interaction pfsecretase substrates with
PS1 in cells. Color-coded FLIM shows fluorescence lifetimes, reflecting
proximity between PS1 and APP C-terminal fragments. Cell were treated
with DMSO vehicle alone (left) or with peptid&5 (right), fixed and

y-secretase substrates remain associated with PS1 even after
treatment with an active site-directedsecretase inhibitor. Thus,

the helical peptides inhibi¢-secretase by a mechanism different
from that of transition-state analogues. We have obtained comple-
mentary results using a photoactivatable version of 31C to label
PS1: while several other-secretase inhibitors prevent this cross-
linking, helical peptidell does not® These results indicate that
the helical peptides bind to a site distinct from the active site. Since
the peptides interfere with the interaction between PS1 and APP
y-secretase substrates, binding to the initial substrate docking site
on the protease would be their most likely mechanism of inhibition.
These new inhibitors could be used as molecular probes to discern
where in the protease the initial substrate docking site resides. These
findings may also have therapeutic implications: The recent
approval of the helical 36-residuepeptide enfuvirtide for the
treatment of AIDS! lends credence to the idea that small,
hydrophobic, cell-permeable-peptides have potential for the
prevention or treatment of Alzheimer’s disease.

Other intramembrane proteases (e.g., the metalloproteasg S2P,
the serine protease rhombditthe aspartyl protease signal peptide
peptidas#) should likewise contain an internal active site seques-
tered from the hydrophobic environment of the lipid bilayer. We
have demonstrated here for the first time the design of inhibitors
that take advantage of the unique properties of this newly recognized
class of proteases. This strategy may prove to be more widely

immunostained with primary anti-mouse antibodies to the large loop of applicable, providing inhibitors of other intramembrane proteases
PS1 (conjugated to a fluorescence donor, FITC) and primary anti-goat regardless of the active site residues ultimately responsible for
antibodies to the APP C-terminus (conjugated to a fluorescence acceptor'catalysis. Such inhibitors would be important tools for discovering

CY3). Colorimetric scale shows fluorescence lifetimes. See Supporting
Information for a summary table of FLIM assays.

low nM L-peptide inhibitor (peptidd5). Inversion of two internal
stereocenters in this compound (peptid likewise resulted in a

other intramembrane proteases, understanding their biochemical
mechanisms, elucidating their biological roles, and identifying new
drug prototypes.
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substantial loss of activity. These observations strongly suggest thatselkoe for the CHO cell line expressing human APP and for

helical character is critical for inhibitory potency of the Aib-
containing peptides.

Further modification of decapeptidel led to the discovery of
the highly potentl7, identical to 11 except that 4-benzoy-
phenylalanine is the sixth residue. This peptide inhibjtesiecretase
proteolysis of APP with an I§ of 10 nM in cell-free assays and
70 nM in cell-based assays. Peptid@ also potently blocked
cleavage of another-secretase substrate, the Notch recepbmth
in cells and isolated membranes. Peptititand15—17 were tested
for their ability to interfere with the interaction between APP

y-secretase substrates and presenilin-1 (PS1) in intact cells using

fluorescence lifetime imaging microscopy (FLIM). FLIM relies on
the observation that fluorescence lifetimes after excitation of a donor

fluorophore are shorter in the presence of a nearby fluorescence
resonance energy transfer acceptor. CHO cells stably coexpressing

human APP and PS1 were double stained with polyclonal antibody
C8 to the APP C-terminus and a monoclonal antibody to the PS1
residues 263378. Prior to staining, the former antibody was
conjugated to acceptor fluorophore Cy3 and the latter to donor
fluorophore FITC. Excitation of FITC at 488 nm was followed by

image acquisition at 522 nm and analysis to determine fluorescence

lifetimes on a pixel-by-pixel basis. We have recently reported this
method for studying the interaction of PS1 with ARPRBecretase
substrate§. At <2 uM, 11, 15, and 17 essentially prevented the
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Supporting Information Available: Experimental procedures,
immunoblot ofy-secretase substrates, NMR dataZ@rand14, and a
summary table of FLIM results. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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