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ABSTRACT: The amyloidâ-protein (Aâ), implicated in the pathogenesis of Alzheimer’s disease (AD), is
a proteolytic metabolite generated by the sequential action ofâ- andγ-secretases on the amyloid precursor
protein (APP). The two main forms of Aâ are 40- and 42-amino acid C-terminal variants, Aâ40 and Aâ42.
We recently described a difluoro ketone peptidomimetic (1) that blocks Aâ production at theγ-secretase
level [Wolfe, M. S., et al. (1998)J. Med. Chem. 41, 6-9]. Although designed to inhibit Aâ42 production,
1 also effectively blocked Aâ40 formation. Various amino acid changes in1 still resulted in inhibition of
Aâ40 and Aâ42 production, suggesting relatively loose sequence specificity byγ-secretase. The alcohol
counterparts of selected difluoro ketones also lowered Aâ levels, indicating that the ketone carbonyl is
not essential for activity and suggesting that these compounds inhibit an aspartyl protease. Selected
compounds inhibited the aspartyl protease cathepsin D but not the cysteine protease calpain, corroborating
previous suggestions thatγ-secretase is an aspartyl protease with some properties similar to those of
cathepsin D. Also, since theγ-secretase cleavage sites on APP are within the transmembrane region, we
consider the hypothesis that this region binds toγ-secretase as anR-helix and discuss the implications of
this model for the mechanism of certain forms of hereditary AD.

Accumulating biochemical, histological, and genetic evi-
dence supports the hypothesis that the 4 kDaâ-amyloid
protein (Aâ)1 is an essential component in the pathogenesis
of Alzheimer’s disease (AD) (3, 4). Despite the intense
interest in the role of Aâ in the etiology of AD, the molecular
mechanism of Aâ biosynthesis is poorly understood. The
39-43-residue Aâ is formed via the sequential cleavage of
the integral membrane amyloid precursor protein (APP) by
â- andγ-secretases (5). â-Secretase cleavage of APP occurs
near the membrane, producing the soluble APPs-â and a 12
kDa C-terminal membrane-associated fragment (CTF). The
latter is processed byγ-secretase, which cleaves within the
transmembrane domain of the substrate to generate Aâ. An
alternative proteolytic event carried out byR-secretase occurs
within the Aâ portion of APP, releasing APPs-R, and
subsequent processing of the resulting membrane-bound 10
kDa CTF byγ-secretase leads to the formation of a 3 kDa
N-terminally truncated version of Aâ called p3.

Heterogeneous proteolysis of the 12 kDa CTF byγ-secre-
tase generates primarily two C-terminal variants of Aâ, 40-

and 42-amino acid versions (Aâ40 and Aâ42), and parallel
processing of the 10 kDa CTF generates the corresponding
C-terminal variants of p3. Although Aâ42 represents only
about 10% of secreted Aâ, this longer and more hydrophobic
variant is disproportionally present in the amyloid plaques
observed post mortem in AD patients (6, 7), consistent with
in vitro studies illustrating the kinetic insolubility of Aâ42

vis-à-vis Aâ40 (8). Importantly, all genetic mutations associ-
ated with early-onset (<60 years) familial Alzheimer’s
disease (FAD) result in increased Aâ42 production (3, 4).
An understanding of the production of Aâ in general and
that of Aâ42 in particular is essential for elucidating the
molecular mechanism of AD pathogenesis and may also lead
to the development of new chemotherapeutic agents which
strike at the etiological heart of the disease.

While γ-secretase is an attractive target for inhibitor
design, little is known about the structure, mechanism, or
binding requirements of this unidentified protease. We
recently reported that difluoro ketone peptidomimetic1
(Figure 1) is an inhibitor of Aâ biosynthesis (9). The
compound also caused dramatic increases in the levels of
both the 10 and 12 kDa CTFs,γ-secretase substrates, but
did not affect the production ofR- andâ-secretase-generated
APPs products. Thus,1 inhibited Aâ biosynthesis at the level
of γ-secretase. Although designed considering the cleavage
site leading to Aâ42 (Figure 1),1 more potently inhibited
Aâ40 production in human embryonic kidney (HEK) 293
cells. More recently,1 was found to inhibit Aâ produc-
tion in a cell-free system (10), consistent with direct binding
to γ-secretase. From this prototype substrate-based inhibitor,
related analogues were designed to test hypotheses concern-
ing the nature of the substrate/γ-secretase interaction and
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to identify the protease class to whichγ-secretase belongs.
In this report, we describe the effects of structural

modifications of 1 on the inhibition of Aâ40 and Aâ42

formation. The structure-activity relationships are consistent
with loose sequence specificity at the active site ofγ-secre-
tase. Selected compounds did not inhibit the cysteine protease
calpain but did inhibit the aspartyl protease cathepsin D. In
addition, NMR studies indicate that the difluoro ketones are
almost entirely in the hydrate form in the presence of small
amounts of D2O, and the alcohol counterparts of selected
ketones retained inhibitory effects on Aâ production. Taken
together, these results suggest that the difluoro ketones are
active as hydrates and thatγ-secretase is an aspartyl protease
with some cathepsin D-like properties. We also consider,
through molecular modeling and inhibitor design, the hy-
pothesis that the apparently intramembranous cleavage site
of APP binds toγ-secretase in anR-helical conformation
and discuss the implications of this model for the molecular
mechanism of FAD.

EXPERIMENTAL PROCEDURES

General Synthetic Methodology for Peptide Analogues.
The various difluoro ketone peptidomimetics were synthe-
sized through modification of procedures described previ-
ously (9). N-Boc-protectedL-alanine and valine aldehydes
were obtained with high enantiomeric purities (>99%) from
the correspondingN-Boc-protectedL-amino acid via their
Weinreb amides (11). The aldehyde was added to activated
zinc and ethyl bromodifluoroacetate in THF under reflux
conditions for 30 min to provide the key difluoro alcohol
intermediate. This intermediate was hydrolyzed with 1 equiv
of 0.25 N NaOH in an equal volume of acetonitrile for 1.5
h, and the free C-terminus was coupled to a di- or tripeptide
O-methyl ester overnight using 1.1 equiv ofN-[(dimethy-
lamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]-N-
methylmethanaminium hexafluorophosphateN-oxide (HATU,
Perseptive Biosystems) in the presence of 3 equiv of
diisopropylethylamine (DIEA) in DMF. After removal of the
Boc protecting group with 50% TFA in CH2Cl2, the
N-terminus was sequentially coupled withN-Boc amino acids
via HATU and DIEA to obtain the penultimate difluoro
alcohols. Oxidation with 3.5 equiv of Dess-Martin perio-
dinane reagent in CH2Cl2 for 3 h yielded the difluoro ketone
final products. All final compounds and their intermediates
were characterized and assessed for purity by melting point,
1H NMR (300 MHz), mass spectrometry (MALTI-TOF), and
elemental analysis (Desert Analytics, Tucson, AZ).

Cell Lines, Compound Treatments, and ELISAs.Cell lines
were Chinese hamster ovary (CHO) and SK-N-SH human
neuroblastoma cells stably transfected with the 751- or 695-

amino acid splicing variants of APP, respectively, and the
neo gene, and human embryonic kidney (HEK) 293 cells
carrying the same genes (APP695 plusneo) but with the
K595N/M596L (“Swedish”) double mutation of APP (12,
13). Cells were grown to confluence in Dulbecco’s modified
Eagle’s medium containing 200µg/mL G418 (Gibco BRL).
Stock concentrations of the peptide analogues in DMSO were
added to media to reach the final concentrations with 1%
DMSO. Positive controls contained 1% DMSO alone. After
4 h, the medium was removed and centrifuged at 3000g for
5 min, and the supernatant was stored at-80 °C until the
assays were carried out. Sandwich ELISAs for Aâ40 and Aâ42

were performed as described previously (14, 15). The capture
antibodies were 2G3 (to Aâ40 residues 33-40) for the Aâ40

species and 21F12 (to Aâ42 residues 33-42) for the Aâ42

species. The reporter antibody was biotinylated 3D6 (to Aâ
residues 1-5) in each assay. Horseradish peroxidase-avidin
binding to the reporter antibody was detected using 3,3′,5,5′-
tetramethylbenzidine (Pierce), measuring at 455 nm for
calculating Aâ levels and at 595 nm for normalization.

Assays for Calpain and Cathepsin D Inhibition. Inhibition
of rabbit skeletal muscle calpain (Sigma) was assessed using
a previously described assay procedure (16). Briefly, a
mixture containing 2µg/mL casein, 50 mM Tris-HCl (pH
7.4), 10 mM DTT, 4.2µg of m-calpain, and 10 mM CaCl2

was incubated in a total volume of 500µL for 30 min at 25
°C. Duplicate 25µL aliquots of the assay mixture were each
diluted with 800µL of water, treated with 200µL of Bio-
Rad dye reagent concentrate, and vortexed. After 10 min,
the absorbance at 595 nm was determined, and calpain
activity was expressed as the difference in absorbance at 595
nm between identical samples with or without CaCl2. Calpain
inhibitor I (Calbiochem) was used as a standard inhibitor.

The assay of bovine spleen cathepsin D (Sigma) was
performed according to the manufacturer’s protocol with
modification. A reaction cocktail containing 2.5% hemoglo-
bin solution, 400 mM citrate buffer, and water (4:1:4) was
equilibrated at 37°C and adjusted to pH 3.0. The reaction
cocktail (970 µL) was mixed with 20 µL of DMSO
containing inhibitor at varying concentrations and 0.022 unit
of cathepsin D in 10µL of water. After incubation at 37°C
for 30 min, the reaction was quenched with 1 mL of 5%
TCA and the mixture passed through a 0.45µm syringe filter
and measured for absorbance at 280 nm. For blanks, TCA
was added before the enzyme. Pepstatin (Sigma) was used
as a standard inhibitor.

Molecular Modeling.All molecular modeling studies were
conducted using the program SYBYL 5.5 (Tripos Associates)
running on a Silicon Graphics Iris workstation. The postu-
lated APP transmembrane region (amino acids 700-723 in
the 770-amino acid splice variant numbering, GAIIGLM-
VGGVVIATVIVITLVML) was constructed with idealized
φ and æ values of-58° and -47°, respectively. Energy
minimization using the Kollman all-atom force field left the
conformation essentially unaffected. The conformations of
SYBYL-constructed peptide analogues were manually altered
to attain apparent overlap with the APP transmembrane helix
and then energy minimized. Compound1 was further
analyzed; 10 energy minima were obtained through a
computational “annealing” process, iteratively heating to 500
K and cooling to 200 K. The 10 conformers so generated
were then each minimized.

FIGURE 1: Amino acid sequence in and around theγ-secretase
cleavage sites leading to Aâ40 and Aâ42 and the structure of
substrate-basedγ-secretase inhibitor1. The asterisk denotes a site
of mutation associated with FAD.
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RESULTS

Effects of Inhibitor1 on Aâ40 and Aâ42 Production As
Assessed by the Sandwich ELISA.In our previous report of
the inhibitory properties of1 on γ-secretase activity (9), we
initially assessed the effects of the compound on Aâ
production by [35S]methionine labeling, immunoprecipitation
with C-terminally specific antibodies, and analysis by SDS-
PAGE. This procedure is inconvenient for screening numer-
ous compounds, and so we now routinely employ a rapid,
sensitive, and quantitative double antibody enzyme-linked
immunosorbent assay (sandwich ELISA) (14, 15) in human
APP-transfected Chinese hamster ovary (CHO) cells to
determine the extent of inhibition of Aâ formation (Figure
2). As we observed in HEK cells by immunoprecipitation/

SDS-PAGE (9), 1 inhibited Aâ40 production more ef-
fectively than that of Aâ42; at 25µM of 1, Aâ40 formation
was considerably blocked, while the level of Aâ42 was
indistinguishable from that of the control. However, at lower
concentrations,1 induced a 2-3-fold rise in the level of Aâ42

production [also previously seen by immunoprecipitation/
SDS-PAGE (9)]. This effect on Aâ42 at lower concentrations
has also been observed with peptide aldehydeγ-secretase
inhibitors (13, 17). Similar effects of1 were seen by the
ELISA in HEK 293 cells transfected with the K595N/M596L
(Swedish) double mutation of APP and in SK-N-SH human
neuroblastoma cells transfected with APP (Figure 2); Aâ40

production was inhibited, albeit somewhat less effectively,
and Aâ42 levels were substantially increased at 5-10 µM 1.
However, Aâ40 and Aâ42 production were both inhibited
about 50% at 25µM in the HEK and SK-N-SH. Using
radiolabeling, immunoprecipitation, and SDS-PAGE, we
had previously observed inhibition of Aâ42 production in
HEK cells by1 only over 100µM (9). The reason for the
apparent discrepancy in Aâ42 inhibition in HEK cells between
the immunoprecipitation/SDS-PAGE and ELISA methods
is not clear, but may be because, in the former method, cells
were pulsed with [35S]methionine for 2 h and then chased
for 2 h in thepresence of1. The half-life of APP in cells is
∼30 min (18), and Aâ42 is primarily formed in the endo-
plasmic reticulum (19-21). Thus, accumulated intracellular
Aâ42 generated during the pulse period cannot be inhibited
by 1, and the sandwich ELISA results may better reflect
inhibitory potency toward this Aâ variant. Controls showed
that1 did not interfere with the ability of antibodies to detect
either Aâ40 or Aâ42 in conditioned media. With respect to
cytotoxicity, up to 100µM 1 did not affect secretion of either
APPs-R or -â (9) and did not result in any apparent change
in cell morphology. Thus, the highest concentrations of1
examined did not reduce Aâ production through a general
metabolic disturbance.

Effects of Other Difluoro Ketone Peptidomimetics De-
signed as Inhibitors of Aâ42 Production Considering the
Linear Sequence around the CleaVage Site.In an attempt to
reverse the selectivity or improve the potency for inhibiting
Aâ42 production, we made several changes in the structure
of 1 on the basis of the linear sequence of APP immediately
flanking the site of cleavage leading to this C-terminal
isoform. These residues are highly hydrophobic, since this
region of APP lies within the transmembrane domain.
Position 717 (numbering of the 770-amino acid splicing
variant of APP) is in the P4′ site. Three different mutations
in this position (V717F, V717I, and V717G) cosegregate with
FAD in certain families, and all three lead to specific
increases in Aâ42 production (22). If the increased Aâ42

production is due to better binding to a separate “γ(42)-
secretase” by these mutated substrates, then peptide ana-
logues with these mutant residues installed in the appropriate
position might inhibit such aγ-secretase isoenzyme more
potently. Thus, we synthesized2, a C-terminally extended
version of1 with a residue representing the wild-type P4′
residue, Val717 (Chart 1). Being longer and more hydro-
phobic,2 was poorly soluble and inappropriate for further
study. However, we found that the N-terminal valine of1
was not essential for activity; the truncated analogue
3 possessed inhibitory properties similar, if not superior,
to those of1 (Figure 3). Therefore, the C-terminally extended

FIGURE 2: Effects of difluoro ketone peptidomimetic1 on Aâ
production as determined by sandwich ELISA. (A) Effects of1 on
Aâ40 production after 4 h of treatment of CHO and SK-N-SH cells
stably transfected with the 751- and 695-amino acid splice variants
of APP (CHO751 and SKN695) and of HEK 293 cells stably
transfected with the K595N/M596L (Swedish) double mutation of
APP695 (HEK695sw). (B) Effect of1 on Aâ42 production in these
same cell lines. Aâ levels are expressed as a ratio of Aâ present in
medium after 4 h in thepresence of1 in 1% DMSO vs that in 1%
DMSO alone (n ) 2).
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version of3 was synthesized, and this compound (4) was
sufficiently soluble for study in the cell-based assay. The
activity of 4 was essentially the same as that of its shorter
counterpart3. Installation of phenylalanine in the P4′ site

(5) led to reduced activity, while isoleucine in this position
(6) improved activity. However, neither replacement of the
C-terminal valine reversed selectivity in favor of inhibiting
Aâ42 formation. In fact, as previously observed with1, each
of these compounds induced increases in Aâ42 production
at lower concentrations. These increases are apparently not
due to cytotoxic effects; as noted above for1, no changes in
cell morphology were seen upon treatment with these
compounds or with those discussed below.

ObserVations upon Considering anR-Helical Model of
the APP Transmembrane Region.The above findings led
us to consider other hypotheses concerning the nature of the
interaction betweenγ-secretase and its substrates. The
cleavage sites forγ-secretase lie in the middle of the
postulated transmembrane domain of APP (22). Does this
proteolysis actually take place within the membrane? Al-
though recent reports describe three other proteins thought
to be cleaved within their transmembrane domains (23-25),
it is not known whether the substrates are somehow dislodged
from the membrane, exposing them to proteases, or whether
they are processed via an unprecedented intramembranous
proteolysis. Since transmembrane regions of proteins typi-
cally assume anR-helical conformation, we constructed the
APP transmembrane domain in this conformation using the
molecular modeling software program SYBYL to determine
if this could provide insight into the nature of the APP/γ-
secretase interaction.

Two major observations were gleaned from this model.
First, theγ-secretase cleavage sites leading to Aâ40 and Aâ42

are located on opposite sides of the helix (Figure 4A); when
looking at the Ala7.3-Thr714 amide bond hydrolyzed to
generate Aâ42 (Figure 4A, left), the helix must be rotated
almost 180° to observe in the same way the Val711-Ile712

amide bond hydrolyzed to generate Aâ40 (Figure 4A, right).
Second, the side chain of residue 717 is immediately adjacent
to the Ala713-Thr714 amide bond. In this model, it is easy to
appreciate how mutation at position 717, as observed in
certain FAD cases, could influence cleavage at the Ala713-
Thr714 bond to alter Aâ42 production. In an extended model
of this region of APP, position 717 is not so close to the site
of cleavage leading to Aâ42 formation, and it is difficult to
understand why mutation in this particular position, repre-
senting P4′, would lead to specific increases in Aâ42.

TheR-helical model of the transmembrane region seemed
to explain why compound1, designed considering the
cleavage site leading to Aâ42, was effective at inhibiting Aâ40

formation. When1 was manually overlaid onto the face of
the helix with the cleavage site leading to Aâ40 and energy
minimized, considerable overlap could be achieved (Figure
4B). Considering the calculated energy of this conformer
(14.98 kcal/mol) and the energy of the global minimum
(10.36 kcal/mol), the depicted conformer should be energeti-
cally attainable. Moreover, one local energy minimum of1
had a conformation similar to that of the conformer depicted
in Figure 4B, again suggesting that the depicted conformation
can be attained by1. Note the overlap of the compound with
Val707, Val715, and Ile718 and the proximity of the difluo-
roketone moiety with the scissile Val711-Ile712 amide bond.
Although the P1 methyl substituent of1 appears to be
suboptimal for mimicking the isopropyl group of Val711, we
thought the flanking residues might confer the ability of this
compound to inhibit Aâ40 production.

FIGURE 3: Effect of difluoro ketone peptidomimetics3-6 (A) on
Aâ40 production and (B) on Aâ42 production after 4 h in the
CHO751 cells as determined by a sandwich ELISA (n ) 4).

Chart 1
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To test this idea, related difluoroketone peptidomimetics
7-12 (Chart 2) were designed considering thisR-helical
model. Because Val710 is positioned close to the scissile
Ala713-Thr714 bond (see Figure 4A, left), this residue was
installed on the N-terminal portion (position P2) of the
pseudodipeptide difluoro ketone moiety (compounds7, 9,
and11). Molecular modeling illustrated that an analogue with
D-Val installed in this N-terminal position was capable of
overlapping well onto the face of the APPR-helix with the
cleavage site leading to Aâ42 even after energy minimization,
and soD-Val counterparts8, 10, and12 were synthesized as
well. Because position 717 also lies immediately adjacent
to the Ala713-Thr714 amide bond in theR-helical model and
V717F mutations cosegregate with FAD, the Val on the
C-terminal portion of the difluoro ketone unit of7 and 8
(position P2′) was replaced with Phe in9 and10. In addition,
we synthesized two analogues (11and12) with an isopropyl
substituent in the difluoro ketone moiety. This substituent
was designed to mimic the P1 valine residue in Aâ40

generation, with the idea that its installation might improve
selectivity for inhibition of this Aâ variant.

We found that7 and11 were the most active compounds
in this series, comparable to prototype inhibitor1 and its
truncated version3 (Figure 5, 25µM). Surprisingly, these
two compounds displayed similar potencies and selectivities
for inhibition of Aâ40 and Aâ42 production, indicating
relatively loose sequence specificity in position P1. The
installation of Phe in position P2′ either did not improve
activity (8 vs 10) or reduced activity (7 vs 9). Inverting the

Chart 2

FIGURE 4: (A) R-Helical model of the APP transmembrane region.
The left side depicts the face of the helix containing the Ala713-
Thr714scissile amide bond. Note the proximity of the Val717position,
mutated in certain forms of FAD, to this cleavage site leading to
Aâ42. The right side depicts the same model rotated 180°, illustrating
the Val711-Ile712 scissile amide bond, the site of cleavage leading
to Aâ40. Residues on theR-helical face of interest are yellow. (B)
Overlay of compound1 (magenta) onto the face of the helix
containing the cleavage site of APP leading to Aâ40 (blue-green).
Only the APP helical backbone is shown, except for residues that
1 was postulated to mimic.

FIGURE 5: Effect of difluoro ketone peptidomimetics7-12 (A)
on Aâ40 production and (B) on Aâ42 production after 4 h in
CHO751 cells as determined by a sandwich ELISA (n ) 4).
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stereochemistry of the P2 Val (7 vs 8, 9 vs 10, and11 vs
12) invariably led to less effective compounds. The rank
orders of potency for inhibiting Aâ40 and Aâ42 are quite
similar. Despite our designing them to mimic the cleavage
site leading to Aâ42 formation, none of the compounds
reversed selectivity in favor of inhibiting production of this
Aâ variant; indeed, as with the compounds in Chart 1,7-12
all induced increased levels of Aâ42 at lower concentrations
[7 and 11 caused 2-3-fold increases in the Aâ42 level at
5-10 µM (not shown)]. While altering the structure of the
compounds leads to clear differences in potency, what is
particularly notable is that these various changes are largely
tolerated by theγ-secretases; all the tested compounds in
Charts 1 and 2 except12 inhibit Aâ production at 100µM.
The alcohol counterparts of1, 7, and11 (designated13-
15, respectively;Rstereochemistry at the carbinol) were also
tested for their ability to affect Aâ production. Although less
effective than the ketones,13-15were capable of inhibiting
Aâ production as well (Figure 6), indicating that while the
ketone functionality increases activity, it is not essential. In
our previous report (9), inhibition of Aâ by 13 in HEK cells

was not observed, but the ELISA method employed in the
study presented here is more sensitive and probably more
reflective of a compound’s inhibitory potency than the
radiolabeling/immunoprecipitation protocol used in the earlier
report (vide supra).

Previously reported peptide aldehydes that block Aâ
formation at theγ-secretase level (13, 17, 26) also inhibit
the calcium-activated cysteine protease calpain (27, 28).
When we tested selected difluoro ketone peptidomimetics
(1, 3, 4, 7, and11) for calpain inhibition, we found these
compounds to be essentially inactive (IC50 g 100µM). Thus,
it is possible to inhibitγ-secretase activity without inhibiting
calpain. Because it has been suggested thatγ-secretase is a
cathepsin D-like protease (29, 30) and difluoro ketones and
difluoro alcohols have been reported to inhibit cathepsin D
(31), we also tested selected compounds for inhibition of
this aspartyl protease (Table 1). Some compounds were
capable of inhibiting cathepsin D, with1 being quite potent
(IC50 ) 50 nM). However, it is notable that activity against
cathepsin D is not predictive of activity againstγ-secretase.
For example, compound3 is inactive against cathepsin D
(IC50 > 10 µM), yet this peptidomimetic is essentially
equipotent with respect to1 in blocking Aâ production (Table
1).

DISCUSSION

Other than difluoro ketone1, only four compounds have
been reported as inhibitors ofγ-secretase (13, 17, 26). There
is no evidence that any of these peptide aldehyde inhibitors
directly interact withγ-secretase, due to the lack of a suitable
in vitro assay for these as yet unidentified proteases.
Recently, we have observed that1 inhibits Aâ production
in a cell-free microsomal system (10), consistent with the
hypothesis that this compound, designed to mimic aγ-secre-
tase cleavage site, interacts directly withγ-secretase. Thus,
1 and analogues thereof could serve as molecular probes for
the active site of this enzyme.

An advantage of the difluoro ketone peptidomimetics over
the peptide aldehydes is that the former allow exploration
of the importance of residues on the “prime side” (C-terminal
side) of the cleavage site. Hence, we could test the hypothesis
that position 717 is an important determinant in the direct
interaction between APP CTFs and a putativeγ(42)-
secretase. Once we had established that the P3 valine of1 is
not essential to activity (3 retained activity) and could be
omitted, compounds that extended into position P4′ to mimic
position 717 and yet possessed manageable solubility proper-
ties were obtained (4-6). However, such extension to

FIGURE 6: Effect of difluoro alcohol peptidomimetics13-15 (A)
on Aâ40 production and (B) on Aâ42 production after 4 h in
CHO751 cells as determined by a sandwich ELISA (n ) 4).

Table 1: Inhibition of Cathepsin D Activity and Aâ Production by
Selected Compounds

compound IC50 vs cathepsin D (µM) IC50 vs Aâ production (µM)a

1 0.050( 0.015 10-25
3 >10 10-25
4 2.3( 0.4 10-25
7 >10 10-25

11 2.6( 1.2 10-25
13 0.043( 0.007 50-100
15 >10 25-50

a Concentration ranges for IC50 values vs Aâ40 production in CHO
cells stably transfected with APP695 (taken from Figures 2, 3, 5, and
6).
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position P4′ did not result in reversal of selectivity in favor
of inhibiting Aâ42 formation.

Because theγ-secretase cleavage sites lie within the
transmembrane region of APP and transmembrane regions
of proteins typically assume anR-helical conformation, we
considered this conformation for the APP transmembrane
domain. In this model, the cleavage sites leading to Aâ40

and Aâ42 are on opposite faces of the helix, and position
717 is immediately adjacent to the amide bond cleaved in
the generation of Aâ42 but not to the amide bond hydrolyzed
during the formation of Aâ40. Several mutations in this
position cause FAD and specifically lead to increased
production of Aâ42 (3, 4). Thus, theR-helical model provides
a simple explanation for how mutations in the APP 717
position might cause FAD through increased Aâ42 produc-
tion; such changes would be expected to affect the binding
(Km) of this face of the helix toγ-secretase or the rate of its
cleavage once bound (Vmax).

The flanking residues of the truncated difluoro ketone
analogue3 were altered considering theR-helical model.
None of the compounds reversed the selectivity to favor Aâ42

inhibition, although in general these compounds retained
activity. It is intriguing that installation of a valine side chain
(i.e., isopropyl group) into the P1 site of the difluoro ketone
peptidomimetics did not lead to more selective inhibition of
Aâ40 formation, as one might expect upon inspection of the
cleavage site leading to this Aâ variant. Conclusions
concerning theγ-secretase active site from these results are
tentative, because differences in cell penetration and me-
tabolism among these compounds may also be factors.
Nevertheless, the results are consistent withγ-secretase
having loose sequence specificity, a conclusion corroborated
by recent site-directed mutagenesis studies on APP near the
γ-secretase cleavage sites (32-34). The apparent loose
sequence specificity runs counter to our initial hypothesis
concerning the importance of the flanking residues in
determining specificity (see Figure 4B and the accompanying
text in the Results). Interestingly, Aâ40 and Aâ42 production
are inhibited by these peptidomimetics with the same rank
order of potency, suggesting that they are generated from
γ-secretases with similar active site topographies.

The increased level of Aâ42 production observed at lower
concentrations of the peptidomimetics, also reported for other
γ-secretase inhibitors (13, 17), remains mysterious. Although
calpain inhibition can result in augmented Aâ42 secretion
(35), the mechanism for this increase induced by the difluoro
ketone analogues reported here must be different since they
are not effective against calpain. Further studies toward
understanding the nature of these Aâ42 increases are war-
ranted because these pharmacologically induced increases
mirror the effects of FAD-causing APP and presenilin
mutations on Aâ formation (3, 4). Such an understanding
would also facilitate the development of clinically useful
γ-secretase inhibitors that reduce Aâ42 more effectively.

The difficulty in selectively inhibitingγ(42)-secretase
activity may be due to the principal intracellular location of
Aâ42 production: early secretory compartments, including
the endoplasmic reticulum and Golgi (19-21). The current
inhibitors may concentrate more in the endosomal/lysosomal
pathway and/or in the trans-Golgi network where Aâ40

production may occur (21, 36). Selective inhibition of Aâ40

formation may then lead to more substrate being available

for Aâ42 formation. However, certain inhibitors caused large
increases in the level of Aâ42 without decreasing the level
of Aâ40 at the same dose (Figure 5, compounds10 and12).
Although the reason for the increased Aâ42 level induced
by these compounds is unclear, this observation nevertheless
provides further evidence for pharmacologically distinct
γ-secretase activities (13).

Unlike the reported peptide aldehydeγ-secretase inhibitors,
the difluoro ketone peptidomimetics examined here were not
effective against calpain. They did, however, inhibit the
aspartyl protease cathepsin D. Although cathepsin D has been
suggested as aγ-secretase candidate (29, 30), deleting the
cathepsin D gene does not result in lower Aâ levels (37).
Thus, it is clear that cathepsin D per se is notγ-secretase,
but these two proteases apparently possess some similar
properties. Inhibition of aspartyl proteases by difluoro ketones
is known to occur through the hydrated form of the ketone
(38-41), which closely mimics the gem-diol intermediate
in the catalytic mechanism. In contrast, inhibition of serine
proteases by difluoro ketones (42) and of cysteine proteases
by fluoromethyl ketones (43) proceeds via nucleophilic attack
by the active site serine or cysteine to produce a stable,
covalently linked hemiacetal or hemithioacetal enzyme-
inhibitor complex. Such complexes cannot be formed with
difluoro alcohols.1H NMR data reveal that the difluoroketone
inhibitors reported here are readily converted to the hydrate
form in the presence of small amounts of D2O (ref 9 and
data not shown). Furthermore, while the difluoro ketone
inhibitors are more potent than the corresponding alcohols,
the fact that the alcohols still possess activity indicates that
the ketone functionality is not essential and suggests that
the hydrated ketone is the active form. Taken together, these
findings are consistent with previous reports suggesting that
γ-secretases are aspartyl proteases with some properties
similar to those of cathepsin D.

Because of the elegant explanation offered by theR-helical
model for how mutations of position 717 might cause FAD
and because theγ-secretase cleavage sites lie well within
the postulated membrane boundaries, we favor the hypothesis
that the final step in Aâ biosynthesis is an unprecedented
intramembranous proteolytic event. The site 2 protease (S2P)
involved in the release of the sterol regulatory element
binding protein (SREBP) from the endoplasmic reticulum
is apparently also cleaved within the transmembrane region
of its substrate (23), although the exact site of proteolysis
has recently been shown to occur close to the junction
between the cytoplasmic and transmembrane domains (44).
Likewise, while the amino acid sequence of cloned S2P
suggests a metalloprotease that winds its way through the
membrane multiple times, the signature metalloprotease
sequence is positioned at the postulated membrane boundary
(45).2 Although the idea of an intramembranous hydrolytic
event might seem untenable, other integral membrane
proteins form channels for the admission of water [e.g.,
aquaporin (46, 47)], and integral membrane transport proteins
function in ways related to the chemical processes carried
out by enzymes.

2 It should be made clear that S2P is not aγ-secretase. Although
the parallels between the proteolytic processing of APP and SREBP
are striking and it has been suggested thatγ-secretase and S2P could
be identical, recent studies with S2P-deficient and S2P-overproducing
APP-transfected cells have ruled this out (1, 2).
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In summary, the peptidomimeticγ-secretase inhibitors
reported here are useful molecular probes for this protease,
providing evidence for loose sequence specificity and an
aspartyl protease mechanism. Furthermore, molecular model-
ing of theγ-secretase cleavage site as anR-helix, based on
the idea that the proteolysis is intramembranous, explains
how mutations at APP position 717 could raise the level of
Aâ42 production and cause FAD. The characterization of
γ-secretase as an intramembrane-cleaving aspartyl protease
should facilitate the eventual identification of this important
and unusual protease.

NOTE ADDED IN PROOF

We have recently found that mutation of either of two
conserved transmembrane aspartates in presenilin-1 blocks
γ-secretase activity and prevents the normal endoproteolysis
of presenilin-1 (48). These findings support the hypothesis
that the presenilins, polytopic proteins that are mutated in
most FAD cases, are themselvesγ-secretases, novel in-
tramembrane-cleaving aspartyl proteases activated through
autoproteolysis.
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