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ABSTRACT: Maturation ofγ-secretase requires an endoproteolytic cleavage in presenilin-1 (PS1) within a
peptide loop encoded by exon 9 of the corresponding gene. Deletion of the loop has been demonstrated
to cause familial Alzheimer’s disease. A synthetic peptide corresponding to the loop sequence was found
to inhibit γ-secretase in a cell-free enzymatic assay with an IC50 of 2.1µM, a value similar to theKm (3.5
µM) for the substrate C100. Truncation at either end, single amino acid substitutions at certain residues,
sequence reversal, or randomization reduced its potency. Similar results were also observed in a cell-
based assay using HEK293 cells expressing APP. In contrast to small-moleculeγ-secretase inhibitors,
kinetic inhibition studies demonstrated competitive inhibition ofγ-secretase by the exon 9 peptide.
Consistent with this finding, inhibitor cross-competition kinetics indicated noncompetitive binding between
the exon 9 peptide and L685458, a transition-state analogue presumably binding at the catalytic site, and
ligand competition binding experiments revealed no competition between L685458 and the exon 9 peptide.
These data are consistent with the proposedγ-secretase mechanism involving separate substrate-binding
and catalytic sites and binding of the exon 9 peptide at the substrate-binding site, but not the catalytic site
of γ-secretase. NMR analyses demonstrated the presence of a loop structure with aâ-turn in the middle
of the exon 9 peptide and a looseR-helical conformation for the rest of the peptide. Such a structure
supports the hypothesis that this exon 9 peptide can adopt a distinct conformation, one that is compact
enough to occupy the putative substrate-binding site without necessarily interfering with binding of small
molecule inhibitors at other sites onγ-secretase. We hypothesize thatγ-secretase cleavage activation
may be a result of a cleavage-induced conformational change that relieves the inhibitory effect of the
intact exon 9 loop occupying the substrate-binding site on the immature enzyme. It is possible that the
∆E9 mutation causes Alzheimer’s disease because cleavage activation ofγ-secretase is no longer necessary,
alleviating constraints on Aâ formation.

Amyloid precursor protein (APP)1 is a membrane-spanning
protein of unknown function, yet its proteolytic processing
has pathological significance. One proteolytic fragment of
APP, termed Aâ, accumulates as extracellular amyloid
deposits in vulnerable brain regions, as one hallmark of

Alzheimer’s disease. The COOH-terminal 99-amino-acid
fragment of APP (C99) is produced byâ-secretase cleavage
of full-length APP, which is subsequently cleaved by
γ-secretase to produce Aâ. The predominantγ-secretase
cleavage site occurs following residue 40 of C99, but
cleavages also occur following other residues such as 42 or
43, with production of the more fibrilogenic Aâ42 thought
to be relatively pathogenic in comparison with Aâ40. The
accumulation of the COOH-terminally extended peptides has
been associated with increased likelihood for development
of Alzheimer’s disease (1). Certain heritable mutations of
the APP gene present on chromosome 21 appear to increase
the probability of cleavage occurring at residue 42 (2). In
addition, FAD mutations in presenilins 1 and 2, homologous
transmembrane proteins encoded by genes on chromosomes
14 and 1, respectively, are also associated in cultured cell
systems with elevated levels of Aâ42 (2).

The disease-association of presenilins is likely linked to
their pivotal role in the catalytic activity ofγ-secretase, a
membrane-associated multicomponent enzyme complex con-
sisting of PS, nicastrin, aph-1, and pen-2 (3, 4). Although
the enzyme complex has not been purified or fully character-
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ized, there is strong evidence that PS may contain the central
catalytic unit of theγ-secretase complex (2). Two critical
aspartate residues are generally required to form the catalytic
center of aspartyl proteases, and mutagenesis of two con-
served intramembranous aspartate residues (Asp257 and
Asp385) of presenilins causes inactivation ofγ-secretase (5).
The intramembranous location of these residues is consistent
with a similar location of the scissile bond within the
transmembrane domain of the C99 substrate. Furthermore,
γ-secretase function is blocked by transition-state isosteres
of aspartyl proteases (6, 7), and photochemical derivatives
of these inhibitors have been shown to label PS1 (8, 9). These
observations have led to the proposal thatγ-secretase is an
aspartyl protease with PS as its catalytic core (4, 5). However,
the possibility remains that presenilins may play a regulatory
role, or function as transport or scaffold proteins for the
assembly of the catalytic complex (1), and that these
intramembranous aspartyl mutations may merely disrupt
these intermolecular interactions, thereby inactivating the
functional complex.

The catalytic mechanism ofγ-secretase is unique. Most
enzymes bind their substrate and catalyze the reaction by
utilizing a single active site. The catalysis byγ-secretase,
however, appears to involve two separate centers (10-12),
one specialized for substrate binding and the other for
catalysis. To account for the unusual kinetics of this enzyme,
we have postulated that a conformational change occurs in
the enzyme following binding at the substrate site that moves
substrate, or the part containing the scissile bond, into the
catalytic center for hydrolysis (10, 13). Adding to its unusual
properties is the ability ofγ-secretase to process several
biologically important transmembrane proteins, including
CD44 (14, 15), ErbB4 (16), N- and E-cadherin (17), LRP
(18), Nectin-1R (19), the Notch ligands Delta and Jagged
(20), and Notch itself (21, 22). The latter is a key signaling
molecule responsible for development of all metazoan species
(23). Given the importance of these proteins in various
biological functions, it is likely that their processing by
γ-secretase is tightly controlled. How the substrate specificity
of γ-secretase is regulated remains unknown.

PS is a protein of∼50 kDa, predicted to have an eight
transmembrane domain topology (24, 25). To form mature,
active γ-secretase, the full-length PS is processed endo-
proteolytically, leading to formation of a stable heterodimeric
complex composed of the COOH- and NH2-terminal PS
fragments (26-29). The endoproteolytic cleavage of PS1
occurs at or near Met298, within a short peptide strand
encoded by exon 9 (residues 290-319) (26), which is located
between transmembrane domains 6 and 7 (24, 25). A FAD-
associated PS1 mutant (∆E9) has been identified in which
exon 9 is deleted, due to the mutation of a single nucleotide
at the splice acceptor site for exon 9 (30). As expected, this
deletion prevents the mutant PS1 from undergoing endo-
proteolysis (29). Through mutagenesis analysis, a single point
mutation in the exon 9 loop M292D has also been shown to
prevent endoproteolysis of PS1 and lead to accumulation of
the holoprotein (31). Interestingly, rather than producing a
catalytically defectiveγ-secretase, the∆E9 deletional muta-
tion (32) and the M292D point mutation (31) result in
constitutive activity. The Aâ42 levels and the ratio of Aâ42
over total Aâ are also increased in cells expressing∆E9 PS1
(32). Therefore, it appears that some portion of the exon 9

loop sequence may regulate theγ-secretase activity, the
definition of which may help to clarify the unique catalytic
mechanism ofγ-secretase.

In this study, we show that a peptide corresponding to
the 30-amino-acid sequence encoded by PS1 exon 9 (referred
to as “exon 9 peptide”) is an inhibitor ofγ-secretase in vitro.
Smaller peptides were used to examine which amino acids
are important in regulating the enzyme activity and to
determine the smallest peptide sequence with inhibitory
effects. Additional experiments to determine the molecular
basis for inhibition were carried out by altering selected
amino acids contained in the exon 9 peptide and testing
whether binding and inhibition were retained. L685458 and
compound E (Figure 1), inhibitors known to bind at different
sites onγ-secretase (13), were used as tools to elucidate
whether the exon 9 peptide binds to the substrate or inhibitor
binding sites, or if it binds to a different region in the enzyme
complex. COSY and NOESY NMR analyses were performed
to elucidate the structural features of the exon 9 peptide and
to provide further insights into how the peptide may interact
with γ-secretase.

EXPERIMENTAL PROCEDURES

Materials. CHAPSO was purchased from Pierce. Phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE)
were purchased from Avanti Polar-Lipids. Aâ40, Aâ42,
RRAâ40, and RRAâ42 were purchased from Biosource.
Biotin-4G8 was from SENETEK, Plc. Dynabeads (M-280)
were purchased from IGEN. Peptides were obtained from
SynPep, Dublin, CA. [3H]L685458, Ru-GRR, C100, and
detergent-solubilized humanγ-secretase were prepared as
described previously (10).

Enzyme Reaction and Inhibition Kinetics. Peptides were
tested in an enzyme assay to measure inhibition ofγ-secre-
tase based on detection of Aâ40 and Aâ42 peptide (10). All
reactions were run in 96-well microplates containing 25 mM
MES, pH 6.5, C100 peptide substrate at a defined concentra-
tion, solubilized enzyme (from HeLa cell membrane deter-
gent extract) at 20-fold dilution from stock, inhibitor at
defined concentrations diluted from a stock in DMSO (final
concentration of DMSO is maintained at 5%), 1 mM EDTA,
1 mM DTT, 0.1 mg/mL BSA, 0.25% CHAPSO, 0.01% PE,
and 0.01% PC. The reactions were initiated by addition of
enzyme. For IC50 determinations, the assay was performed
at 37°C for 3 h prior to addition of detection solution. For
kinetic experiments, 40-µL aliquots were quenched at
different times by addition of 2µL of 2 mM PME. To each
well (40µL of reaction mixture), 50µL of detection solution
containing 0.2µg/mL RRAâ40 or 0.25µg/mL RRAâ42 and
0.25µg/mL biotin-4G8 (prepared in DPBS with 0.5%BSA
and 0.5% Tween-20) was added and incubated at 4°C

FIGURE 1: Structures of L685458 (a transition-state isostere of
γ-secretase) and compound E (a non-transition-state inhibitor).
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overnight. Then a 50-µL solution (prepared in the same
buffer as above) containing 0.062µg/mL Ru-GRR and
0.125 mg/mL Dynabeads were added per well. The solu-
tions in 96-well plates were shaken at 25°C on a plate shaker
for 1 h. An additional 60µL of buffer was added, and the
plates were measured for ECL counts in an IGEN M8
analyzer.

Assay of Aâ40 Secretion from HEK293 Cells Transfected
with APP. HEK293 cells stably expressing human APP were
used this assay. Cells were grown at 37°C in DMEM
containing 10% HI-FBS, 0.5 mg/mL antibiotic-antimycotic
solution, and 0.05 mg/mL geneticin, and the cells were
harvested when confluent between 80 and 90%. A total of
100µL cells at a cell density of 1.5 million/mL were added
to a flat bottom 96-well cell culture plate (Corning #3595)
containing 100µL of inhibitor in cell culture medium with
DMSO at a final concentration of<1%. After the plate was
incubated at 37°C for ∼16 h, 100µL of cell medium was
transferred to a round-bottom 96-well plate. To each well
of this plate, 50µL of detection solution containing 0.2µg/
mL RRAâ40 or 0.25µg/mL RRAâ42 and 0.25µg/mL biotin-
4G8 (prepared in DPBS with 0.5%BSA and 0.5% Tween-
20) was added and incubated at 4°C for 7 h. Then, a 50-µL
solution (prepared in the same buffer as above) containing
0.062µg/mL Ru-GRR and 0.125 mg/mL Dynabeads were
added per well. The solutions in 96-well plates were shaken
at 22 °C on a plate shaker for 1 h, and the plates were
measured for ECL counts in an IGEN M8 analyzer.

Competition Ligand Binding. Radioligand binding assays
were performed as described previously (13). Briefly, in a
96-well plate, 20µL of [ 3H]L685458 (final concentration 1
nM) was mixed with 170µL of solubilizedγ-secretase at a
final 10-fold dilution of the stock (prepared at pH 6.5) and
10 µL of unlabeled L685458 or an exon 9-derived peptide
(with a final concentration in the range of 100 pM to 30
µM) in DMSO. The mixture was incubated on a plate shaker
at room temperature for 30 min, and then filtered through
Beckman GF/B 96-well filter-bottom plates (presoaked in
0.6% PEI) using a Packard Filtermate-196, and washed 6
times with 5 mM TrisHCl, pH 7.4. After the filters dried,
30 µL of Microscint20 (Packard) was added to each well,
and the plates were counted on a Packard TopCount.

NMR Spectroscopic Analysis of Exon 9 Peptides. Peptide
samples were dissolved in H2O containing 5 or 10% dimethy-
d6 sulfoxide, and 1D proton and 2D COSY and NOESY
spectra were acquired on a Bruker AVANCE500 spec-
trometer equipped with a triple-resonance cryoprobe at
either 27 or 10°C. The strong proton signal of H2O was
suppressed through presaturation in the COSY experiments
or by using a water-gated pulse sequence in the NOESY
experiments.

Data Analysis. The IC50 values were determined by
subtracting the background counts (wells without enzyme
or cells), determining the percentage of activity (%Act)
relative to the maximum wells (those with enzyme and
substrate or cells, but no inhibitor), and then fitting the data
of %Act as a function of inhibitor concentration according
to eq 1:

where I is inhibitor. A standard curve of Aâ40 (or Aâ42)
was run in each assay for reference.

Kinetic inhibition data were fit to the following equations,
respectively, for competitive, noncompetitive, or uncom-
petitive inhibition:

and

whereVm andKm are maximum velocity and the Michaelis-
Menten constant, respectively, S is substrate,Kis is the
inhibitor constant for inhibitor binding to the free enzyme,
andKii is the inhibition constant for inhibitor binding to the
ES complex.

For inhibitor cross-competition analyses, inhibition con-
stants were obtained by fitting initial rates to eqs 5 and 6
for noncompetitive and competitive bindings, respectively
(13):

and

whereυ0 is the initial rate in the absence of inhibitor,Ki1

and Ki2 are inhibition constants for I1 and I2, respectively,
and R is the constant defining the interaction between the
two inhibitors.

The pattern of cross-competition was analyzed graphically
by using the reciprocal of eq 5, which is a linear function of
1/υ vs [I1], as given by (13):

Changes in [I2] will have a slope effect ifR is close to unity
but will have no slope effect if it is infinitely large. Therefore,
if the two inhibitors bind simultaneously to the enzyme, the
reciprocal plots will intercept to the left of the 1/υ axis. If
binding of one inhibitor excludes the binding of the other,
the reciprocal plots will be a set of parallel lines.
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Data of ligand competition with [3H]L685458 as the
radioligand were analyzed by (13):

where [L685458]b is the radioligand bound toγ-secretase,
[L685458]t is the total concentration of L685458 used in
assay,Ki is the dissociation constant for I, andKd is the
dissociation constant for L685458.

RESULTS

The Exon 9 Peptide Inhibitsγ-Secretase with High Affinity
and Sequence Specificity. The exon 9 peptide (STMVWLV-
NMAEGDPEAQRRVSKNSKYNAES), representing amino
acids 290-319 of PS1, was synthesized and tested in an in
vitro γ-secretase enzyme assay for Aâ40 production (10).
This peptide inhibitedγ-secretase enzyme activity with an
IC50 ) 2.1 µM (Figure 2A, Table 1), a value comparable to
the Km for the substrate C100 (3.5µM, see below; 0.6µM
(10)). To determine the sequence significance of the peptide,
a peptide in the reverse order of exon 9 (reverse exon 9)
and another with a randomized sequence were synthesized
and tested. The ability to inhibitγ-secretase by these peptides
was significantly reduced (by>50-fold) compared to that
of the parent peptide (Table 1). Peptides made with single
amino acid substitutions corresponding to the FAD-associated
point mutation E318G (33) (Figure 2A, Table 1) and two
cleavage-interfering point mutations M292D and M298A
(31) also greatly reduced the potency, with mutants E318G
and M292D showing no inhibition at concentrations up to
200µM (Table 1). These data indicate that the exon 9 peptide
not only possesses high affinity forγ-secretase but also binds
to the enzyme with stringent sequence specificity.

The Optimal Sequence for Inhibition Includes Most of
Exon 9. The exon 9 deletion is apparently a random deletion
resulting from a point mutation at the splice acceptor site

(30). Therefore, it is possible that the peptide encoded by
exon 9 is not the optimal length for inhibition ofγ-secretase.
Truncations and additions to this peptide were generated and
tested to define the optimal peptide length for inhibition.
Peptides with varying numbers of amino acids deleted from

Table 1: Summary of IC50 Values for Inhibition ofγ-Secretase by Exon 9-Derived Peptidesa

IC50,µM

peptide sequence alteration Aâ40 Aâ42

STMVWLVNMAEGDPEAQRRVSKNSKYNAES (exon 9) none 2.1( 0.3 3.4( 1.8
MVWLVNMAEGDPEAQRRVSKNSKYNAES N-2 2.3( 0.5
VWLVNMAEGDPEAQRRVSKNSKYNAES N-3 >200
WLVNMAEGDPEAQRRVSKNSKYNAES N-4 >198
VNMAEGDPEAQRRVSKNSKYNAES N-6 >190
EGDPEAQRRVSKNSKYNAES N-10 >200
STMVWLVNMAEGDPEAQRRVSKNSKYNA C-2 31( 11 59( 15
STMVWLVNMAEGDPEAQRRVSKNSKY C-4 146( 20
STMVWLVNMAEGDPEAQRRVSKNS C-6 >159
STMVWLVNMAEGDPEAQRRV C-10 >200
VWLVNMAEGDPEAQRRVSKNSKYNAE N-3; C-1 >200 >200
MVWLVNMAEGDPEAQRRVSKNSKYNAE N-2; C-1 2.3( 1.1 12( 11
IYSSTMVWLVNMAEGDPEAQRRVSKNSKYNAESTER N+3; C+3 33( 7 42( 18
IYSSTMVWLVNMAEGDPEAQRRVSKNSKYNAES N+3 14( 2 13( 6
STMVWLVNMAEGDPEAQRRVSKNSKYNAESTER C+3 82( 26 48( 4
STDVWLVNMAEGDPEAQRRVSKNSKYNAES M292D >200 >200
STMVWLVNMAEGDPEAQRRVSKNSKYNAGS E318G >200 86( 36
STMVWLVNAAEGDPEAQRRVSKNSKYNAES M298A 142( 84 58( 22
SEANYKSNKSVRRQAEPDGEAMNVLWVMTS reverse exon 9 107( 20 62( 19
ANMMKVDWLARYSSSREQVSNVEKNTGPAE random exon 9 >200

a Inhibition assays were run in a 50 mM MES buffer, pH 6.5, at 37°C. Products Aâ40 or Aâ42 were quantitated using the ECL technology and
IC50 values obtained using eq 1.

[L685458]b ) 100(1 -
[I]

Ki(1 +
[L685458]t

Kd
) + [I] ) (8)

FIGURE 2: Inhibition of Aâ40 production by exon 9 derived
peptides. (A) Inhibition ofγ-secretase activity in detergent-extracted
HeLa cell membranes. The assays were run in a 50 mM MES
buffer, pH 6.5, with exon 9 peptide (O), the N-2 and C-1 truncation
peptide (0), the N-6 truncation peptide (4), the peptide with E318G
point mutation (3), and the C-6 truncation peptide ()). The lines
are theoretical values calculated using eq 1. (B) Inhibition of Aâ40
secretion from HEK293-APP cells. The assays were performed in
DMEM at 37 °C with exon 9 peptide (O), the N-2 and C-1
truncation peptide (0), the N-6 truncation peptide (4), the E318G
mutant peptide (3), and the C-6 truncation peptide ()). The lines
are theoretical values calculated using eq 1.
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the NH2- or COOH-terminus were first tested to determine
the minimal sequence required to maintain the inhibitory
activity of the exon 9 peptide. Deletion of two amino acid
residues at the NH2-terminus (N-2) did not reduce the
potency of the peptide, whereas removal of three or more
(N-3, N-4, N-6, and N-10) caused a 100-fold loss of
inhibitory activity (Table 1). Deletion of two amino acids at
the COOH-terminus (C-2) resulted in a 10-fold reduction in
potency, while longer deletions (C-3, C-4, C-6, and C-10)
resulted in>70-fold loss of inhibitory activity (Table 1).
When two deletions were combined to make a 27-residue
peptide (N-2; C-1), an IC50 of 2.3 µM (Figure 2A, Table 1)
was obtained, a value identical to that measured for the full-
length exon 9 peptide (Table 1). Thus, a peptide containing
almost the entire exon 9 sequence (90%) is the shortest,
“core” sequence that functions as aγ-secretase inhibitor in
the Aâ40 assay without a sharp decrease in potency.

Addition of three amino acids to the NH-terminus, the
COOH-terminus, or both (using the native PS1 sequence to
determine the added residues) also reduced potency for
inhibition of γ-secretase (Table 1). When three amino acids
were added to the NH2-terminus (N+3), the IC50 increased
to 14 µM, while adding three amino acids to the COOH-
terminus (C+3) caused a more drastic increase to 83µM
(Table 1). Interestingly, when three amino acids were added
to both termini (N+3; C+3), the IC50 for the resulting 36-
amino-acid peptide was 33µM (Table 1), a value intermedi-
ate to the two individual additions, suggesting that some
interplay must exist between these two domains of the
peptide inhibitor, insofar as the loss in potency due to these
additions is not additive.

Equal Potency for Inhibition of Aâ40 and Aâ42 Produc-
tion. As shown in Table 1, the exon 9-derived peptides
showed a similar rank-order potency for inhibition of Aâ40
and Aâ42 production. This suggests that, even though
γ-secretase cleaves APP-derived substrates at multiple sites,
the inhibition of these events by exon 9 peptides occurs via
the same mechanism, presumably by binding to the same
site.

The Exon 9 Peptide and Its DeriVatiVes Inhibit Aâ40
Secretion from HEK293 Cells. To assess if the observed
inhibition of γ-secretase in the cell-free, detergent-solubilized
cell membranes could be replicated in an intact cellular
system, we tested a subset of the exon 9 peptides in a cell-
based assay for Aâ40 secretion using HEK293 cells stably
expressing APP. This cell-based assay had been routinely
used to test small molecule inhibitors ofγ-secretase, the
result of which correlated well with that of the cell-free
enzyme assay (data not shown). As shown in Figure 2B, the
exon 9 peptide and the peptide N-2; C-1 inhibited Aâ40
secretion from HEK293-APP cells in a dose-response

manner, whereas the peptides with the E318G point mutation
and N-6 and C-6 truncations had no effect on Aâ40 secretion
at concentrations up to 200µM. This rank order of potency
in the cell-based assay for these peptides (Table 2) was fully
in accord with that observed in the enzyme assay although
the potency itself was dropped by about an order of
magnitude (Figure 2 and Tables 1 and 2). Such a drop of
potency from enzyme to cells was not surprising as it had
been observed consistently for many small moleculeγ-secre-
tase inhibitors (data not shown). The same rank order of
potency observed for the exon 9 peptides between the
enzyme assay and the cell-based assay, and the fact that none
of these peptides showed cytotoxicity (by Alamar Blue assay,
data not shown) at all the concentrations used in the cell-
based assay, further supported the notion that the observed
inhibition of cell-freeγ-secretase membrane preparations by
the exon 9 peptide was indeed due to the inhibition of the
intended target,γ-secretase, and not a result of nonspecific
interactions.

The Exon 9 Peptide Inhibitsγ-Secretase by Binding
ExclusiVely to the Substrate-Binding Site. The fact that
neither a decrease, nor an increase, in the size of the exon 9
peptide is desirable for maintaining the potency of the peptide
for inhibition of γ-secretase suggests that the size of the exon
9 loop structure fits a binding pocket onγ-secretase. Previous
studies (10, 13) have demonstrated the presence onγ-secre-
tase of at least three binding sites, one for substrate, one for
transition-state analogue inhibitors such as L685458 (Figure
1), and another for non-transition-state analogue small
molecule inhibitors as represented by compound E (Figure
1). It is unclear on the basis of these data whether the exon
9 peptide binds to one of these, or some other as yet
unidentified binding site. To evaluate this, kinetic and
radioligand competition assays were performed.

In the kinetic assays,γ-secretase activity was measured
while the concentrations of both the substrate and exon 9
peptide were varied. The data obtained in these assays
(Figure 3) best fit the competitive model (eq 2) as the double
reciprocal plots converge on the 1/υ axis. This peptide is
the first compound to display competitive inhibition of
γ-secretase by a rigorous kinetic analysis, as all the small
molecule inhibitors studied so far show noncompetitive
inhibition (10). As tabulated in Table 3, theVm was 1.1 nM/
min, and theKm for the C100 peptide as determined in this
assay was 3.5µM, while the Ki for the exon 9 peptide
equaled 2.7µM, a value almost identical to the IC50 (2.1
µM) (Table 1). Competitive inhibition was also observed for
the 27-residue core exon 9 peptide (data not shown). These
results suggest that the exon 9 peptide binds to the enzyme
at the substrate-binding site.

Table 2: Summary of IC50 Values for Inhibition of Aâ-Secretion from HEK293-APP Cells by Exon 9-Derived Peptidesa

peptide sequence alteration IC50,µM

STMVWLVNMAEGDPEAQRRVSKNSKYNAES (exon 9) none 36( 3
MVWLVNMAEGDPEAQRRVSKNSKYNAE N-2; C-1 60( 3
VNMAEGDPEAQRRVSKNSKYNAES N-6 >200
STMVWLVNMAEGDPEAQRRVSKNS C-6 >200
STMVWLVNMAEGDPEAQRRVSKNSKYNAGS E318G >200

a Assays were run by incubating inhibitor with HEK293 cells grown in fresh DMEM containing 10% HI-FBS, 0.1 mg/mL antibiotic/antimycotic,
and 0.05 mg/mL genecitin at 37°C overnight. Newly secreted Aâ40 was quantitated using the ECL technology and IC50 values obtained using
eq 1.

6212 Biochemistry, Vol. 43, No. 20, 2004 Knappenberger et al.



The exon 9 peptide was also tested in combination with
either L685458 or compound E in a series of inhibitor cross-
competition analyses. L685458 and compound E were chosen
because neither binds to the substrate-binding site (10).
L685458, a transition-state analogue, likely binds to the
catalytic site, whereas compound E apparently binds to a
yet undefined site, which is neither the substrate-binding site
nor the catalytic site (10, 13). In the inhibitor cross-
competition assays, the substrate concentration was held
constant while the concentrations of the exon 9 peptide and
either L685458 or compound E were changed. The reciprocal
plots of the cross-competition data (Figure 4) show an
intercepting pattern, indicating that the exon 9 peptide acts
noncompetitively with respect to both inhibitors. TheKi value
of each compound determined from these experiments (Table
3) is very similar to the values reported previously (10).
These data are consistent with the exon 9 peptide binding
exclusively to the substrate-binding site.

Ligand competition binding experiments using [3H]L685458
as the radioligand were also performed to confirm the kinetic
results. As shown in Figure 5, the N-2 exon 9 peptide, which
has the same potency as the exon 9 peptide for inhibition of
γ-secretase, did not displace [3H]L685458 at concentrations
up to 20µM, a value much greater than its IC50 (2.3 µM,
Table 1), whereas unlabeled L685458 displaced the radio-
ligand with aKi of 5.6 nM (Table 3). This confirms that
L685458 and the exon 9 peptide do not share a binding site,
a result that supports the conclusion that the exon 9 peptide
binds exclusively to the substrate-binding site.

The Exon 9 Peptide Adopts a Dynamic Loop Structure.
To gain further insights into the relationship between the
activity and structure of the exon 9 peptide, a series of NMR
spectroscopic experiments were performed on three peptides
that inhibitedγ-secretase (exon 9 peptide, N-2; C-1, and
N-2), and two inactive peptides, (E318G and N-3).

Analysis of the COSY spectrum (Figure 6A) of the exon
9 peptide in aqueous solution containing 5% DMSO at 27
°C allowed sequential assignments of almost all the residues.
A subsequent NOESY analysis of the backbone conformation
revealed a NOE between HR (i) of D13 (counting from the
N-terminus of the exon 9 peptide) to Hn (i+3) of A16 that
was very weak, but clearly visible at low contour levels
(Figure 6B). Also observed were a strong NOE between Hn
of E15 and Hn of A16 (Figure 6C) and a very strong NOE

Table 3: Summary of Inhibition Constants Obtained from Kinetic Inhibition ofγ-Secretase, Inhibitor Cross-Competition, and Ligand
Competition Bindinga

experiment
Vm or υ0

pM/min
Km

µM
Ki1

µM
Ki2

nM R

inhibition kinetics
exon 9 1.1( 0.3b 3.5( 1.5 2.7( 0.5

cross-competition
exon 9/L685458 0.37( 0.02c 2.9( 0.4 1.7( 0.3 1.0( 0.4
exon 9/compound E 0.42( 0.02c 2.8( 0.4 0.29( 0.04 0.8( 0.4

ligand competition
L685458 5.6( 1.5
N-2 exon 9 >20

a Kinetic inhibition was carried out by varying both the concentration of the exon 9 peptide and that of substrate C100, and the data were
analyzed using eq 2 to obtain the kinetic constants. The cross-competition kinetics were performed by the combination of the exon 9 peptide and
a noncompetitive inhibitor ofγ-secretase Inhibitor. The data were analyzed using eq 5 to obtain the inhibition constants. The ligand competition
binding was conducted with fixed [3H]L685458 (2 nM) and varying amounts of either the exon 9 peptide or the unlabeled L685458. The results
were analyzed using eq 8 to extract the inhibition constants. Here,KI1 andKI2 represent the inhibition constants for the exon 9 peptide and a small
molecule inhibitor, respective. b Vm. c υ0 at [C100]) 0.6 µM.

FIGURE 3: Double-reciprocal plots for kinetic inhibition ofγ-secre-
tase by the exon 9 peptide. Kinetic assays were run in a 50 mM
MES buffer, pH 6.5, with exon 9 peptide at 10µM (O), 7.5 µM
(0), 5 µM (4), and 0µM ()). The lines are theoretical values
calculated using eq 2. The intercept on the 1/υ axis in these double-
reciprocal plots indicates competitive inhibition.

FIGURE 4: Reciprocal plots for inhibitor cross-competition between
exon 9 peptide andγ-secretase inhibitors in theγ-secretase assay.
(A) Cross-competition between the exon 9 peptide and L685458
tested at [I]) 7.5 nM (O), 5 nM (0), 2.5 nM (4), 1.25 nM ()),
0.625 nM ("), and 0 nM (3). (B) Cross-competition between the
exon 9 peptide and compound E at [I]) 1.5 nM (O), 1 nM (0),
0.5 nM (4), 0.25 nM ()), 0.125 nM ("), and 0 nM (3). The solid
lines are theoretical values calculated using eq 5 with parameters
listed in Table 2. The intercepting patterns on these reciprocal plots
for inhibitor cross-competition indicate noncompetitive binding of
the exon 9 peptide with L6855458 and compound E.
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between Hδ of P14 and HR of D13 (data not shown). These
data demonstrated the presence of a stableâ-turn in the
middle of the peptide starting at the residue P14. Further
NOSEY analysis indicated that most of the peptide adopted
a dynamic structure with a looseR-helical conformation, as
strong HR (i) to Hn (i+1) (Figure 6B), medium Hn (i) to
Hn (i+1) (Figure 6C), and weak HR (i) to Hn (i+2) (Figure
6B) NOEs were observed. These observations are consistent
with previous predictions of a loop structure for the exon 9
peptide strand in PS1 (24, 25), and support the hypothesis
from kinetic inhibition and ligand competition binding studies
described above that this exon 9 peptide can adopt a distinct
conformation, one that is compact enough to occupy the
putative substrate-binding site without necessarily interfering
with binding of small molecule inhibitors at other sites on
γ-secretase.

The COSY spectra obtained for the two other active
peptides and the three inactive peptides were almost identical
to that determined for the exon 9 peptide (data not shown),
with changes only to the residues directly connected to the
mutated residue in E318G. These data indicated that there
was no global perturbation of the loop structure by this
mutation or reduction in length of the peptide chain, although
minor changes in the local structure surrounding the mutated
residues could not be ruled out. Therefore, these results
suggested that the loss of activity for the E318G point
mutation and the N-3 mutation was not due to perturbation
of the global structure of the peptide, but rather due to altered
interactions of the residues in question with their binding
site on theγ-secretase enzyme complex.

DISCUSSION

A general scheme of protease regulation involves the
proteolytic activation of a precursor zymogen. Many pro-
teases, such as trypsin (34), aspartic proteases (34), metallo-
proteases (34), retroviral proteases (35), and caspases (36),
which play a key role in various biologically and pathologi-
cally important proteolytic pathways, are initially synthesized
as an inactive zymogen, the cleavage of which by an
autoproteolytic step or by a second protease is required for
activation. In most cases, the two cleavage products usually
separate following proteolytic activation, and the inert piece,

having no further role in the biology of the active component,
is quickly degraded. For most members of caspase family,

FIGURE 5: Displacement of L685458 by the N-2 exon 9 peptide in
the ligand competition binding assay. [3H]L685458 was used as
the radioligand and the N-2 exon 9 peptide (O) or the unlabeled
L685458 (4) as the competition ligand. The solid curve line for
displacement by unlabeled L685458 represents the theoretical values
calculated using eq 8, withKi ) 5.6,Kd ) 1 (13), and [3H]L685458
) 2 nM. The horizontal line represents the average values of
%[3H]L685458]b obtained in the presence of the N-2 exon 9 peptide
at concentrations up to 20µM.

FIGURE 6: NMR spectroscopic analysis of the exon 9 peptide in
H2O with 5% DMSO-d6. The top panel (A) shows a COSY
spectrum of the peptide exon 9 in the region of the cross-peaks
between HR and Hn, obtained at 27°C with the H2O signal
suppressed by presaturation. Sequential assignment for each residue
is labeled as shown in the graph. The middle and bottom panels
represent NOESY spectra of the exon 9 peptide in the region of
HR to Hn (B) and Hn to Hn (C), obtained at 10°C with the H2O
signal suppressed through a watergate pulse program. Several NOEs
are shown as labeled. The NOE between D13 HR and A16 Hn
(labeled by the small rectangular in panel B) was very weak and
was only observed at the low contour levels.
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a second cleavage of the monomeric polypeptide results in
the formation of a heteromer, with the active site formed at
an interface between the two subunits (36).

γ-Secretase, which is involved in processing several type-1
transmembrane proteins, is another such example, being
activated through an endoproteolytic cleavage within the
exon 9 loop of PS, resulting in the formation of a stable
complex of NH2- and COOH-terminal domains (26-29).
Formation of the stable PS1 heterodimeric complex appears
necessary for the normal functioning ofγ-secretase because
two catalytic aspartate residues reside on opposite sides of
the scissile bond (5). The PS1∆E9 mutation, in which the
exon 9 loop is deleted and therefore lacks the cleavage
activation sites, does not undergo endoproteolysis (29). Yet,
this mutant is constitutively active (32), albeit pathological
(33). Similarly, the M292D mutation in exon 9 abolishes
endoproteolysis but notγ-secretase activity (31). Moreover,
the observations in this study that the synthetic exon 9 peptide
inhibits γ-secretase by binding to the substrate-binding site
(Figure 2) with high affinity and sequence specificity (Table

1), supports the logical conclusion that some portion of the
loop sequence in the wild-type PS1 plays a role in regulating
γ-secretase activity.

The proximity between the exon 9 loop and the putative
location of the substrate-binding pocket provides a physical
basis for this hypothesis. Assuming that PS1 contains the
catalytic center of the enzyme complex (5), the catalytic site
would be located in the space between the transmembrane
domains 6 and 7 (open oval, Figure 7), regions where the
two proposed catalytic aspartate residues are located (arrow-
heads in Figure 7) (5). It has been predicted (12) that C99
substrate binds toγ-secretase via part of its transmembrane
domain that is downstream of theγ-secretase cleavage site,
a position located approximately in the middle of the
transmembrane domain. Inhibition ofγ-secretase by C99-
derived peptides supports this conclusion, demonstrating that
the COOH-terminal half of the transmembrane domain
corresponds to the substrate-binding site onγ-secretase
(Sobotka-Briner et al., unpublished data). These predictions
place the putative substrate-binding pocket (shaded oval,

FIGURE 7: Proposed model for cleavage activation ofγ-secretase as regulated by the autoinhibitory PS1 exon 9 loop. PS1 transmembrane
domains are depicted as cylinders connected by loops (black strands). The exon 9 loop is shown by a short gray strand located within the
intracellular loop between transmembrane domains 6 and 7 (counting from left to right). The locations of the putative catalytic aspartate
residues are indicated by the arrowheads. The shaded oval represents the substrate-binding site and the white oval represents the putative
catalytic site. (A) The intact exon 9 loop (in PS1 holoprotein) sitting in the substrate-binding pocket prevents catalysis. (B) The cleaved
exon 9 loop (in the PS1 heterodimer) loses structural integrity and may exit the substrate-binding pocket, thus allowing for substrate to
enter and proteolysis to occur. Although broken, the cleaved exon 9 loop may still be able to bind to the substrate pocket, but with less
affinity, potentially creating room for modulating enzyme activity by putative regulatory factors. (C)γ-Secretase with PS1∆E9 mutation
is constitutively active because the exon 9 loop is missing. (D) Structure-perturbing mutations in exon 9 or binding of putative regulatory
proteins at or near the exon 9 loop may cause the loop to leave the substrate-binding pocket, resulting in activeγ-secretase.
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Figure 7) adjacent to the catalytic site. According to the
proposed topology of PS1 (24, 25), the exon 9 loop (the short
gray strand in Figure 7) is linked to the COOH-terminus of
the sixth transmembrane domain through a short 26-residue
peptide strand (exon 8, residues 264-289). This anchors the
exon 9 loop near the edge of the predicted substrate-binding
pocket. Such an arrangement affords the exon 9 loop easy
access to the putative substrate-binding pocket. Occupation
of the substrate pocket by the exon 9 loop would keep the
enzyme in a state of autoinhibition (Figure 7A).

Because the exon 9 loop sequence and the core peptide
for inhibition of γ-secretase are both neutral and quite
lipophilic (24, 25), they are compatible with the hydrophobic
environment of the proposed substrate-binding site (12).
Potential intrastrand salt bridges formed between the four
pairs of oppositely charged residues (see amino acid sequence
in Table 1) may help to maintain the conformational integrity
of the relatively compact, dynamicR-helical exon 9 loop.
The 27-residue core exon 9 peptide likely fits into the
substrate pocket very well, because minor changes in size
by truncation or elongation reduces its potency as aγ-secre-
tase inhibitor (Table 1).

Although a 2.1µM potency (Table 2) for inhibition of
γ-secretase by the exon 9 peptide is only comparable to that
of substrate binding (Km ) 3.5 µM, Table 2; 0.6µM (10)),
additional thermodynamic affinity for the exon 9 loop is
attainable in the full-length PS. In the full-length PS, the
exon 9 loop, which is already attached to the enzyme, does
not have to overcome the entropy penalty of a free peptide
for binding to the substrate-binding pocket. The entropy
contribution, together with the intrinsic affinity of the exon
9 loop, could be high enough to eliminate effectively
substrate competition for the binding pocket under physi-
ological conditions. When cleaved, however, the exon 9 loop
may lose its structural integrity. This conformational de-
terioration, and the nescient electronic charges at the cleavage
site created by the generation of cleavage-mediated NH2-
and COOH-termini, may enable the broken loop to exit the
hydrophobic environment of the substrate-binding pocket,
freeing the pocket space for substrate binding and cleavage
(Figure 7B).

This model ofγ-secretase cleavage activation provides a
mechanistic basis for the observed biological and pathologi-
cal function of the PS1∆E9 mutation (32). The∆E9 mutant,
which lacks the exon 9 loop inhibitory domain, is no longer
a zymogen awaiting activation. Rather, it may be constitu-
tively active (Figure 7C). The FAD-associated PS1∆E9
deletional mutant also harbors a point mutation S290C and
this mutation is responsible for the increased Aâ42 levels
observed for cells expressing the∆E9 mutant PS1 (32). To
what extent the deletion of exon 9 loop alone may contribute
to increased Aâ42 levels remains unclear as the S290C point
mutation in the wild-type PS1 has not been evaluated, nor
identified in FAD patients. The equal potency (Table 1)
observed for the inhibition ofγ-secretase-catalyzed Aâ42
and Aâ40 production by the exon 9 peptide suggests that a
single substrate-binding site may be involved in the formation
of different products such as Aâ42 and Aâ40.

The same model as described above may also explain the
functional consequences of the M292D point mutation (31),
which also results in constitutiveγ-secretase activity, as does
the deletion of amino acids 292-298 in exon 9 (31). Such

an abortive endoproteolysis is expected, as amino acid
residues 292 and 298 are part of cleavage sites identified in
PS1 cleavage activation (26). The drastic reduction in
inhibitory potency of exon 9 peptides containing M292D
(Table 1), or removal of residue 292 (N-3, Table 1), suggests
that alteration of the loop structure at residue 292 may
weaken the affinity of the exon 9 loop and prevent its binding
to the substrate-binding pocket, thereby permitting constitu-
tive activity of the mutantγ-secretase (Figure 7D). The point
mutation E318G is the only other known exon 9 mutation
that is also FAD-related (33). While the precise cause for
the disease-association is unclear, the complete loss of
inhibitory activity of the corresponding exon 9 peptide (Table
1) suggests that the same mechanism may be operable in
the related FAD cases.

It has been proposed thatγ-secretase cleavage activation
is not a result of autoproteolysis but due to the activity of a
yet unidentified “presenilinase” (37). While we did not
observe any peptide products in the reaction mixture of the
exon 9 peptide by mass spectroscopic analysis (data not
shown), a result that would be supportive of PS1 processing
by a separate enzyme, an attempt to show the product (Aâ40)
formation in reaction mixtures containing knownγ-secretase
substrate (C100) by direct mass spectrometric analysis was
unsuccessful (data not shown), probably due to a low
turnover (<1%) of substrate during the 3 h reaction time
under the same catalytic conditions as used for the exon 9
peptide. This issue awaits further investigation.

An interesting possibility arises from utilizing auto-
inhibition as a regulatory mechanism, in that naturally
occurring regulatory factors might exist that modulate the
activity of γ-secretase through interaction with the exon 9
loop. Although the potencies for inhibition ofγ-secretase
by the exon 9-derived NH2- or COOH-terminal half peptides
are too weak to determine (N-10 and C-10, respectively,
Table 1), the cleaved exon 9 loop may retain certain affinity
for the substrate-binding pocket. If so, the mature PS1
heterodimeric complex may be subject to regulation through
a putative autoinhibitory mechanism that impacts on func-
tions additional toγ-secretase. In this regard, it is worth
noting that GSK-3 has been demonstrated to bind PS1 in a
region containing the entire exon 8 linker and part of the
exon 9 loop (250-298) (38). Interestingly, work described
in a recent report demonstrates that GSK-3 inhibitors lithium
and kenpaullone at concentrations inhibiting GSK-3 activity
also block Aâ production both in vitro and in vivo (39),
although it is not known whether these inhibitors affect the
binding interaction of GSK-3 withγ-secretase. A few other
proteins are also known to bind PS in this same general
region, includingR-catenin,â-catenin (binding to residues
330-360) (40), tau (binding to residues 250-298) (38), and
DRAL (binding to residues 269-298) (41). The interaction
between PS and these proteins appears necessary for PS to
exert a modulatory role in the functions of these proteins
(38, 40, 41) or vice versa (39). Whether the proposed
autoinhibition mechanism involving the exon 9 loop plays a
part requires further investigation.

Following synthesis, the full-length PS1 is quickly pro-
cessed to form a functionally active heterodimeric complex.
However, a small fraction of the full-length PS1, although
labile with a short half-life (26), is detectable in many cells
(26, 29, 42, 43) and in adult rat (42) and human brain (32).
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While the PS1 holoprotein appears to exist as only a minor
fraction, it is intriguing to ponder that aγ-secretase complex
containing full-length PS1 may also act as a target for
regulation by putative, as yet unidentified regulatory factors.

Several lines of evidence suggest that different substrates
may be differentially processed byγ-secretase. For example,
certain γ-secretase inhibitors (44, 45) and mutations in
presenilins (43) appear to affect processing of Notch and
APP differently. How the substrate specificity ofγ-secretase
is regulated remains unknown.γ-Secretase catalysis is unique
in that it involves separate sites for substrate binding and
catalysis (10, 13). While substrate specificity may be difficult
to regulate by only affecting the catalytic site (13), perturbing
substrate binding or movement of the substrate into the
catalytic site could be a more productive way for modulating
substrate specificity (13), particularly if different substrates
bind to different subdomains or subsites on the enzyme
complex. The results from the current study indicate that
the exon 9 peptide inhibitsγ-secretase by binding exclusively
to the substrate site, affecting substrate binding without
perturbing the catalytic site directly. Further investigation is
needed to determine whether regulation ofγ-secretase
through autoinhibition and cleavage activation plays a role
in controlling the substrate specificity ofγ-secretase.
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