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y-Secretase cleaves multiple substrates within the transmembrane
domain that include the amyloid precursor protein as well as the
Notch family of receptors. These substrates are associated with
Alzheimer disease and cancer. Despite extensive investigation of this
protease, little is known regarding the regulation of y-secretase
specificity. To discover selective inhibitors for drug development and
for probing the mechanisms of y-secretase specificity, we screened
chemical libraries and consequently developed a di-coumarin family
of inhibitors that preferentially inhibit y-secretase-mediated produc-
tion of AB42 over other cleavage activities. These coumarin dimer-
based compounds interact with y-secretase by binding to an allosteric
site. By developing a multiple photo-affinity probe approach, we
demonstrate that this allosteric binding causes a conformational
change within the active site of y-secretase at the S2 and S1 sub-sites
that leads to selective inhibition of AB42. In conclusion, by using
these di-coumarin compounds, we reveal a mechanism by which
y-secretase specificity is regulated and provide insights into the
molecular basis by which familial presenilin mutations may affect the
active site and specificity of y-secretase. Furthermore, this class of
selective inhibitors provides the basis for development of Alzheimer
disease therapeutic agents.

affinity labeling | Alzheimer disease | allosteric regulation | di-coumarin

-Secretase is a multi-protein membrane-bound complex that is
currently at the front line of basic and translational research. It
is composed of at least 4 proteins that include presenilin, nicastrin,
Aph-1, and Pen-2 (1). Presenilin is believed to contain the active site
of y-secretase (2-4). It represents a novel class of protease that
catalyzes peptide bond hydrolysis within the transmembrane hy-
drophobic environment and plays an essential role in a newly
emerged signaling pathway known as regulated intramembrane
proteolysis (5). y-Secretase cleaves a variety of type I membrane
proteins that include the amyloid precursor protein (APP) and the
Notch family of proteins despite limited primary sequence homol-
ogy across targeted substrates (6). Elucidation of the mechanisms
that control the specificity of y-secretase for these substrates has
been hindered by technical difficulties associated with intramem-
brane enzymology. Determining the factors that contribute to
y-secretase specificity is critical to understanding the biology of this
unique protease and targeting it for therapeutic purposes.
v-Secretase has become an appealing drug target for Alzheimer
disease (AD) and cancer because of its central role in the processing
of APP and Notch (6). y-Secretase cleaves APP to generate
neurotoxic AP peptides, ranging from 37 to 46 aa in length (7).
Among them, AB40 and AB42 have been extensively investigated
for their association with AD (7). Additionally, disease-
causing familial AD mutations within APP, presenilin-1 (PS-1), and
presenilin-2 (PS-2) proteins result in an increase in the ratio of
ApB42 to AB40 (reviewed in ref. 7). Clearly, mutations in both
enzyme and substrate can influence the specificity of y-secretase
and lead to pathological consequences. Non-selective inhibition
of +y-secretase activity has been explored as an AD and cancer
therapeutic approach, but the abrogation of all activities of
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y-secretase results in toxicity in the gastrointestinal tract as a result
of the blockage of Notchl signaling (8). Therefore, the develop-
ment of selective inhibitors is necessary to investigate y-secretase
specificity and provide candidates for drug development.

Recent studies have indicated that the ratio of AB42 to AB40,
rather than the total amount of B-amyloid, correlates with the
amount of characteristic AD plaques in mouse models (9, 10) as
well as with the age of onset of familial AD (11). Furthermore, new
evidence suggests that AB40 may even play a neuroprotective role
against AD progression, whereas AB42 is more hydrophobic and
more readily aggregates to form toxic oligomers and fibrils (10).
Rationally, the discovery and development of selective y-secretase
inhibitors (GSIs) that specifically abrogate AB42 production over
Ap40 and Notch cleavage is a promising strategy for AD therapy.

Weggen et al. discovered that a subset of nonsteroidal anti-
inflammatory drugs, referred to as y-secretase modulators (GSMs),
were able to selectively decrease y-secretase-mediated production
of AB42 with a concomitant increase in AB38, and had no effect on
ApB40 or Notchl cleavage (12). Conversely, other GSMs were
determined to stimulate the production of AB42 while reducing
AB38 cleavage. Subsequent studies have shown that these GSMs
alter y-secretase cleavage preference by binding directly to the APP
substrate (13). Other compounds that target y-secretase and pref-
erentially inhibit AB40 and AB42 production over Notchl process-
ing have been reported (14, 15), although the precise action
mechanism of these molecules has not been established. Therefore,
it is critical to develop a better understanding of the molecular basis
of y-secretase specificity to facilitate the development of selective
GSIs for the treatment of AD and other human disorders.

In the present study, we describe a class of allosteric GSI (AGSI)
that contain a di-coumarin core and modulate -y-secretase speci-
ficity for AB42 production over AB38, AB40, and Notch cleavages.
We have demonstrated that these inhibitors regulate y-secretase
activity by binding to an allosteric site within the vy-secretase
complex. Furthermore, we have developed a multiple photo-
affinity probe strategy using transition-state inhibitors that allows us
to evaluate the architecture of the active site of y-secretase. Using
this method we demonstrate that the binding of di-coumarin
compounds to y-secretase causes a conformational change in the S1
and S2 sub-sites, which may explain the selective regulation of
protease by these small molecules. This work offers evidence of a
molecular mechanism by which y-secretase specificity is modulated
by small probes and could potentially explain how certain PS1
familial mutations influence AD. In conclusion, these inhibitors
represent important tools that will help elucidate factors contrib-
uting to y-secretase specificity and its relationship to AD.
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Table 1. In vitro characterization of coumarin-dimer allosteric GSIs against various y-secretase cleavage products

Compound Structure In vitro 1C50 (uM) Selectivity
pou . AB40 AB42 AB38 Notchl AB40/AB42  Notch/ABA42
LD
SKI-213271 e 169064  045+0.13  1.78+0.44 5.86 = 0.84 3.76 13.02
Z NS O
SKI-190986 R 1062082 3124002  10.73+2.19 7.8+ 0.47 3.40 2.50
LD
Cs-1 Wl 0.31+0.02 0.07 = .01 0.71 % 0.48 1.7740.19 443 25.29
LD
cs-2 XY 424+1.08 1.18+0.1 336+ 0.81 8.52+1.67 3.59 7.22
@
LD
CS-3 @ 046+0.19  0.13+0.03  1.08+£027  2.01+0.40 3.54 15.46
F O F
e
CS-4 L > 30 > 30 > 30 > 30 NA NA
cs-5 CULLID 9004038  539+140  11.00+ 1.86 ~30 1.67 5.57
Compound E J(fm*”v@ 1234003  0.86+0.19  0.96+0.06 121+ 0.04 1.43 1.41
®

The potency of 7 unique coumarin-based y-secretase inhibitors were evaluated for efficacy against y-secretase-mediated production of AB40, AB42, AB38, and
Notch. Additionally, the pan-GSI compound E was also examined in these assays. The ICsq values were calculated from the dose-response curves using a non-linear
regression analysis in Prism software. 1Cs values are presented with SD (n = 3 for each data point). The 3 B-amyloid-detection in vitro assays were modified from our
previously reported assay (21) using a biotinylated substrate that eliminated the requirement of anti-g-amyloid biotinylated antibody. Ruthenylated antibodies that
detected the —40, —42, or —38 cleavage site were incorporated to detect proteolysis indicative of y-secretase activity. In vitro Notch assay used a recombinant
transmembrane portion of the Notch peptide and anti-Notch1 SM320 antibody in conjunction with ruthenylated anti-rabbit secondary antibodies. Electrochemilu-
minescence was quantified on an Analyzer (BioVeris). The selectivity ratio for AB42 inhibition over AB40 and Notch are indicated in the 2 far right columns.

Results

Di-Coumarin Compounds Are Selective GSIs in Vitro. To discover
selective GSIs, we screened large collections of small molecules
(approximately 200,000 compounds) at the Sloan-Kettering Insti-
tute High Throughput Screening (HTS) core facility. Our HTS
approach uncovered several novel classes of GSIs as well as
currently established scaffolds. Among them, the presented class
contains a symmetric di-coumarin core joined by a central benzene
ring that displays specificity against Ap42 production. The HTS
screen revealed 5 inactive compounds in this structural class and 2
active hits: SKI-213271 and SKI-190986. In our multiple in vitro
assays, both compounds selectively abrogated AB42 production
over AB40 (Table 1) by approximately 3.5-fold. Additionally, we
determined that both lead compounds did not promote AB38
production, which is distinct from the previously reported GSMs
(12). Last, the coumarin-dimer compounds also exhibited de-
creased potency for inhibition of Notch-1 processing. Clearly, these
compounds could represent a class of inhibitors that selectively
target AB42 production. To develop more potent and selective
inhibitors, we synthesized more than 40 analogs and have profiled
a few in Table 1 with the respective ICs values for each in vitro
assay listed. The predominant trend for this family of compounds
was increased potency against AB42 over AB40, AB38, or Notch.
The most effective compound, CS-1, exhibited in vitro ICs values
of 0.07 uM, 0.31 uM, 0.71 uM, and 1.77 uM against AB42, Ap40,
AB38, and Notch, respectively. The inactivity of CS-4 suggests that
the coumarin-dimer structure is necessary for inhibitory potency.

Shelton et al.

Conversely, compound E, a potent pan-GSI, did not exhibit any
significant selectivity for any of the cleavage activities assayed
(Table 1). Preliminary structure-activity relationship analyses
showed that the mono-, di- and tri-fluorobenzene rings incremen-
tally increased the potency and selectivity of the compounds.
Substitution of the fluorobenzene moiety with cyclohexane (CS-2)
or hydrogen (CS-5) significantly reduced the potency and selectivity
(Table 1). Furthermore, we tested the ability of CS-1 to retain its
selectivity against y-secretase from mouse brain membrane and
found that it did maintain its preference for AB42 inhibition (ICs:
AB40,380nM = 35; AB42, 112nM = 40). Last, we also determined
the inhibitory potency of CS-1 against cell membrane prepared
from cells that stably express the PS1-M146L familial mutation
(16). The ICsg values of CS-1 are 167 nM = 21 and 206 nM = 57
for AB40 and AB42, respectively.

Di-Coumarin Compounds Are Selective GSls in Cells. We next set out
to determine if the selective inhibition of AB42 was maintained in
acell-based system for APP processing. First, we compared our lead
compound CS-1 (Fig. 14) with compound E (Fig. 1B) and the GSM
compound indomethacin (Fig. 1C). N2a mouse neuroblastoma cells
that stably express Swedish-mutated APP substrate were treated
with the indicated compounds for 24 h at 37 °C. Following a 24-h
incubation period, the media were collected from the cells and
assayed for secreted AB42, AB40, and AB38. CS-1 inhibited Ap42
production with an ECsy of approximately 3 uM in our cell-based
assay, yet had virtually no effect on AB38 or AB40 production up
to 30 uM (Fig. 14). Furthermore, cytotoxicity studies using Alamar
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Fig. 1.  Cellular evaluation of the coumarin-dimer CS-1 and its selective inhibition of AB42. Compounds were incubated with the APPsw-N2A mouse neuroblastoma
cells for 24 h and media were analyzed by biotinylated 4G8 and ruthenylated antibodies specific for each respective cleavage product. (A) CS-1 preferentially abrogates
ABA42 production with no effect on AB40 or AB38. (B) The GSI compound E exhibits no inhibitory selectivity for inhibition of g-amyloid peptides. (C) The GSM
indomethacin reduces Ap42 production, potently increases AB38, and has little effect on AB40. (D) IP-MS analysis of CS-1 effect on secreted B-amyloid species. AB
peptides were immunoprecipitated using 4G8 antibody and isolated with Protein G+/A agarose beads. Samples were analyzed by MALDI-MS. Samples shown are
representative and each data point was performed in triplicate. (E) Cell-based Notch cleavage assay. HEK-293 cells were transfected with AE Notch construct and then
compound E and CS-1 were evaluated for their ability to inhibit y-secretase-mediated Notch intracellular domain production. Compound E inhibitor was able to prevent
production of NICD, but CS-1 did not affect this cleavage. Western blot is representative and was performed in triplicate. (F) Effect of CS-1 on AICD production. N2A
APPsw cell membrane was prepared and incubated with the indicated concentrations of CS-1 at 37 °C for 2 h. The generated AICD and APP-CTFs were detected by
Western blotting using APPc antibody. Western blot is representative and was performed in triplicate.

blue indicated CS-1 had little to no effect on cell viability up to 30~ to 30 uM, which was able to abrogate virtually all of AB42
M. In addition, we found that CS-3 exhibited an identical inhib- ~ production, had no effect on NICD generation (Fig. 1E). In
itory profile with a slightly increased ECsy for AB42 inhibition  addition, we examined the potency of CS-1 on APP intracellular
(approximately 5 uM). Compound E inhibited the productionofall ~ domain (AICD) production and determined that it is less potent for
3 B-amyloid species with equal potency (Fig. 1B), whereas indo-  this cleavage with an ICsy of more than 10 uM (Fig. 1F). This result
methacin significantly enhanced AB38 production, abrogated  further highlights the selectivity of this class of coumarin-dimer
Ap42, and had no effect on AB40 (Fig. 1C). The result for = compound for AB42 inhibition.
indomethacin mirrored those findings by Kukar et al. for which a
different cell-based system was used (17), further validating our  Di-Coumarin Inhibitors Are Non-Competitive Inhibitors. Following the
assay system for analysis of these AB species. We next confirmed  realization that CS-1 and its analogs were exhibiting an in vitro and
these findings using immunoprecipitation-mass spectrometry (IP-  cell-based selectivity for AB42 over other +y-secretase cleavage
MS), which revealed that CS-1 was able to inhibit Ap42 while  activities, we examined their mechanism of action. Inhibition
leaving AB38 and AB40 production largely intact (Fig. 1D).Inacell ~ kinetic analysis of CS-1 showed that it affects Vi but not Kp,
system, the coumarin-dimer based compounds retained their se-  indicating non-competitive inhibition against the APP-transmem-
lectivity and exhibited an even greater specificity for inhibition of =~ brane domain substrate (Fig. 24), whereas L-685,458 (L458), a
y-secretase activity for AB42 production, which is a promising  transition state inhibitor (20), behaves as a competitive inhibitor
finding for drug development. This may reflect subtle variations  against the same substrate. The findings regarding L458 were
between the cellular and in vitro conformations of y-secretase.  consistent with our previous report (21). Additionally, the re-
Nevertheless, the cell-based studies confirmed that CS-1 maintains  plotting of slope against inhibitor concentration shows a linear rela-
a preference for inhibition of the y-secretase mediated production  tionship (R? = 0.98; Fig. 24 Inser), suggesting a purely non-competitive
of AB42 over AB40 or AB38, which is distinct from previously  inhibition and a single inhibitor binding site. It is noteworthy to point out
reported GSMs (17) and inhibitors (14, 15, 18). that 1458 acts as a non-competitive inhibitor when the C100 substrate
We next determined the ability of CS-1 to suppress cellular  is used as a result of a putative docking site interaction (22). The
v-secretase activity for Notchl cleavage. The AE Notch construct ~ non-competitive behavior of this class of inhibitors against APP-
encodes a truncated Notch1 protein that lacks the majority of the  transmembrane domain substrate suggests that the coumarin dimer
extracellular domain and no longer requires ligand binding or S2 ~ compounds are binding to y-secretase at an allosteric site and
cleavage (19). The fragment expressed by the AE Notch construct  thereby preventing enzyme activity.
is a membrane-tethered portion of the Notch-1 receptor that is a
direct substrate of y-secretase. AE Notch was transiently expressed  Di-Coumarin Inhibitors Alter the Sub-Sites of the y-Secretase Active
in HEK-293 cells for 24 h in the presence of DMSO or GSI. The  Site. We hypothesized that the allosteric binding of the di-coumarin
expression of AE Notch protein was confirmed by anti-Myc anti-  compounds alters the conformation of the active site of y-secretase
body. We found that compound E effectively blocked all production ~ and thereby preferentially affects the AB42 site cleavage (Fig. 2B).
of the Notch intracellular domain (NICD) as detected by the  This raised the technical issue of how to probe the contours of the
anti-NICD1 SM320 antibody. However, CS-1 at concentrations up ~ enzymatic active site. Although the structure of y-secretase has
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Fig.2. Kineticanalysis of AGSls and evaluation of their effect on the y-secretase active site architecture. (A) Kinetic analysis of CS-1 was performed using our modified
version of a previously reported in vitro y-secretase activity assay (21). The inhibition kinetics were analyzed by using a non-linear curve fit with the Michaelis-Menten
equation. Inset (Upper Right): We re-plotted slopes against the inhibitor concentrations after performing double reciprocal conversion. (B) Schematic representation
of the allosteric binding of the di-coumarin compounds to y-secretase. This binding ultimately causes an alteration at the active site of y-secretase. Black rectangle
represents the coumarin-dimer compound. (C) The binding of L458 to the active site of y-secretase and its interaction at various sub-pockets within the enzyme. (D)
Chemical structure of the 4 photo-affinity probes used in the characterization of CS-1 effect on active site architecture. Hydroxyethylamine and benzophenone moieties
are marked by blue and red, respectively. (E) Evaluation of CS-1 effect on the photo-labeling of 4 probes. CS-1 has little to no effect on the ability of JC-8 and L505 to
label the active site at the S1’ and S3' sites, respectively. CS-1 blocks photo-incorporation of the benzophenone group of the L646 and GY-4 compounds that label the
S2 and S1 sub-sites, respectively. (F) Evaluation of CS-2 effect on the active site photo-labeling by L505 and GY4. (G) Effect of compound E on active site photo-labeling.
Compound E at 2 uM completely suppressed photo-labeling of all 4 probes. Blotting was performed for PS1-NTF. The photo-labeling blots are representative and were
performed in triplicate.

been determined by cryo-electron microscopy (23), the resolution  at the P2, P1, P1’, or P3’ position and are referred to as L646, GY4,
attained is not sufficient to investigate subtle changes within the =~ JC8, and L505 (Fig. 2D). Each of these inhibitors interacts and
active site. Consequently, we developed a series of active site-  labels the S2, S1, S1’, and S3' sub-sites, respectively, within the
directed inhibitors that incorporate a photoreactive benzophenone  vy-secretase complex (Fig. 2 C and D).
entity into varied positions. Using these photoreactive probes, we HeLa membrane was incubated with CHAPSO detergent and
assessed the effect of the di-coumarin inhibitor binding on the active  photo-affinity probe in the presence or absence of excess 1458 or
site of y-secretase. As the efficiency of photo-insertion depends on ~ CS-1. Labeled presenilin was isolated using streptavidin beads,
the orientation of the probe and the proximity of residues withinthe ~ separated by SDS/PAGE, and subsequently Western blotted using
active site, conformational change of the active site can alter the  anti-PS1-NTF antibodies. Again, presenilin is believed to contain
orientation of the probe and contact residues and lead to altered  the active site of y-secretase, so we examined PS1 photo-labeling.
cross-linking efficiencies. Therefore, multiple photo-activatable, =~ We determined that the compounds each labeled PS1-NTF, which
active site-directed GSIs will provide a practical approach to  migrated at approximately 34 kDa (Fig. 2E). First, as expected,
evaluate the changes within the active site following allosteric ~ excess L458 at 2 uM completely blocked photo-insertion of each
di-coumarin binding. probe. This demonstrated that the active site photo-labeling was
L458 contains a hydroxyethylamine transition-state isostere that  specific (Fig. 2E). Second, CS-1 up to 100 uM did not block the
mimics the tetrahedral intermediate of aspartyl proteases and this ~ L505 labeling of PSI-NTF and only slightly inhibited JC-8. This
moiety hydrogen bonds with the catalytic aspartate residues of  indicated that CS1 binding has no significant effect on the S1’ and
y-secretase (20). According to the nomenclature of Schechter and ~ S3’ sub-sites and supports the notion that CS-1 and L458 do not
Berger (24), L458 contains the P2, P1, P1’, P2’, and P3’ residues  bind at the same site within y-secretase (Fig. 2E Upper). Third, CS-1
that putatively bind to the S2, S1, S1', S2’, and S3' sub-sites,  virtually abolished all of the labeling of PS1-NTF by L646 and GY-4
respectively, within the active site of y-secretase (Fig. 2C). We have  (Fig. 2E Lower), which confirmed that this class of inhibitors
developed a series of biotinylated, photo-activatable inhibitors  directly interacts with y-secretase and that CS-1 binding alters the
based on the core structure of 1458 that allow us to probe the  S2and S1 sub-pockets within the active site. Moreover, CS-2, which
sub-pockets of the y-secretase active site (3, 25,26). These inhibitors  is 17-fold less potent than CS-1 for Ap42 inhibition (Table 1), did
all have an individual benzophenone group incorporated into L.458  not alter L505 photo-labeling of the S3’ sub-site and only partially
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Fig. 3. Di-coumarin binding alters the active site of y-secretase and preferen-
tially alters AB42 cleavage. (A) Schematic representation of the AGSI effect on the
y-secretase active site-binding pockets. Binding of CS-1 alters the S1 and S2
sub-sites within the active site of y-secretase that were probed by GY-4 and L646,
respectively, and ultimately leads to a selective inhibition of AB42. Active site
conformational change is depicted by a change in shape and color at the S1 and
S2 sub-sites. (B) The P2-P3’ residues of AB38, AB40, AB42, and Notch. Alteration
of the S2 and S1 sub-sites may influence AB42 production more significantly than
other cleavages.

blocked GY-4 labeling at 100 uM (Fig. 2F). Clearly, inhibition of
the photo-insertion of GY-4 is related to the potency of these
allosteric GSI (AGSI) compounds. Last, compound E at 2 uM
non-selectively blocked photo-insertion of all 4 probes (Fig. 2G).
Taken together, these results indicate that the binding of CS-1 to an
allosteric site in y-secretase alters the active site architecture, mainly
affecting the S2 and S1 (i.e., non-prime side) sub-sites (Fig. 34). It
is possible that CS-1-induced conformational changes within the
active site of y-secretase alter the enzymatic interaction with the P2
and P1 residues of Ap42 (Ile-Ala), yet minimally affect the P2 and
P1 side chains of AB38, AB40, or Notch-1 (Gly-Gly, Val-Val, and
Cys-Gly, respectively; Fig. 3B). Regardless, it is clear that these
di-coumarin AGSIs selectively abolish AB42 cleavage over AB3S,
ApB40, and Notchl, and this selectivity is likely a result of alteration
within the S2 and S1 pockets of the enzymatic active site.

Discussion

y-Secretase cleaves numerous substrates that are involved in
diverse biological processes. The multiple substrates of
y-secretase appear to possess little primary sequence homology,
and consequently, the factors governing cleavage specificity
remain unknown. The localization or compartmentalization of
y-secretase substrates has been proposed as one mechanism to
control its activity (27, 28). In addition to processing multiple
proteins, <y-secretase initiates proteolysis of APP at multiple
sites. Among the products that result, AB42 is more hydrophobic
and therefore more prone to aggregate and form the character-
istic neurotoxic oligomers and fibrils associated with AD com-
pared with other B-amyloid species (29). Therefore, factors that
promote the generation of AB42 are believed to accelerate the
pathological cascade leading to AD. Mutations in APP, PS-1,
and PS-2 are linked to familial forms of early-onset AD (7). The
majority of mutations within each of these genes cause an
increase in the ratio of AB42 to AB40 in biochemical, cellular,

20232 | www.pnas.org/cgi/doi/10.1073/pnas.0910757106

and animal models. Recent studies suggest that alteration of
y-secretase complex dynamics and/or formation of y-secretase
complexes with mutated components can affect the enzymatic
cleavage specificity (30, 31). Despite these advances in our
understanding, little is known regarding the molecular mecha-
nisms that control the specificity of y-secretase-mediated cleav-
age at the AB40, AB42, or Notchl cleavage locations. Our work
has provided the first evidence that changes in the active site
architecture can modulate y-secretase specificity and provides a
rationale for the design of selective GSIs targeting the S2 and S1
sub-sites. Additionally, we present a family of small molecule
inhibitors that can be used to probe the biology of y-secretase
and may serve as the basis for AD drug development.

First, developing GSIs that preferentially abrogate Ap42 pro-
duction over other AB species or substrates has been an appealing
strategy for AD therapeutics. Establishment of these selective
inhibitors could potentially reduce the Notch-related toxicity wit-
nessed with current GSIs and maintain AB40 production, which is
thought to be neuroprotective against AD (10). In this study, we
have identified a coumarin-dimer class of AGSIs that preferentially
inhibit y-secretase-mediated AB42 generation over AB40, AB38, or
Notch in vitro as well as in cell-based systems. These AGSIs directly
target y-secretase by binding to an allosteric site within the enzyme,
rather than targeting the APP substrate. Furthermore, these
coumarin-dimer compounds similarly affect y-secretase activity for
Ap40 and AB38 production and lack the interconnected effect
witnessed with the GSMs in which decreased AB42 resulted in
increased AB38 generation, and vice versa (17). Therefore, these
AGSIs represent a class of inhibitors that are distinct from the
GSMs (12, 17) as well as previously reported GSIs (14, 15, 18). It
is noteworthy to point out that coumarin-dimer based compounds
have been reported to be active against HI'V integrase (32) and
human NAD(P)H:quinine oxidoreductase-1 (33), as well as exhibit
anticoagulant activity (34). However, the coumarin-dimer com-
pounds that Nolan et al. reported (33) that are most potent against
NAD(P)H:quinine oxidoreductase-1 lack the central benzene ring
(CS-5) and therefore exhibit a much weaker inhibition of
y-secretase (Table 1). Clearly, these compounds possess a distinct
structure and activity relationship against NAD(P)H:quinine
oxidoreductase-1 compared with y-secretase. Therapeutic applica-
tion of these AGSI compounds needs to be further investigated.
Additionally, we have demonstrated that AGSIs bind to an allo-
steric site within the y-secretase complex, thereby influencing the
interaction of -y-secretase with our active site-directed inhibitors.
The presented data reveals that AGSI binding is capable of altering
the conformation of the catalytic core of y-secretase within the S2
and S1 sub-sites. These changes likely are the cause for differential
inhibition of AB42 over AB38, AB40, and Notch cleavage by the
di-coumarin compounds. Therefore, it is conceivable that other
factors influencing y-secretase cleavage specificity for Ap42 could
similarly affect the S2 and S1 pockets. PS-1 familial AD mutations
significantly affect Ap42 production and represent one potential
pathological example in which mutational alteration of the S2 and
S1 sub-sites results in altered enzymatic specificity.

Finally, we have developed a rational method to monitor subtle
changes in the conformation of the +y-secretase active site using
photo-activatable, active site-directed probes. y-Secretase is a large
multi-protein complex composed of at least 4 proteins possessing 19
putative transmembrane domains. The complexity of y-secretase
has made acquisition of its crystal structure a formidable challenge,
and it has not yet been successfully obtained. Our method therefore
offers a practical chemical approach for elucidating the action
mechanism of inhibitors against the y-secretase complex and other
enzymes in which sufficient resolution of structures are not avail-
able or obtainable. These photoreactive compounds are valuable
tools for examining the active site of endogenous y-secretase and
can be used to analyze factors that influence its conformation or to
investigate differences across varied tissues or cell lines.

Shelton et al.



Lo L

P

1\

BN AS DN AS P

In summary, the discovery of these selective AGSIs and devel-
opment of our multiple photo-affinity small molecule approach has
helped to elucidate a mechanism of y-secretase specificity and shed
light on how y-secretase specificity is modulated. Furthermore, the
family of di-coumarin compounds represents a class of drug can-
didates for AD therapeutic drug development and will be useful
probes for unraveling the intricacies of this enigmatic protease
under physiological and pathological conditions.

Materials and Methods

Reagents, GSls, and Photo-Affinity Probes. Coumarin-based GSls were synthe-
sized in our laboratory and will be described in detail elsewhere, whereas com-
pound E was synthesized as previously described (35). The syntheses of L458, L646,
L505 (3), GY-4 (25), and JC-8 (26) were all previously described elsewhere. The
polyclonal anti-NICD-1 SM320 antibody that was produced using a peptide
antigen was purified using peptide antigen immobilized resin.

In Vitro and Cell-Based y-Secretase Assays. Cell membranes and solubilized
y-secretase were prepared as described previously (36). The in vitro and cell
y-secretase assays detecting AB38, AB40, or AB42 cleavage were performed similarly
as previously described (21, 36). Cleaved product was detected using ruthenylated
antibodies that recognize specific APP cleavage sites (AB1-38*, G2-10*, or G2-11*
antibody for AB38, Ap40, or AB42, respectively). The Ky and Vimax in the presence and
absence of GSls were analyzed by non-linear curve fit using SigmaPlot 8.0 soft-
ware with the Michaelis-Menten equation (v = Vm [S]/(Km + [S]; v, initial rate; Vi,
maximum velocity; Km, Michaelis-Menten constant; S, substrate).

Theinvitro y-secretase assay detecting Notch cleavage was similar to the assays
described earlier, with a few notable differences. First, the substrate used was a
directly biotinylated Notch transmembrane domain peptide (Notch1-TM, acetyl-
YVAAAAFVLLFFVGCGVLLSRKRRRQHGK-biotin). This Notch substrate was incu-
bated with 40 ng/uL solubilized y-secretase, 0.25% CHAPSO, and 1% DMSO or GSI
in the presence of 1X Pipes, pH 7.0, buffer for 2.5 h at 37 °C. Cleaved product was
detected using the affinity polyclonal anti-NICD-1 antibody (SM320), which recog-
nizes the cleaved product and not the substrate, as well as a ruthenylated second-
ary anti-rabbit antibody. The sample was then similarly incubated with magnetic
streptavidin beads and quantified by measuring electrochemiluminescence.

IP-MS Analysis of B-Amyloid Peptides from Cell Media. AB peptide profiles were
analyzed by IP/MS (37). Aliquots of 1.0 mL conditioned media (DME-HG, Opti-
Mem, 10% FBS, Pen/Strep, G418) from N2A mouse neuroblastoma cells overex-
pressing APP Swedish mutation were immunoprecipitated by monoclonal antibody
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4G8 and Protein G+/A agarose beads in the presence of internal standard, A312-28
(10 nM). AB peptides were extracted from the beads with a-cyano-4-hydroxycin-
namic acid matrix (using formic acid/water/isopropanol 1:4:4 vol/vol/v as solvent)
and spotted on a MALDI target plate prepared by the thin-layer method. The
molecular masses of immunoprecipitated AB species were measured using a
Voyager-DE STR MALDI-TOF MS (Applied Biosystems). Each spectrum was col-
lected using 750 laser shots. Mass spectra were calibrated using bovine insulin as
internal mass calibrant. Peaks corresponding to AB peptides were identified
using the measured molecular masses searching against human Ag peptide.

Cell-Based Notch Cleavage Assay. AE Notch or empty pcDNA3.1(-) construct was
transfected into HEK-293 cells in a 6-well format using Lipofectamine reagent,
following manufacturer’s instructions. Transfection mixture was incubated with
cells for 5 h at 37 °C. Following incubation, media were removed and fresh media
were added back, containing 1% DMSO or GSI. This was incubated for 24 h at
37 °C, after which the cells were washed once in PBS solution and lysed in 1x
radioimmunoprecipitation assay buffer [50 mM Tris, pH 8.0, 150 mM Nacl, 0.1%
(wt/vol) SDS, 1% (vol/vol) Nonidet P-40, and 0.5% (wt/vol) deoxycholic acid]
containing protease inhibitors. Samples were then centrifuged at 13,000 X g at
4 °C and the supernatant was collected and analyzed by Western analysis using
anti-Myc antibody at a 1:1,000 dilution or anti-NICD-1 SM320 at a 1:500 dilution.

AICD Generation Assay and Photo-Labeling y-Secretase Active Site. The gen-
eration of AICD by y-secretase was performed as previously described (38) using
N2A mouse neuroblastoma cells stably overexpressing the APP Swedish mutation
(N2A APPsw). Photo-labeling experiments are performed as previously described (3).
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