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Background: y-Secretase modulators (GSMs) hold great potential as anti-Alzheimer disease drugs, but their molecular

target(s) are not established.

Results: The catalytic subunit of y-secretase, presenilin, was identified as a direct target of novel GSMs.
Conclusion: Enzyme-targeting GSMs establish allosteric modulation as a mechanism of GSM action.
Significance: The identification of presenilin as GSM target may contribute to the development of therapeutically active GSMs.

v-Secretase is essential for the generation of the neurotoxic
42-amino acid amyloid B-peptide (AB,,). The aggregation-
prone hydrophobic peptide, which is deposited in Alzheimer
disease (AD) patient brain, is generated from a C-terminal frag-
ment of the B-amyloid precursor protein by an intramembrane
cleavage of y-secretase. Because Af3,, is widely believed to trig-
ger AD pathogenesis, y-secretase is a key AD drug target. Unlike
inhibitors of the enzyme, y-secretase modulators (GSMs) selec-
tively lower Af,, without interfering with the physiological
function of y-secretase. The molecular target(s) of GSMs and
hence the mechanism of GSM action are not established. Here
we demonstrate by using a biotinylated photocross-linkable
derivative of highly potent novel second generation GSMs that
y-secretase is a direct target of GSMs. The GSM photoprobe
specifically bound to the N-terminal fragment of presenilin, the
catalytic subunit of y-secretase, but not to other y-secretase
subunits. Binding was differentially competed by GSMs of
diverse structural classes, indicating the existence of overlap-
ping/multiple GSM binding sites or allosteric alteration of the
photoprobe binding site. The P-amyloid precursor protein
C-terminal fragment previously implicated as the GSM binding
site was not targeted by the compound. The identification of
presenilin as the molecular target of GSMs directly establishes
allosteric modulation of enzyme activity as a mechanism of GSM
action and may contribute to the development of therapeuti-
cally active GSMs for the treatment of AD.
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Alzheimer disease (AD),” the major cause of senile dementia,
is caused by an accumulation of the aggregation-prone amy-
loid-B peptide (AB) in the brain of affected patients (1). ABisa
small 37-43-amino acid secreted peptide that is generated
from the B-amyloid precursor protein (APP) by the sequential
action of two membrane-bound proteases, 3- and ‘y-secretase
(1). The latter enzyme is an intramembrane-cleaving protease
composed of presenilin (PS) 1 or 2 as the catalytic subunit,
APH-1a or -b, nicastrin, and PEN-2 (2—4). y-Secretase liberates
AR from the membrane by a stepwise cleavage of the APP
C-terminal fragment (CTF) that (-secretase generates via
shedding of the APP ectodomain (1). As inhibition and/or mod-
ulation of A generation are promising therapeutic strategies
to treat AD, B- and +y-secretase are key AD drug targets, and
inhibitors of both enzymes are investigated in clinical trial stud-
ies (5).

Apart from APP, a number of other y-secretase substrates
have been identified (3). Among these, Notchl represents a
substrate of major importance for the regulation of cell differ-
entiation during embryonic development as well as in adult-
hood (6). Cleavage of Notchl by y-secretase gives rise to the
Notchl intracellular domain (NICD), which acts in the nucleus
as an essential transcriptional regulator (6). Unfortunately,
direct inhibition of AP generation by 7y-secretase inhibitors
(GSIs) is problematic due to the inhibition of the Notch signal-
ing pathway (5), and a large clinical phase 3 trial has also
recently been halted due to the appearance of severe side
effects.

In contrast to GSIs, y-secretase modulators (GSMs) may
offer safer alternatives for AD therapy. Such drugs typically
shift the cleavage specificity of y-secretase toward the increased

® The abbreviations used are: AD, Alzheimer disease; AB, amyloid B-peptide;
AICD, APP intracellular domain; APP, B-amyloid precursor protein; Bicine,
N,N-bis(2-hydroxyethyl)glycine; CTF, C-terminal fragment; GSI, y-secretase
inhibitor; GSM, y-secretase modulator; NICD, Notch1 intracellular domain;
NSAID, non-steroidal anti-inflammatory drug; NTF, N-terminal fragment;
PS, presenilin; DAPT, N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]gly-
cine-1,1-dimethylethyl ester.
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production of the shorter peptide A5, whereas concomitantly
reducing the generation of the pathogenic AB,, species. A sub-
set of non-steroidal anti-inflammatory drugs (NSAIDs), such as
sulindac sulfide and other cyclooxygenase inhibitors, was iden-
tified 10 years ago as the first GSMs (7). Although clinical effi-
cacy has yet to be demonstrated, the discovery of Af,,-lower-
ing GSMs has opened a new opportunity for AD drug discovery,
and more potent and brain-penetrant second generation com-
pounds have been identified and developed since the first study
(5). These compounds differ structurally from the first genera-
tion compounds. Most of the new compounds lack the acidic
carboxyl group of NSAIDs and typically consist of bridged aro-
mates (5). Supplemental Table 1 shows representatives of these
compounds that were used in this study.

Certain low potency GSMs such as the NSAIDs flurbiprofen
and sulindac sulfide have been reported to bind to the APP CTF
as well as to A in the N-terminal third of the APP transmem-
brane domain (8 —10), although this interaction was questioned
by others (11). Another study identified the y-secretase subunit
PEN-2 as the principal target of non-NSAID-type second gen-
eration GSMs (12). However, this study was conducted under
conditions in which the y-secretase complex was dissociated
and with isolated PEN-2, i.e. under non-native conditions.
Thus, the identity of the binding site(s) of GSMs has been
unsettled and remained a major open question. Here we iden-
tify the N-terminal fragment of PS, but not PEN-2 or the APP
CTE, as the binding site of novel highly potent GSMs with
bridged aromatic structural scaffold.

EXPERIMENTAL PROCEDURES

Compounds—Systematic names and synthesis of RO-02,
RO-03, RO-57, and RO-57-BpB, as well as synthesis and/or
source of all other compounds used, are provided in the supple-
mental material.

Characterization of GSMs—Modulatory activities of GSMs,
including dose-response curves, were analyzed in cell-based
and cell-free y-secretase assays as described previously (13—
15). Additional details are described in the supplemental mate-
rial, including cell lines and antibodies used for analysis.

Photoaffinity Labeling—Membrane fractions of HEK293
cells were incubated in the presence or absence of RO-57-BpB
and competitor compounds as indicated and following photo-
activation of RO-57-BpB with UV light solubilized in SDS-con-
taining buffer. After a clarifying spin, proteins covalently bound
to RO-57-BpB were captured with streptavidin-Sepharose. Fol-
lowing three washes, bound proteins were eluted in biotin- and
urea-containing sample buffer and analyzed by SDS-PAGE and
immunoblotting. Experimental details and information on the
antibodies used for analysis are given in the supplemental
material.

RESULTS

We identified a series of a novel class of bridged aromatic
aminopyrimidine-derived compounds as highly potent second
generation GSMs with IC, values for inhibition of AB,, reach-
ing the low nanomolar range (28). One of these compounds,
RO-02 (Fig. 1A), was characterized as a prototype in cell-based
and cell-free assays in more detail. RO-02 robustly lowered
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AB,, species in HEK293 cells stably expressing the APPsw
mutant (HEK293/sw) (IC,, = 15 nMm; log IC,, = —7.82 = 0.05),
increased the short species AB;g, and consistent with the
behavior of GSMs of this structural class (12), also inhibited
AB,, formation (Fig. 1B). Formation of the NICD and likewise
that of the APP intracellular domain (AICD; the counterpart of
Ap) was spared by RO-02 in HEK293 cells stably coexpressing
the Notch- and APP-based +y-secretase substrates F-NEXT (16)
and C99-6myc (17) up to a concentration of at least 10 um, i.e. of
more than 500 times the IC;, (AB,,) (Fig. 1C). We next asked
whether RO-02 would be effective on distinct y-secretase com-
plexes using HEK293/sw cell lines stably expressing all possible
combinations of PS and APH-1 (Fig. 1D). As shown in Fig. 1E,
all six individual complexes generated a similar profile of
secreted AP species. The compound effectively lowered AB,,
generation of all six y-secretase complexes with an apparently
increased potency for PS2-containing y-secretase complexes (Fig.
1F; see also supplemental Fig. 1). Finally, the potent and preferen-
tial AB,,-lowering activity of RO-02 was confirmed in rat primary
cortical neurons (IC, (AB,,) = 13 nm; log IC,, = —7.90 = 0.04)
(Fig. 1G). To further characterize the mode of action of RO-02 and
to address the question whether the compound may target
y-secretase directly, we next investigated whether RO-02 could
also modulate y-secretase activity in a cell-free in vitro assay using
purified enzyme complex reconstituted into lipid vesicles (15).
Dose-response analysis showed that RO-02 modulated the gener-
ation of A3 species by y-secretase from the recombinant APP sub-
strate C100-His, as expected (IC;, (AB,,) = 0.5 um under these
conditions) and without affecting the levels of total A and total
AICD (Fig. 1H). Mass spectrometry analysis showed that RO-02
did not alter the relative levels of the AICD species generated in the
cell-free assay when used at a concentration modulatory for the
y-sites (1 uM), suggesting that the compound does not modulate
e-cleavage (Fig. 1)).

Although the cell-free assay data provide evidence that
RO-02 may target y-secretase directly, they do not prove this as
they do not demonstrate direct binding of the drug to its target.
Therefore, to unambiguously identify the molecular target(s) of
our compounds, a derivative of RO-02 was synthesized (RO-57)
that facilitated linkage of a photoactivatable benzophenone
group coupled to a biotin moiety (RO-57-BpB) to capture
cross-linked target protein(s) by a streptavidin pulldown after
photoactivation of the compound (Fig. 24). The parental com-
pound RO-57 and the photosensitive derivative RO-57-BpB
modulated y-secretase in cultured HEK293/sw cells with an
IC,, (AB,,) of 47 nm (log IC,, = —7.33 £ 0.07) and 185 nm (log
IC,, = —6.73 = 0.07), respectively (Fig. 2B). When total mem-
brane fractions of untransfected HEK293 cells were probed
with 1 um RO-57-BpB, a concentration that inhibits AB,, pro-
duction by ~30% (supplemental Fig. 2), the PS1 and PS2 N-ter-
minal fragments (NTFs) were identified as molecular targets of
RO-57-BpB (Fig. 2C). Capture of the PS NTFs was observed
neither in the absence of RO-57-BpB nor in the presence of
RO-57-BpB but in the absence of UV irradiation. Labeling of
PS1 and PS2 NTFs was strongly inhibited in the presence of a
100-fold molar excess of the parental compound RO-57, dem-
onstrating specific cross-linking. As expected, the close and
more potent structural relative of RO-57, RO-02, highly effi-

VOLUME 286+NUMBER 43-OCTOBER 28, 2011


http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1
http://www.jbc.org/cgi/content/full/C111.276972/DC1

Novel GSMs Target the PS NTF

o Rong y PS1 _ _ PS2 <100 - O ABsg
:©/ Ty kDa aS aL b aS aL b  APH-subunit 2 oo O Ay
~N » -m. <
N _ 105 -.-...—im.NCT \‘; 60 B Ay,
78— g
. $ a0
o RO-02 - . - - ~PS1yre § 2
17— W - - PS2.. B3 04
B - l a5 aL b _as __aL__ b __ APH-1subunit
2 oon- Y . F Ps1 Ps2
E 500 2 ABy 34— B ABs,
% p o ARy, _APH-1aL g 120 0O vehicle
2 4001 10— ApH-das = @ 50 nM RO-02
> i . 2
E 3004 (" 78— M S s S s s — Calnexin § 2(0) H 250 nM RO-02
£ £
& £ 40
g 9:-’1 20
g
= § 0 APH-1 subunit
RO-02 [log(M)] ) PS1 PS2
c RO-02 [uM] G H RO-02 flog(M) I P o
_RO-02[uM] Cf
KkDa veh.DAPT0.0804 2 10 - O NICD o AICD o e L AL v\c’o\c?‘y vehicle
L4175 £ C100-Hi 20y
_E- 125 17— -C100-His, 2
oo SR R B T NEXT £ 150 %1 * 3
98- M m= = e w= —NICD 2 100 g 75 - 1 ~ABss 7000 7500 (miz)
£ s : e - s, ®
s S 50 F o
g 8 & 8
o 5 50 S - g & Ro02
SR cooonyc £ 2 rﬁ 5 % 100 T
- = == - e —AICD s 0 s o0 4 ABrotal 2
= veh. DAPT 0.08 04 2 10 R -9 -8 7 -6 2
RO-02 [uM] RO-02 [log(M)] 7 S—— AICD o

) . ]
7000 7500 (m/z)

FIGURE 1. RO-02, a novel non-acidic GSM, lowers Af,, and Af,, generation with high potency. A, structure of RO-02. B, dose-response analysis of
y-secretase activity modulation by RO-02 in HEK293/sw cells by AB sandwich immunoassay. Data are represented as mean * S.E. (n = 3). Note that for most
data points, error bars are too small to be displayed. C, RO-02 dose-response analysis of NICD and AICD formation in HEK293 cells stably co-expressing F-NEXT
and C99-6myc as assessed by immunoblot analysis. Quantitation of NICD and AICD formation is shown in the right panel. Data are represented as mean =+ S.E.
(RO-02, n = 3-5; DAPT (1 um), n = 2). veh., vehicle. D-F, RO-02 modulates the activity of all six y-secretase complexes. D, immunoblot analysis of expression of
y-secretase complex components in HEK293/sw cells stably expressing the individual combinations of PS and APH-1 with calnexin as loading control. NCT,
nicastrin; m., mature; im., immature; S, short splice variant; L, long splice variant. Profile of secreted AB species (E) and AB,, response to RO-02 (F) of the six
y-secretase complexes as determined by AB sandwich immunoassay. Data in E and F are represented as mean = S.E. (n = 3). Asterisks indicate significant
differences between corresponding PS1-and PS2-containing complexes for their relative AB,, generation in the presence of RO-02 (*, p < 0.05; **, p < 0.01; **¥,
p < 0.001, two-tailed unpaired Student’s t test). G, RO-02 dose-response analysis of AB,, and AB,, generation in cultured rat primary cortical neurons by A3
ELISA. Data are represented as mean * S.E. (n = 2). H,RO-02 dose-response analysis in a cell-free assay using purified y-secretase by immunoblot analysis of AB
species separated by Tris-Bicine urea SDS-PAGE and total AB and AICD. /, mass spectrometry analysis of AICD species generated in the presence or absence
(vehicle) of RO-02 (1 um).

ciently competed for PS NTF labeling by RO-57-BpB (Fig. 2C).  effects. While one of the compounds (TP 1) partially prevented
Consistent with our results above (Fig. 1F), we noted that label- PS NTF labeling, the other one (TP 2) did not (Fig. 34). The
ing of the PS2 N'TF was stronger than that of PS1. These results acidic GSMs sulindac sulfide, a low potency GSM (7), and
could be confirmed with RO-03, another potent compound of GSM-1, a much more potent second generation acidic GSM
our GSM series (supplemental Fig. 3). As further shown in Fig.  (13), also competed for PS NTF labeling by RO-57-BpB (Fig.
2C, no capture was observed for any other y-secretase subunits.  3B). GSM-1 showed a differential effect and competed for label-
Because certain GSM photoprobes, which were based on the ing of the PS1 NTF by RO-57-BpB only weakly, whereas PS2
low potency compounds flurbiprofen or fenofibrate, have pre- NTF labeling was more strongly reduced. The inverse GSMs
viously been reported to bind to the APP CTF y-secretase sub-  fenofibrate (19) and the more potent TO-901317 (20) did
strates (8), we performed labeling experiments using isolated ~weakly reduce the capture of PS NTF by RO-57-BpB. Consid-
membranes from HEK293/sw cells. These experiments showed  ering its low potency (IC,, (AB,,) = 70 uMm (14)), the labeling
that RO-57-BpB failed to specifically label APP CTFs, suggest- competition of sulindac sulfide was unexpectedly strong. How-
ing that compounds of this structural class used here are not ever, although the lack of labeling competition by its inactive
substrate-targeting GSMs (Fig. 2D). analog sulindac sulfone suggested specificity (7, 21) (supple-
To further investigate whether the binding site of RO-57- mental Fig. 4), the potential contribution of other factors to the
BpB may also be targeted by other GSMs, we next tested observed labeling competition by sulindac sulfide could not be
whether other classes of GSMs could compete for binding of excluded (see “Discussion”).
RO-57-BpB. Two structurally similar bridged aromatic second Finally, we investigated whether binding of RO-57-BpB to
generation GSMs from Eisai Co., Ltd. (ES 1 (= E2012 (18)) and  the PS NTF was affected by different classes of highly potent
ES 2) (supplemental Table 1) also efficiently competed forlabel- ~ GSIs including the transition-state analog L-685,458, the
ing of the PS NTFs by RO-57-BpB (Fig. 3A4), whereas, interest-  dipeptidic GSIs DAPT and LY-411,575, and begacestat, a
ingly, the bridged aromates from TorreyPines Therapeutics Notch-sparing sulfonamide-type GSI (5). As shown in Fig. 3C,
(TP 1 and TP 2) (supplemental Table 1) showed differential the investigated GSIs did not or only weakly inhibited labeling
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FIGURE 2. RO-57-BpB targets the PS N-terminal fragment. A, structures of RO-57 and its photoaffinity labeling derivative RO-57-BpB. B, dose-response
analysis of y-secretase activity modulation by RO-57 and RO-57-BpB in HEK293/sw cells by AB sandwich immunoassay. Data are represented as mean * S.E.
(n = 3). Note that for most data points, error bars are too small to be displayed. C, specific labeling by photoactivated RO-57-BpB of the PS1 and PS2 NTFs but
not the other y-secretase subunits as detected by immunoblot analysis. Quantitation of PS NTF binding is shown in the right panel. Data are represented as
mean * S.E. (n = 5). NCT, nicastrin. D, the absence of APP CTF labeling by RO-57-BpB as detected by immunoblot analysis.

of the PS NTFs and LY-411,575 rather increased labeling of the
PS1 NTE. Taken together, the various GSMs and GSIs differ-
entially competed for PS NTF labeling by RO-57-BpB. With
respect to the GSMs, the above results indicate that the binding
site of RO-57-BpB might be shared for some GSMs such as the
Eisai compounds, whereas for other compounds, the binding
site may overlap or be located elsewhere. L-685,458 was the
only GSI capable of competing for labeling to some extent, indi-
cating some overlap of the RO-57-BpB binding site with the
catalytic site. Alternatively, the competitor compounds used
may allosterically alter the RO-57-BpB binding site.

DISCUSSION

The identity of the molecular target(s) of GSMs and thus also
the mechanism(s) of GSM action are not yet understood and
represent major unresolved questions in the AD drug discovery
field (8 —12). Here we have provided evidence that y-secretase is
a direct target of new potent second generation GSMs with
non-acidic bridged aromatic structure. The compounds target
the NTF of its catalytic subunits PS1 and PS2. Binding of PS2 by
RO-57-BpB was substantially stronger than that of PS1, indi-
cating that these compounds may preferentially target PS2.
This is also supported by the more potent Af3,, inhibition by
RO-02 of y-secretase containing PS2 as catalytic subunit.

To further characterize the binding site targeted by RO-57-BpB
in the PS NTF, we investigated whether other GSMs of similar or
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different structural scaffold would be able to compete with binding
of RO-57-BpB to its target site. Such labeling competition experi-
ments can indicate whether a binding site is shared between dif-
ferent compounds, although they do not discriminate for the alter-
native possibility that the competitor compound may allosterically
alter the binding site of the labeling compound. Each of the two
GSMs from Eisai and TorreyPines Therapeutics were tested as
representatives of other bridged aromatic GSMs structurally
related to our compounds. Both Eisai compounds efficiently com-
peted for labeling of the PS NTF, but only one of the TorreyPines
Therapeutics compounds (TP 1) was effective and displayed par-
tial competition. Although it is thus likely that the Eisai com-
pounds target the same site as our compounds, the binding site of
the TorreyPines Therapeutics compounds may partially overlap
or locate elsewhere (12). The partial labeling competition (TP 1) or
its absence (TP 2) could, however, also be due to less favorable
physicochemical properties of the TorreyPines Therapeutics
compounds, such as high lipophilicity and/or low solubility that
may have caused reduced drug availability in the labeling compe-
tition experiments.

Consistent with its previously reported direct allosteric
interaction with y-secretase (22), labeling competition was also
observed for sulindac sulfide, suggesting that this NSAID-type
acidic GSM may target the binding site of our GSMs. However,
despite the finding that its inactive analog sulindac sulfone did
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FIGURE 3. GSMs and GSls differentially compete for PS NTF labeling by RO-57-BpB. A-C, competition assay of PS NTF labeling by RO-57-BpB (1 um) with
other non-acidic GSMs (from Eisai and TorreyPines Therapeutics, each 100 um) (A), acidic GSMs (sulindac sulfide and GSM-1, each 100 um) and inverse GSMs
(fenofibrate and TO-901317, each 100 um) (B), and GSls (L-685,458, DAPT, LY-411,575, and begacestat, each 1 um) with different mechanisms of action (C).
Quantitation of PS NTF binding is shown in the lower panels of A-C. Data are represented as mean = S.E. (n = 3-6).

not compete, it could not be definitively answered whether
sulindac sulfide targeted the same site as our GSM photoprobe.
For example, the differential effects on labeling competition by
these drugs could also have been due to their distinct radical
scavenging (23) or membrane-partitioning properties (24).

The second generation acidic compound GSM-1 only weakly
competed with RO-57-BpB for PS1 NTF labeling, whereas the
drug robustly competed for the labeling of the PS2 NTF. This sug-
gests that the GSM binding sites in the PS1 and PS2 NTFs may
have somewhat different conformations and indicates that the
binding site of GSM-1 overlaps only partially with that of RO-57-
BpB in PS1. The inverse modulators behaved as comparably mild
competitors in these assays, suggesting that the PS NTFs are not
their principal targets. With the exception of the transition state
analog L-685,458, which displayed moderate labeling competition,
the GSIs competed for labeling of the PS NTFs very weakly or not
at all. The GSM binding site identified here may therefore partially
overlap with that of the active site. However, as mentioned before,
these interpretations should be taken with some caution as allos-
teric modulation of the RO-57-BpB binding site by the competitor
compounds and/or other factors discussed above influencing
labeling competition cannot always be excluded. Vice versa bind-
ing experiments using photoactivatable derivatives of the GSMs
and GSIs used as competitor compounds in this study against our
GSMs would be needed to clarify these issues.
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The identification of y-secretase as a direct target of GSMs
also sheds further light on the mechanism of action of GSMs.
Although a substrate-targeting mode of GSM action had been
suggested (8), the majority of the earlier studies suggested that
GSMs target the enzyme (21, 22, 25, 26). By covalent binding of
the RO-57-BpB GSM derivative to the PS NTF, but not to APP
CTFs, our photoaffinity labeling data now demonstrate this
directly for our compounds. Our data thus support previous
studies that suggested an allosteric mechanism of GSM action
(21, 22, 27), which, however, did not demonstrate direct GSM
binding to y-secretase by GSM photoprobes. Future studies
should now aim at a further refinement of the GSM binding
site(s) within the PS NTF. Together with this study, such stud-
ies will aid in the development of highly effective and hopefully
clinically safe GSMs as anti-AD drugs.
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