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ABSTRACT Divergent synthesis of multifunctional molecular probes based on
caprolactam-derived dipeptidic y-secretase inhibitors (GSls), Compound E (CE)
and LY411575 analogue (DBZ), was efficiently accomplished by means of Cu(l)-
catalyzed azide/alkyne fusion reaction. Photoaffinity labeling experiments using
these derivatives coupled to photoactivatable and biotin moieties provided direct
evidence that the molecular targets of CE and DBZ are the N-terminal fragment of
presenilin 1 within the y-secretase complex. Moreover, these photoprobes directly
targeted signal peptide peptidase. These data suggest that the divergent synthe-
sis of molecular probes has been successfully applied to characterize the interac-
tion of GSlIs with their molecular targets and define the structural requirements
for inhibitor binding to intramembrane-cleaving proteases.
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lzheimer's disease (AD) is a neurodegenerative
A disorder and currently a serious public health

problem in aging societies (7). AD is pathologi-
cally characterized by the extensive extracellular deposi-
tion of amyloid-B (AB) peptides as senile plaques in
cerebral cortices. y-Secretase is responsible for the
proteolytic processing of amyloid precursor protein
(APP) within the transmembrane domain to generate
AB peptides. Thus, the inhibition of “amyloidogenic”
APP processing by y-secretase inhibitor (GSI) is one of
the most important strategies toward the prevention and
treatment of AD. y-Secretase is a membrane-bound
macromolecular complex composed of presenilin (PS)
1, presenilin enhancer 2 (Pen-2), anterior pharynx-
defective 1 (Aph-1), and nicastrin. Importantly, y-secre-
tase cleaves not only APP but also several membrane
proteins, including Notch receptors, which have been
implicated in development, cell fate determination, and
cancer biology (2). Moreover, much attention is now fo-
cused on the signal peptide peptidase (SPP) family,
which belongs to the PS-type intramembrane cleaving
aspartic protease family and shares the same consen-
sus sequence at the catalytic site (3). SPP family pro-
teins are also implicated in development, innate immu-
nity, and infectious diseases (4—8). Thus, the temporal,
spatial, and enzyme-specific control of these PS-type
proteases by organic small molecules is now an impor-
tant issue with regard to the understanding of the physi-
ological function as well as the development of thera-
peutics against human diseases.
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Figure 1. The structure of representative dipeptidic y-secretase inhibitors.

To date, several GSls have been reported and classi-
fied by their chemical structures (7). Among these, a
dipeptidic class of GSI, such as benzodiazepine-type
Compound E (1, CE), dibenzoazepine-type LY411575
analogue (2, DBZ), and (N-[N-(3,5-difluorophenylacetyl)-
L-alanyl]-(S)-phenylglycine tert-butyl ester (3, DAPT), is
known as one of the potent GSls in vitro as well as
in vivo (Figure 1). Of note, DAPT is reported as a
v-secretase-specific inhibitor, while LY411575 cross-
inhibits a proteolytic activity of SPP in vitro as well as
the cell-based assay (9—11). Since the first report by
Seiffert et al. (12), several enzymological and chemical
biological approaches have been utilized to define the
target and mode of action of dipeptidic GSls on
v-secretase (e.g., photoaffinity labeling (12, 13), cross-
competition (14, 15), and radioligand binding (12, 14,
16)). However, the molecular mechanisms whereby
dipeptidic GSls otherthan DAPT cross-inhibit SPP still re-
main unknown. Thus, the identification and the charac-
terization of molecular targets/domains in y-secretase
and SPP of these representative dipeptidic GSIs would
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Figure 2. Strategy for divergent synthesis of multifunc-
tional molecular probes.
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provide significant information on the structure and
functions of these atypical proteases. A multifunctional
probe harboring an affinity ligand, a photoactivatable
group as cross-linking unit, and biotin as a reporter
group should serve as powerful tools (17-20). We re-
cently performed a systematic derivatization of DAPT
and identified the C-terminal fragment (CTF) of PS1 as
its molecular target, using a biotinylated photoaffinity
probe DAP-BpB (13, 21, 22). Herein, we describe our di-
vergent approach for the synthesis of multifunctional
molecular probes of two highly potent caprolactam-
derived dipeptidic GSls, CE and DBZ, by means of the
copper()-mediated azide/alkyne fusion process (23, 24).

RESULTS AND DISCUSSION

Chemistry and Synthesis. Elaboration of a structur-
ally complex, biologically active small molecule into a
multifunctional molecular probe involves two syntheti-
cally challenging tasks. First, it calls for careful synthetic
planning that allows installation of functional compo-
nents (e.g., photophore and biotin-tag) in the presence
of sensitive functional groups. Conventional strategies
often involve amide bond-forming reactions, which gen-
erally require multistep synthetic manipulations accom-
panied with tedious purification steps. In particular,
synthesis of biotinylated molecular probes is often prob-
lematic and laborious due to the difficulties in han-
dling and purification of sparingly soluble biotin deriva-
tives. For these reasons, it was envisaged that utilization
of chemical “ligation” reactions as a means to intro-
duce functional components would be ideal, in that they
are generally highly chemoselective clean processes es-
sentially devoid of side reactions (and thus product iso-
lation is facile) and are tolerant of various solvents,
including water and alcohols that are capable of dissolv-
ing biotin derivatives. A second challenge exists in de-
sign of a molecular probe that is truly effective for label-
ing and detection of a target biomolecule(s). Even if
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Scheme 1. Synthesis of benzophenone-type azides. Key: Boc = tert-butoxylcarbonyl; DMF = N,N’'-dimethylformamide; Ms = methanesulfonyl; TFA

= trifluoroacetic acid.

structure—activity relationships (SARs) of an affinity li-
gand moiety are provided, labeling ability of a designed
molecular probe can only be evaluated experimentally;
repetition of chemical synthesis and labeling experi-
ments is often required. Therefore, synthesis and evalu-
ation in a combinatorial fashion would be a powerful
and efficient strategy for discovery of an effective molec-
ular probe.

Toward realization of combinatorial synthesis and
evaluation of multifunctional molecular probes, an effi-
cient solid-phase methodology has been developed in
our group (21). Complementary to this solid-phase
chemistry, strategies utilizing chemoselective ligation
reactions for coupling of a diverse set of functional
components with an affinity ligand moiety would be
particularly attractive as a solution-phase counterpart
(Figure 2). Indeed, Hatanaka and co-workers (25) have
successfully utilized the oxime ligation for one-step syn-
thesis of biotinylated photoaffinity probes, although its
application has been limited to unprotected sugars. On
the other hand, the Cu())-mediated azide/alkyne fusion
reaction was particularly attractive for us because it just
requires functional handles (i.e., azide and terminal
alkyne) that are very easy to incorporate by standard or-
ganic synthesis and do not need protective group chem-
istry (26, 27). On the basis of our previous SAR analy-
sis (22), we planned to synthesize five types of azides
(6a—c and 11a,b) and two types of alkynes (17 and 19)
and unify each component by the azide/alkyne fusion
process, thereby generating 10 types of molecular
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probes. In this way, solution-phase divergent synthesis
of multifunctional molecular probes would be efficiently
accomplished (26, 27).

Synthesis of the benzophenone-type azides, 6a—c,
was performed by the activation of the known alcohol
4 (21) with p-nitrophenyl chloroformate followed by cou-
pling of the derived 5 with the appropriate biotinylated
amines (Scheme 1). The phenyldiazirine-type azides,
11a,b, were elaborated from the known alcohol 7
(28-30) (Scheme 1). Alkylation of 7 with the appropri-
ate bromide (31, 32) followed by reduction of the de-
rived aldehydes, 8a,b, with sodium borohydride gave
the alcohols 9a,b, which was converted to the azides,
10a,b, via mesylation and displacement with sodium
azide. Removal of the tert-butoxycarbonyl (Boc) group
and ensuing coupling with (+)-biotin pentafluoro-
phenyl ester gave rise to the azides, 11a,b. Although
alkyl and ethylene glycol linkers were utilized in the
present study, other linkers of different properties such
as acid-, thiol-, or enzyme-cleavable may also be em-
ployed (33-36). Synthesis of the CE alkyne 17 was com-
menced with the known azide 12 (37) (Scheme 2). Treat-
ment of 12 with triphenylphosphine in aqueous THF
followed by in situ protection of the resultant amine
with Boc,0 and subsequent deprotection of the
p-methoxybenzyl group of the derived 13 by ceric am-
monium nitrate at low temperature (CH;CN/H,0, —15
°C) provided the lactam 14 in 76% overall yield. Selec-
tive alkylation of the lactam nitrogen with propargyl bro-
mide and cesium carbonate furnished 15 in 70% vyield.

www.acschemicalbiology.org
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Scheme 2. Synthesis of CE alkyne 17. Key: Boc = tert-butoxylcarbonyl; CAN = ceric ammonium nitrate; TFA = trifluoro-
acetic acid; EDC = 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride; HOBt = 1-hydroxybenzotriazole.

Removal of the Boc group and the ensuing coupling
with Boc-t-alanine afforded the product 16 (97% yield
for the two steps), which was elaborated into the
alkyne 17 by Boc deprotection and coupling with 3,5-
difluorophenylacetic acid in 97% yield for the two steps.
On the other hand, the DBZ alkyne 19 was prepared
quantitatively by alkylation of our previously synthe-
sized alcohol 18 (38) with propargyl bromide

(Scheme 2)\.

With the requisite alkynes and azides in hand, we
set out on the synthesis of multifunctional probes based
on the copper(l)-mediated azide/alkyne fusion process.
We first examined the reaction using the alkyne 17 and
the azide 6a in 1:1 stoichiometry as a model case
(Table 1). Under the prototypical Sharpless conditions,
the reaction proceeded very sluggishly and produced
only a trace amount of the desired product 21a (entry
1). When the reaction mixture was heated to 80 °C, the
reaction completed within 3 d to give 21a in 70% vyield,
but an unidentified side product that was difficult to
separate from 21a also formed (entry 2). In contrast, the
addition of tris(triazolyl)amine, 20 (39), facilitated a
clean reaction to provide the desired 21a in 89% yield,
although the reaction took 12 d at RT for completion (en-
try 3). The surprisingly low reactivity under the CuSO,/
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sodium ascorbate catalytic system prompted us to fur-
ther investigate the reaction conditions. We subse-
quently found that on using a catalytic amount of
copper() iodide (Cul) in the presence of N,N-diisopropyl-
ethylamine (-Pr,NEt) in methanol, the reaction pro-
ceeded smoothly to give 21a in 92% vyield after 20 h at
RT (entry 4). We observed no significant effect of the ad-
dition of 20 when used in combination with Cul (entry
5). Encouraged by these results, various substrate com-
binations were tested under agueous and/or anhy-
drous conditions. In each case, the desired probe was
generated in moderate to excellent yield, demonstrating
that the present strategy is feasible for the synthesis of
a diverse set of biotinylated photoaffinity probes

(Table 2). In addition, the present results highlight the
reactivity difference between two catalytic systems,
CuS0,,/sodium ascorbate and Cul; the direct use of Cul
accelerated the reaction, although in some cases the
yields are somewhat moderate.

Biological Evaluation and Photoaffinity Labeling
Experiments. Biological evaluation of the affinity probes
thus obtained was performed by our cell-free in vitro as-
say using recombinant CTF of APP as a substrate (40).
The affinity probes of the 21a—e and 22a-e displayed
strong inhibitory potency against AR production compa-
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TABLE 1. Cu(l)-catalyzed azide/alkyne cycloaddition reaction

F
Entry Reagents (equiv) Solvent Temp Time % yield
1 CuS0,, (0.1), sodium ascorbate (0.2) t-BuOH/H,0 (1:1) RT 3d Trace
2 CuS0,, (0.1), sodium ascorbate (0.2) t-BuOH/H,0 (1:1) 80 °C 3d 70
3 CuS0,, (0.1), sodium ascorbate (0.2), 20 (0.4) MeOH/H,0 (3:1) RT 12d 87
4 Cul (0.3), i-Pr,NEt (10) MeOH RT 20 h 92
5 Cul (0.3), i-Pr,NEt (10), 20 (0.3) MeOH RT 20 h 87

VOL.2 NO.6 + 408-418 + 2007

rable to that of the parental compounds (Table 2). These
results suggested that these probes maintain sufficient
affinity toward y-secretase. Next, we performed the pho-
toaffinity labeling experiments using 21a—e and 22a-e.
We have previously found that a structural relative, DAP-
BpB, directly bound to 23-26 kDa polypeptides that cor-
respond to PS1 CTF (13). Unexpectedly, however, no
photoaffinity probe based on CE or DBZ (21a—e and
22a-e) biotinylated similar ~20 kDa polypeptides. In-
stead, several biotinylated bands at ~30-50 kDa were
detected (Figure 3, panel a). Because the molecular size
of PS1 N-terminal fragment (NTF) is ~30 kDa, we probed
these fractions with anti-PS1 antibodies. Strikingly, PS1
NTF, but not CTF, was recovered in these fractions
(Figure 3, panel b). The biotinylation of this 30 kDa
band by 21c and 22¢, named CE-BpB3 and DBZ-BpB3,
respectively, was completely abolished by preincuba-
tion with the parental compounds (Figure 3, panel d,
double asterisks). Moreover, no other known
v-secretase components (i.e., nicastrin, Aph-1, Pen-2)
(1) were detected in the fraction irradiated with the pho-
toaffinity ligands (Y.T.,, T.I,, T.T., data not shown). The bi-
otinylation of the 30 kDa band was diminished in cell ly-
sates from PS1~/~/PS2~/~ double knockout cells (MEF
DKO), suggesting that CE and DBZ directly target PS1
NTF, different from DAPT that binds PS1 CTF (Figure 4,
panel a).

To date, there is no report focusing on the pharmaco-
logical difference between DAPT and CE/DBZ on y-secre-
tase activity besides their potencies. However, it has

FUWA ET AL.

been reported that all dipeptidics caused the accumula-
tion of AB46 peptide, an intermediate fragment of
v-secretase cleavage in cells (41). Notably, this effect
by DAPT was reversible, whereas CE/DBZ caused an ir-
reversible AB46 accumulation, suggesting that the mo-
lecular mechanisms of DAPT and CE/DBZ on y-secretase
are enzymologically similar, but different. To gain in-
sights into the molecular mechanism of inhibition by
CE/DBZ as well as its binding region within PS1 NTF, we
performed a competition assay of labeling by CE-BpB3
(Figure 5, panel a). Pharmacological and biochemical
analyses suggest that y-secretase harbors an “initial
substrate binding site” that is distinct from the catalytic
site (7). A transition-state analogue (i.e., L-685,458) and
aminoisobutyric acid-containing helical peptide-type in-
hibitors directly target the catalytic and substrate bind-
ing sites, respectively. Previously, we found that the la-
beling of PS1 CTF by DAP-BpB was displaced not only by
CE/DBZ but also by L-685,458 and the helical peptide
at higher concentrations (13). Similarly, the labeling of
PS1 NTF by CE-BpB3 was completely abolished by pre-
incubation with CE/DBZ and DAPT, while the target re-
gions in PS1 are different (i.e., NTF and CTF) (Figure 5,
panel a). Thus, these dipeptidics might share the same
binding space located at a broad molecular surface on
PS1, or allosterically affect the structure of binding sites
on PS1 NTF and CTF for CE/DBZ or DAPT, respectively.
Moreover, L-685,458 weakly diminished the labeling of
PS1 NTF by CE-BpB3 in a similar manner to that by DAP-
BpB (Figure 5, panel b), consistent with the result of
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based photoaffinity probes 21b: X = OCH,CH,0 88,7 65° 1.98
(Figure 3, panels b and ¢), 21c: X = (CH,), 83,7 89° 1.54
while the other biotinylated 21d: X = CH, 85,7 68° 0.21
bands and smearing sub- 21e:X=0 82,9 97° 1.18
stances at higher molecular DBZ (2) 0.75
weight ranges were non- 22a: X = CH, 90,7 96° 0.063
specific. It was reported that 22b: X = OCH,CH,0 73,%93° 1.91
LY411575 cross-inhibited the 22¢: X = (CH,)¢ 83,7 85° 1.43
endoproteolytic activity of SPP, 22d: X = CH, 807 0.14
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L aCuS0, (0.1 equiv), sodium ascorbate (0.4 equiv), 20 (0.4 equiv), MeOH/H,0 (3:1), RT. ®Cul (0.3 equiv), i-Pr,NEt

and dimeric forms on SDS- (10 equiv), MeOH, RT.

PAGE, respectively (9-11, 42,

43). In fact, luciferase assay us-

ing ATF6-based substrate revealed that DBZ (ED,, = ity, albeit very low inhibitory potency in CE (18% inhibi-
~10 uM) as well as CE were able to inhibit SPP activ- tion at 100 wM) (see Supporting Information). However,
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Figure 3. Immunoblot analysis of photoadducts labeled by CE- and DBZ-based probes. a) Biotinylated pro-
teins were separated by 7.5% (upper) and 12.5% (lower) tris-glycine gels and probed with an antibiotin
antibody. The arrow, the white arrowhead, and the black arrowhead indicate 45, 30, and 22 kDa biotiny-
lated photoadducts, respectively. b) CE- and DBZ-based photoaffinity probes specifically target PS1 NTF
(white arrowhead) and SPP (arrows). ¢ and d) Labeling competition analysis. Samples were preincubated
with parental compounds (1 j.M) before addition of photoligands (10 nM) (CE-BpB3: 21c, DBZ-BpB3: 22¢),
and analyzed by 7.5% (c) and 12.5% (d) tris-glycine gels. The asterisk and the double asterisks denote the
specifically labeled bands by the photoprobes. The arrows and the white arrowhead indicate SPP and PS1
NTF, respectively. The number sign denotes a nonspecific band. Photoadducts were probed using specific
antibodies indicated below the gels. The appearance of the SPP dimer is dependent on the detergent and

the treatment of SDS-PAGE samples as previously described (48).
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DAPT never inhibited the SPP activity even at 100 uM
as reported (10, 11). Thus, we explored the possibility
that CE- as well as DBZ-based photoprobes target SPP.
Immunoblot analysis using anti-SPP antibody revealed
that SPP monomer and dimer were recovered in the irra-
diated fractions with CE-and DBZ-based photoprobes
(Figure 3, panel ). The biotinylation of SPP was abol-
ished by the parental compounds in a similar manner
to that of PS1 NTF. Intriguingly, DAP-BpB never pulled
down SPP in the irradiated fraction. Moreover, biotiny-
lated SPP was observed in MEF DKO cell lysates, sug-
gesting that the targeting of these photoprobes to SPP
is totally independent of the existence of the y-secretase
complex (Figure 4, panel a). Finally, the specific label-
ing of the recombinant SPP polypeptide expressed in
Sf9 cells by DBZ-BpB3 was obtained (Figure 4, panel b).
Thus, consistent with the pharmacological potencies,
CE and DBZ directly and specifically target SPP, in addi-
tion to y-secretase.

FUWA ET AL.

complex (13). Moreover, NVP-
AHW?700-NX, the L-685,458 de-
rivative that harbors the benzodi-
azepine moiety at C terminus,
showed stronger potency against
SPP than y-secretase activity in
vitro (9). Taken together, these
data suggest that a bulky capro-
lactam moiety is involved in the
stable binding of these dipeptidic
compounds to SPP.

Here we propose a speculative view on the mode of
binding of the dipeptidic compounds to PS1 (Figure 5,
panel d). PS1 polypeptide within the y-secretase com-
plex harbors a binding pocket for the dipeptidic-type GSI
that is composed of three functional sites: difluoroben-
zene, phenylglycine (Phg)-OtBu, and caprolactam bind-
ing sites. Phg-OtBu and caprolactam binding sites re-
side on PS1 CTF and PS1 NTF, respectively. In contrast,
SPP has a binding pocket for the dipeptidic GSI formed
only by the caprolactam binding site. Dipeptidic inhibi-
tors initially bind to the difluorobenzene binding site in
PS1 through their N terminus. Subsequently, the com-
pounds target the secondary site, forming a stable com-
plex with the enzyme via their C terminus, eventually in-
hibiting the proteolytic activity. The preference for the
secondary binding site might be determined by the
bulkiness of the C-terminal region of the compounds.
Thus, DAPT and CE/DBZ target PS1 CTF and NTF, respec-
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tively, by means of the structural preference

and inhibit the y-secretase activity. On the ba- a MEF DKO MEF wt b DBZ
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bulky moiety is favored forassociation.Incon- ~ FEEEEEE==S=sss=s=s=== Pt

trast, DAPT is unable to inhibit the SPP activ- - - =

ity, because SPP lacks the structure corre-
sponding to the difluorobenzene and/or Phg-
OtBu binding sites. Collectively, the structural  Figure 4. Specific labeling of SPP by CE- and DBZ-based photoprobes. a) Photoaffinity labeling
variations of the C-terminal region of dipep- experiment using MEF cells lacking PS or wild-type (MEF DKO and wt, respectively). The arrow
idi ds mieht d ine th d and the white arrowhead indicate SPP and PS1 NTF, respectively. b) Photoaffinity labeling of re-
2 . L;;g::g?:r; Ssl rz:gSFEP e;snvlgﬂié ti;n:n € combinant SPP expressed in baculovirus-infected Sf9 cells by DBZ-BpB3 (22¢).

G1Nr3

zyme specificity of these inhibitors. However, rently underway. Ultimately, a high-dimensional

photo-cross-linking and displacement experiments us- structural analysis of y-secretase coupled with GSI

ing affinity ligands do not allow a final conclusion asto ~ would be required to resolve this issue. Nonetheless,

the nature of the binding site(s) and the mode of ac- our photoaffinity labeling-based study has successfully

tion(s), because we cannot exclude the possibility of culminated in the identification of the molecular targets

an allosteric effect caused by the affinity ligands. Fur- of dipeptidic GSls.

ther attempts to identify the binding sites using reconsti- Importantly, we found that the labeling ability and in-

tuted enzyme and tandem mass spectrometry are cur- hibitory potency of the multifunctional molecular probes
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Figure 5. a—c) Competition assay against the labeling by CE-BpB3 (21¢) in the presence of structurally different types
of y-secretase inhibitors. a and c) dipeptidics (CE, DBZ, DAPT), b) the helical peptide (pep11) and the transition-state
analogue-type inhibitors (L-685,458). Concentrations of inhibitors are as follows: 1, 3, and 9: 10 nM; 2, 4, and 10:

100 nm; 5: 0.5 uM; 6 and 7: 5 uM; and 8: 50 wM. Antibodies used are shown under the panels. The white arrowheads
and the arrow indicate PS1 NTF and SPP, respectively. d) Binding mode of dipeptidic inhibitors on GxGD-type intramem-
brane proteases (PS1/v-secretase in red, SPP in purple). Both PS1 and SPP have a structurally similar caprolactam
(green) binding site, whereas PS1 has a difluorobenzene (dark blue) and Phg-OtBu binding site (sky blue).

Enzymatic activities are inhibited by the formation of stable complex with the compounds (gray).
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(21a—e and 22a-e) do not necessarily correlate with
each other, as reported (44), based on the following ob-
servations: photoaffinity probes with longer alkyl chain
(e.g., 21c and 22¢) strongly labeled PS1-NTF and SPP
but the inhibitory potency of these probes was compa-
rable to those of other probes; benzophenone probes
with ethylene glycol linker (21b and 22b) and pheny! di-
azirine probes (21d,e and 22d,e) were ineffective in our
labeling experiments despite their robust inhibitory ac-
tivities. Recently, we also observed the noncorrelation
between the labeling ability and inhibitory potency in
the analysis of DAP-BpB derivatives (45). Moreover, the
inhibitory potency of CE against SPP activity was quite
low, while the labeling potencies of CE-BpB3 and DBZ-
BpB3 were almost similar within the concentration
range we examined. These results might have been
caused by the availability of reactive groups of the tar-
get enzyme close to the photoactivatable group. More-
over, the linker length and flexibility may affect the abil-
ity of the biotin moiety in the photoadducts to be
captured by the streptavidin beads and the detection
on immunoblots. Thus, these data illustrate the difficul-
ties in the “rational” design of an effective multifunc-
tional molecular probe, even if information about SARs
of an affinity ligand moiety is sufficiently provided. How-
ever, at the same time, this underscores the signifi-
cance of our diversity-based strategy as a means to dis-
cover an effective molecular probe. Together with the
screening of novel compounds (46) and fine studies on
the structure-mode of action relationships of several

GSls and their derivatives (45, 47), “integrated” chemi-
cal biological analyses would enable elucidation of the
mode of action of the compounds as well as the molec-
ular mechanism of the enzyme function.

CONCLUSIONS

Divergent synthesis of multifunctional molecular probes
based on caprolactam-type dipeptidic GSls, CE and
DBZ, has been accomplished by means of the copper())-
mediated azide/alkyne fusion process. Our strategy re-
alized rapid and efficient generation of a diverse set of
molecular probes harboring different types of photo-
phore and linker units. Our photoaffinity labeling experi-
ments provided direct evidence that, in sharp contrast
to DAPT, CE and DBZ are specifically bound to both PS1-
NTF and SPP. This is the first evidence indicating that
dipeptidic GSI directly targets SPP. Our findings suggest
that the structural difference between caprolactam-
derived dipeptidic GSIs and DAPT causes differences
not only in potency but also in biological mode of ac-
tion, for example, enzyme selectivity. Our findings pro-
vide novel mechanistic insights into the actions of GSls
on PS-type intramembrane proteases, as well as a clue
to the development of AD therapeutics targeting
y-secretase. We also found that the potency and label-
ing ability of photoaffinity probes do not necessarily cor-
relate with each other. Thus, we emphasize here the ad-
vantage of our diversity-based strategy in the discovery
of highly effective photoaffinity probes.

METHODS

Biological Activity and Photoaffinity Labeling Studies. Hela,
MEF wild-type (wt), DKO, and Sf9 cell lines were cultured, and
their membrane fractions were collected as described (13, 40,
45-50). In vitro y-secretase assay and measurement of AR by
sandwich enzyme-linked immunosorbent assay (ELISA) were
performed as described previously (39). Generation of recombi-
nant baculovirus for human SPP will be described elsewhere.
The synthetic process of DAPT and DAP-BpB was described pre-
viously (21, 22). CE, L-685,458, and pep11 were purchased
from Calbiochem, Bachem, and Ito Lifescience, respectively.
Photoaffinity labeling was performed as previously described
with some modifications (13). Briefly, the solubilized cell mem-
brane fraction was incubated with 10 or 100 nM photoaffinity
compounds at 4 °C. In competition experiments, samples were
prepared in the presence of other compounds with indicated
concentrations based on each IC;, value as determined by in
vitro y-secretase assay, 40 min prior to the addition of photoaf-
finity ligands. The samples were irradiated on ice for 40 min us-
ing a B100A lamp (UVP) at a distance of 7 cm. The labeled

2007 FUWA ET AL.

samples were incubated with Dynabeads M-280 (Invitrogen)
overnight at 4 °C and eluted from the resin by boiling for 1 min
in the sample buffer. The labeled proteins were detected by SDS-
PAGE/immunoblotting using antibodies. The rabbit polyclonal
antibodies anti-PS1 NTF (G1Nr3) and CTF (G1L3), anti-SPP; were
used as described before (10, 42, 48, 50). Anti-biotin rabbit
polyclonal antibody was purchased from Bethyl.
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