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a b s t r a c t

Supramolecular self-assembly of amyloidogenic peptides is closely associated with numerous pathological
conditions. For instance, Alzheimeŕs disease (AD) is characterized by abundant amyloid plaques originat-
ing from the proteolytic cleavage of the amyloid precursor protein (APP) by b- and c-secretases. Com-
pounds named c-secretase modulators (GSMs) can shift the substrate cleavage specificity of c-secretase
toward the production of non-amyloidogenic, shorter Ab fragments. Herein, we describe the synthesis of
highly potent acidic GSMs, equipped with a photoreactive diazirine moiety for photoaffinity labeling.
The probes labeled the N-terminal fragment of presenilin (the catalytic subunit of c-secretase), supporting
a mode of action involving binding to c-secretase. This fundamental step toward the elucidation of the
molecular mechanism governing the GSM-induced shift in c-secretase proteolytic specificity should pave
the way for the development of improved drugs against AD.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last decade, regulated proteolysis has emerged as an
important cellular activity involved in various biological processes
such as cell differentiation, stress response or transcriptional regu-
lation. Two percent of the human genome encodes for proteolytic
enzymes, and deregulations of the ‘degradome’ have been linked
to various disorders, such as haemophilia, obesity and cancer.1,2

Notably, the familial hereditary form of Alzheimeŕs disease
(FAD), which accounts for ca. 1–2% of cases of Alzheimeŕs disease
(AD), is associated with mutations in the genes encoding for pre-
senilins, the catalytic subunits of c-secretase and the amyloid pre-
cursor protein (APP).3–5

AD is a progressive neurodegenerative disorder characterized by
the presence of intracellular neurofibrillary tangles and extracellu-
ll rights reserved.
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lar amyloid plaques in the cerebral cortex and hippocampus.6–8

Amyloid plaques are essentially formed by the self-assembly of
the 42 amino acids-long Ab42 peptides, produced by cleavage of
APP at synaptic terminals by aspartyl proteases (Fig. 1).9,10 After
shedding of the extracellular domain of APP by the b-secretase,
the membrane-bound C99 fragment is subsequently processed
within its transmembrane domain by the c-secretase complex.
Interestingly, the substrate is not cleaved at a single position;
heterogeneous fragments are secreted and range in lengths from
37 to 43 amino acids.11,12 Investigations of the proteolytic mecha-
nism providing a predominantly 40 amino acids-long peptide are
complicated by the multimeric nature of the c-secretase complex
which includes, besides the presenilins 1 or 2 (PS1/2) N- and C-ter-
minal fragments forming the catalytic core, multiple accessory pro-
teins (APH-1, nicastrin, PEN-2).13,14 While the impact of the Ab42
peptide on cell viability has been extensively investigated in vitro
and in vivo, the physiological role of the c-secretase and its multiple
other substrates remains unclear.9,10 Altogether, avoiding the
formation of amyloid plaques remains a promising therapeutic
approach for FAD and, plausibly, for sporadic AD.15,16 Unfortu-
nately, previous clinical trials operating on full inhibition of
c-secretase with the objective to ‘trim down’ the production of
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Figure 2. Left: Parent acidic phenylpiperidine-type GSM GSM-1. Right: Derived
photoprobe AR243 with photoreactive diazirine moiety and biotin-tag for affinity
purification.

Figure 1. Schematic representations of (a) sequential cleavage of APP substrate by b- and c-secretases leading to the formation of Ab40 and Ab42 peptides. (b) c-Secretase
complex with PS1-NTF (purple), APH-1 (blue), nicastrin (light green), PEN-2 (orange) and a substrate molecule (dark green).
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the culprit amyloidogenic Ab42 peptides failed due to severe side
effects likely linked to broad inhibition of the constitutive functions
of c-secretase. Interestingly, compounds termed c-secretase mod-
ulators (GSMs) preserve the constitutive activity of c-secretase
and only shift the cleavage specificity toward less amyloidogenic
fragments such as Ab38.17 Clearly, unlike the quantitative effect
of c-secretase inhibitors, the qualitative action of GSMs may allow
the protease to keep on performing its physiological functions.

Since the early identification of GSMs in the class of non-steroi-
dal anti-inflammatory drugs (NSAIDs), intensive efforts in
medicinal chemistry to improve their low blood–brain barrier per-
meability and moderate potency have yielded second-generation
GSMs in two distinct classes (acidic and non-acidic GSMs), named
after a characteristic carboxylic acid.18–21 However, their molecular
mechanism of action remains largely unknown. Strong evidence
gained from in vitro investigations with partially purified protease
support a direct action of the compounds on the c-secretase com-
plex itself.22–24 Furthermore, cross-competition binding assays be-
tween radiolabeled inhibitors and NSAID GSMs indicated that
transition-state inhibitors were displaced in a non-competitive
manner, suggesting different binding sites and an allosteric mode
of action for GSMs.22,25 Moreover, fluorescence lifetime imaging
has been used to monitor conformational changes at the PS1 epi-
tope of c-secretase, indicating a closure of a hydrolytic site upon
incubation with GSMs.26,27 In contrast to these findings, several re-
search teams reported the binding of NSAID GSMs to the APP sub-
strate rather than to the c-secretase.28–30 However, the very low
potencies and specificities of the used GSMs prompted further
investigations questioning the validity of the proposed APP binding,
with strong evidence for self-aggregation and promiscuous bind-
ing.31–33

We therefore embarked on the synthesis of diazirine-modified
probes for photoaffinity labeling based on the highly potent sec-
ond-generation acidic modulator GSM-1 (Fig. 2). The design criteria
included: low steric bulk, high potency, stability of the photoreac-
tive moiety and photolysis wavelength compatible with experi-
ments in live cells. After optimization of a diazirine-compatible
synthetic route and elucidation of a preliminary structure–activity
relationship for the GSM-1 scaffold, we could successfully synthe-
size the AR243 probe equipped with a photoreactive diazirine moi-
ety and a biotin tag for affinity purification, along with a nanomolar
modulatory activity and high structural fidelity to the parent com-
pound (Fig. 2). However, the biotin tag, with its relative high polar-
ity and steric bulk, required the incorporation of an adequate spacer
and, in this respect, copper-catalyzed click chemistry presents an
attractive alternative.34 Nonetheless, photolabeling experiments
using our biotinylated probe provided evidence for direct binding
to the c-secretase complex at the PS1-NTF epitope.35 This is consis-
tent with recent data obtained from investigations in the class of
imidazole-based non-acidic GSMs showing binding to Pen2 and
PS1-NTF.36,37 Moreover, comparable photoaffinity labeling studies
with benzophenone- and azide-equipped acidic modulators, but
no diazirine-GSM, appeared in the recent literature.34,38

The 3-phenyl-3-(trifluoromethyl)-3H-diazirine (in the follow-
ing referred to as diazirine) photoreactive group was primary se-
lected for its interesting characteristics. That is low steric bulk,
high lipophilicity and long wavelength of activation (�350 nm).
Diazirines have been successfully used as photolabeling reagents
since their first synthesis by Brunner et al. in 1980 and their appli-
cation has been reviewed extensively.39–43 We hereafter describe
the design and synthesis of GSM-1 derived, diazirine-equipped
photoreactive probes as well as a preliminary structure–activity
relationship around this compound class.

2. Results

2.1. Chemistry

2.1.1. Diazirine-compatible Cu(I)-catalyzed A3-coupling
The synthesis of the parent modulator GSM-1 is described in the

patent literature and involves the reaction of a-phenyl amines with
benzaldehydes under Dean–Stark conditions prior to the addition of
an organozinc reagent.44 However, the route proved impractical for
diazirine-modified GSM-1 derivatives because the diazirine group
appeared thermally labile. We therefore investigated metal-
catalyzed three-component coupling reactions with copper, iron,
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indium or gold replacing the organozinc reagent with a terminal
alkyne to widen the substrate scope and to provide milder reaction
conditions (A3-coupling, Scheme 1).45–48 From these catalysts only
copper(I) appeared to be suitable for our diazirine-based approach
and after several optimization rounds, we could obtain the desired
coupling products in satisfactory yield. In the successful setup three
equivalents of copper(I)-bromide with respect to the aldehyde were
used and the reactions were run at 90 �C for 24 h in toluene with a
2:1:1 stoichiometry with respect to amine, aldehyde and alkyne
in the presence of activated 4 Å-molecular sieves (General method
A; see Section 5). Lowering the reaction temperature to 60 �C and
increasing the reaction time to 48 h could further prevent thermal
decomposition of the diazirine and was therefore chosen for the
synthesis of photoreactive derivatives (General method B; see
Section 5). Increasing the stoichiometry of alkynes and amines
provided only minor improvement. The products of the three-
component couplings were subsequently purified and submitted
to further manipulations on side chains to provide the final com-
pounds (as described below and in the Supplementary data).

2.1.2. Synthesis of building blocks
Amine 1 was obtained according to the patent literature in

racemic and enantiomeric pure forms, and served as a starting
material for the silyl-protected analog 5, which was synthesized
via the intermediates 2 and 3 (Scheme 2A).44 Esterification of 3
with 2-trimethylsilylethanol and subsequent hydrogenolytic
N-debenzylation of the intermediate 4 yielded the desired protected
ester 5. Orthogonal protection of the piperidine-bound carboxylic
Scheme 1. Synthesis of phenylpiperidine-type GSMs via A3-coupling and subsequent sid
Reagents and conditions: (i) CuBr, activated 4 Å-mol sieves, PhMe, 90 �C, 24 h or 60 �C, 4
quinoline, H2, 1 atm, PhMe, rt, 7 h; (v) 4 M HCl, dioxane, rt, 2 h; (vi) biotin, EDAC, DIPEA,
referred to the Supplementary data).
acid was necessary as we planned to link the biotin tag via an es-
ter bond for reasons of higher lipophilicity compared to the more
common primary amide-link (see also Section 3.1 and Scheme 1).
Required terminal alkynes were synthesized from commercial 5-
hexyn-1-ol by acylation with biotin or acetic anhydride,49 yield-
ing esters 6 and 7 (Scheme 2B), respectively. Amino-alkyne 9
was obtained via the free amine 8 starting from commercial
N-(5-hexynyl)phthalimide by treatment with hydrazine hydrate
and reprotection using Boc-anhydride (Scheme 2B). Non-commer-
cial benzaldehydes were synthesized as outlined in Scheme 3.
Briefly, 3-methoxy-4-(4-methyl-1H-imidazol-1-yl)benzaldehyde
10 was obtained as described in the patent literature from 4-
(5)-methylimidazole and 4-fluoro-3-methoxy-benzaldehyde.50

Following the protocol from Chen et al.,51 we obtained the
diazirine-equipped benzaldehyde 14 starting from commercial
1,4-dibromobenzene (Scheme 2). The so obtained intermediate
4-trifluoroacetylbenzoic acid 11 was esterified with methanol to
12, followed by oxime formation and tosylation to provide 13.
Subsequently, treatment with liquid ammonia in DCM afforded
the corresponding intermediate diaziridine. The sensitive oxida-
tion to obtain the diazirine was finally accomplished under Swern
conditions.52 Reduction of the methylester to the aldehyde using
DIBAL or milder reducing agents such as SDBBA unfortunately
resulted in decomposition of the diazirine.53 However, its
precursor, the trifluoromethyl diaziridine-methyl benzoate, was
found to be stable toward SDBBA-mediated reduction. Therefore,
undertaking the reduction step before the diaziridine-oxidation,
we could obtain the aldehyde 14 with a 40% overall yield.
e chain modifications. R1–R3 as well as numbering of stereocenters refer to Table 1.
8 h; (ii) TBAF, THF, rt, 2 h; (iii) LiOH–H2O, THF/H2O/MeOH, rt, 2 h; (iv) Lindlar’s cat,
DMF, rt, 2 h (for detailed synthetic procedures and spectroscopic data the reader is



Scheme 2. (A) Synthesis of silyl-protected amine 5. Reagents and conditions: (i)
BnBr, KI, CH3CN, rt, 15 min; (ii) LiOH�H2O, THF/H2O/MeOH, rt, 2 h;44 (iii)
HO(CH2)2SiMe3, EDAC, DMAP, DCM, rt, 3 h; (iv) Pd/C, H2 1 atm, iPrOH, rt, 24 h. (B)
Synthesis of terminal alkynes 6, 7 and 9: (v) biotin, TBTU, DIPEA, DMF, rt, 5 h; (vi)
Ac2O, Py/DCM, rt, 3 h;49 (vii) (H2N)2-H2O, THF, reflux, 3 h; (viii) Boc2O, NaHCO3,
THF/H2O, rt, 2 h (for detailed synthetic procedures and spectroscopic data the
reader is referred to the Supplementary data).

Scheme 3. Synthesis of 10 and diazirine-tagged benzaldehyde 14. Reagents and
conditions: (i) K2CO3, DMF, 50 �C, over night;50 (ii) 1. n-BuLi, CF3COOMe, THF,
�78 �C, 1 h/2. n-BuLi, CO2 (s), THF, �78 �C to rt, 2 h;51 (iii) H2SO4, MeOH, 60 �C, over
night; (iv) H2NOH�HCl, MeOH/Py, reflux, over night; (v) TsCl, NEt3, DCM, 0 �C to rt,
1 h; (vi) NH3 (l), DCM,�78 �C to rt, over night; (vii) SDBBA, THF, 0 �C, 40 min;53 (viii)
(COCl)2, DMSO, NEt3, DCM, �78 �C to rt, 1 h.52.
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2.1.3. GSM synthesis and structure–activity relationship
With the optimized protocol for the copper(I)-catalyzed A3-

coupling and building blocks in hand, we were able to synthesize
a subset of 15 structurally divergent GSMs including the desired
photoprobes (Scheme 1 and Table 1). In addition we were able to
establish a preliminary structure–activity relationship for straight
and inverse GSMs.

By reacting the enantiomeric pure forms of amine 1 with 4-chlo-
robenzaldehyde and 3-methylbut-1-yne followed by ester hydroly-
sis, we could obtain the enantiomers BB25 and BB23, which
minimally differed from the parent GSM-1 structure by an internal
alkyne required for this milder synthesis route (Scheme 1 and Table
1). CHO cells stably overexpressing wild-type APP and PS1 were
incubated with the compounds to determine their potency against
Aß42 and selectivities versus Aß40 (all) and Aß38 (only for selected
compounds) (Table 1 and Supplementary Figs. S1(A–F) and S2) by
sandwich ELISA of cell-culture supernatants.3 The ELISA data for
BB25 and BB23 revealed that the alkyne introduction was well tol-
erated, as reflected by activities comparable to the parent modula-
tor GSM-1 (IC50 = 68 ± 4 nM (Ab42) Table 1, entry 1; BB25:
IC50 = 87 ± 8 nM (Ab42); BB23: IC50 = 300 ± 0 nM (Ab42); entries 2
and 3). In addition, BB25 showed the typical profile of an acidic
GSM, selectively lowering Aß42 while raising Aß38 and having no
significant impact on Aß40 levels (Supplementary Figs. S1A, B and
S2). Each enantiomer displayed a distinct potency, as often observed
for drugs targeting chiral domains within biomolecules. As reported
for NSAID-like acidic GSMs, esterification of the characteristic car-
boxylic acid of BB25 to give BB25-Me reversed the activity profile
of the compound, turning the modulation from selective Ab42 low-
ering (IC50) to Ab42 elevating (EC50), in a yet incompletely under-
stood manner (BB25-Me: EC50 = 2.5 ± 0.3 lM (Ab42); entry 4 and
Supplementary Fig. S2). 19,54

In an effort to come closer to the parent GSM-1 structure,
hydrogenation of the alkyne in BB23 and BB25 was probed under
various conditions, ending unfortunately in decomposition
through dehalogenation. However, we were able to isolate BB22
and BB24 after partial hydrogenation using Lindlar’s catalyst
(Scheme 1), bearing a cis-alkene in its side-chain. Interestingly,
the potency of the more active enantiomer BB24 (IC50 = 30 ± 1 nM
(Ab42); entry 5 and Supplementary Fig. S2) improved over the
parent compound BB25 whereas the potency of the opposite enan-
tiomer BB22 further decreased (IC50 = 616 ± 12 nM (Ab42); entry 6
and Supplementary Fig. S2). However, due to only moderate gain in
potency and restricted compatibility of hydrogenation reactions
with diazirines, we selected BB25 for further probe-development
as detailed below.

We next investigated the structure–activity relationship
around the lower chloro-aryl moiety as a potential introduction
site for the photoreactive diazirine. By substituting 4-chloro-
benzaldeyde with 3-methoxy-4-(4-methyl-1H-imidazol-1-
yl)benzaldehyde 10 we obtained AR501, which shares the charac-
teristic imidazole commonly observed in the class of non-acidic
GSMs (Scheme 1 and Table 1).19,50 However, the disappointing
activity for AR501 (IC50 = 1.0 ± 0.1 lM (Ab42); entry 7 and Sup-
plementary Fig. S2) indicated sensitivity to polarity effects at this
site. Interestingly, the corresponding inverse modulator AR499
(EC50 = 1.6 ± 0.2 lM (Ab42); entry 8 and Supplementary Fig. S2),
the methylester analogue of AR501, presented a comparable
activity to BB25-Me (2.5 ± 0.3 lM) in raising Aß42, while the
potencies of the respective straight modulators BB25 and
AR501 differed significantly (IC50 = 87 ± 8 nM vs 1.0 ± 0.1 lM,
respectively), underlining the apparent disconnect in SAR be-
tween straight and inverse modulators. To further determine
the sensitivity of the site toward polarity effects, we substituted
the chlorine for a trifluoromethyl group using commercial 4-tri-
fluoromethyl benzaldehyde (Scheme 1 and Table 1). The resulting
enantiomers AR262 (IC50 = 50 ± 4 nM (Ab42); entry 9 and Supple-
mentary Fig. S2) and AR261 (IC50 = 350 ± 35 nM (Ab42); entry 10
and Supplementary Fig. S2) displayed similar potency as their
chlorine analogs BB25 and BB23 (87 ± 8 nM and 300 ± 0 nM,
respectively), emphasizing the tolerance of lipophilicity in this



Table 1
Structures and activities of acidic phenylpiperidine GSMs

Entry Compound Stereo-chemistrya R1
b R2

b R3
b IC50/EC50 ± SEM (Aß42)c

1 GSM-1
I: S
II: R
III: S Cl

H 68 ± 4 nM

2 BB25
I: S
II: R
III: S Cl

H 87 ± 8 nM

3 BB23
I: R
II: S
III: R Cl

H 300 ± 0 nM

4 BB25-Me
I: S
II: R
III: S Cl

Me Inverse 2.5 ± 0.3 lM

5 BB24
I: S
II: R
III: S Cl

H 30 ± 1 nM

6 BB22
I: R
II: S
III: R Cl

H 616 ± 12 nM

7 AR501 rac N

N

O

H 1.0 ± 0.1 lM

8 AR499 rac N

N

O

Me Inverse 1.6 ± 0.2 lM

9 AR262
I: S
II: R
III: S F3C

H 50 ± 4 nM

10 AR261
I: R
II: S
III: R F3C

H 350 ± 35 nM

11 AR80 rac F3C

N N

H 190 ± 14 nM

12 AR179 rac
F3C

O
Biotin

H 1.0 ± 0.0 lM

13 AR243 rac F3C

N N

O
Biotin

H 500 ± 83 nM

14 AR366 rac F3C

N N

NH
Biotin

Me Inverse 1.1 ± 0.1 lM

15 AR367 rac F3C

N N

NH
Biotin

H 2.2 ± 0.1 lM

16 AR354 rac F3C

N N

OH

H 2.0 ± 0.1 lM

For dose response curves and selectivity data of selected compounds the reader is referred to the Supplementary data.
a Stereocenters.
b Rn refer to Scheme 1.
c IC50s (straight GSMs) and EC50s (inverse GSMs) were determined as published previously.3
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position. Therefore, the 4-position of the lower aromatic ring was
chosen as an anchoring point for the diazirine moiety. Coupling of
4-(3-trifluoromethyl)-3H-diazirin-3-yl) benzaldehyde 14, racemic
amine 1 and 3-methyl-but-1-yne resulted in AR80 as expected
(Scheme 1 and Table 1). Given the modest potency gain of the
enantiomeric pure forms of the modulators, the synthesis was
carried out with racemic 1, providing the racemic photoreactive
compound AR80 with preserved activity (AR80
IC50 = 190 ± 14 nM (Ab42); entry 11, Supplementary Figs. S1C
and S2). Having successfully placed the photoreactive diazirine
moiety, we next focused on the introduction of a biotin tag for
affinity purification. Since the three-component coupling reaction
proved tolerant to a large diversity of reactants, we attempted to
introduce the biotin tag in the aliphatic side-chain of AR262. To
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minimize perturbations induced by the bulky biotin tag, we
selected a six-carbon-atoms long spacer for GSM AR179
(IC50 = 1.0 ± 0 lM (Ab42); entry 12, Supplementary Figs. S1D and
S2). This analog was obtained by coupling silyl-protected amine
5, 4-trifluoromethyl-benzaldehyde, and biotin-functionalized ter-
minal alkyne 6, followed by selective TBAF-mediated deprotection
of the piperidine-bound carboxylic acid (Scheme 1 and Table 1).
The introduction of the lipophilic diazirine moiety in AR243
(IC50 = 500 ± 83 nM (Ab42); entry 13) appeared to partially com-
pensate the negative impact on potency of the biotin tag in
AR179. We could therefore successfully obtain the complete
photoreactive probe AR243 (Scheme 1 and Table 1) with a puri-
fication tag, nanomolar activity, typical selectivity for an acidic
GSM (Supplementary Figs. S1E and S2) and high scaffold similar-
ity compared with the parent compound GSM-1. In an effort to
further optimize the probe for experimentations in live cells, we
aimed for the stabilization against cellular hydrolases of the
side-chain supporting the biotin tag in AR243. Therefore, the es-
ter bond was replaced by an amide bond in AR367 using the N-
Boc-protected terminal alkyne 9 in conjunction with racemic 1
and 14 in the A3-coupling. HCl-treatment of the resulting cou-
pling product released the free amine that was subsequently cou-
pled to biotin, yielding the methylester AR366 as a potent inverse
photoprobe (EC50 = 1.1 ± 0.1 lM (Ab42); entry 14, Supplementary
Figs. S1F and S2). Saponification then gave the amide analog to
AR243, named AR367 (Scheme 1 and Table 1). Surprisingly, the
amide modification induced a significant loss of activity
(AR367: IC50 = 2.2 ± 0.1 lM (Ab42); entry 15 and Supplementary
Fig. S2), pointing to a high sensitivity to the polarity of the linker,
as also previously reported for other photoreactive probes, also
highlighting the advantage of tag-free strategies.34,55 Noteworthy,
the inverse activity of AR366 underlines once more the discon-
nect between straight and inverse modulatory potencies as also
noted previously for AR499. To eventually verify that the hydro-
lysis product of AR243 does not contribute to the activity ob-
served in cells, we synthesized the hydrolysis product AR354
using the alkyne-acetate 7 followed by hydrolysis to obtain the
free alcohol (Scheme 1 and Table 1). The low potency for
AR354 (IC50 = 2.0 ± 0.1 lM (Ab42); entry 16 and Supplementary
Fig. S2) confirmed the resilience of AR243 towards ester hydroly-
sis and its suitability for labeling experiments in membrane prep-
arations and in live cells.
2.2. Photolabeling

With the straight-GSM photoprobe AR243 and the inverse
probe AR366 in hand, we performed the photolabeling experi-
ments followed by purification on streptavidin beads, as de-
scribed in a separate publication.35 Briefly, we demonstrated
that both the straight probe AR243 and the inverse probe
AR366 bound in membrane preparations and in living cells to
the N-terminal fragment of presenilin 1 (PS1), the catalytic sub-
unit of the c-secretase complex, in line with several independent
studies.34,38 For this, we treated N2a-ANPP cells that stably over-
express APP and all four subunits of the c-secretase complex with
0.2 lM of the photo-probe AR243 or DMSO vehicle and irradiated
the live cells with 350 nm UV light. Subsequently, cellular mem-
branes were prepared and proteins labeled with the photo-probe
were affinity purified using streptavidin beads. The purified mate-
rial was resolved on SDS gels and probed by Western blotting
with antibodies against the four subunits of the c-secretase com-
plex or the substrate APP. Both probes selectively labeled the N-
terminal Fragment of PS1, indicating that the effect of straight
and inverse GSMs is mediated via direct binding to this c-secre-
tase subunit.35
3. Discussion

3.1. Synthesis and SAR

Here we report the design and synthesis of GSM-1 derived
diazirine-tagged c-secretase modulators to elucidate their bind-
ing partner in a cell culture model. We developed an optimized
protocol for the copper-(I)-catalyzed A3-coupling, which was
sufficiently mild to provide compatibility with heat sensitive
diazirines. During the development of our frontrunner probe
AR243 we were able to obtain a small library of straight and in-
verse GSMs that facilitated the establishment of a preliminary
structure–activity relationship. For straight GSMs we found that
increased lipophilicity of the lower aromatic ring and the aliphatic
side chain correlated well with increasing potency as expected for
substances targeting membrane-embedded proteins. This is nicely
illustrated by the disruptive effect of the polar biotin moiety on
potency, partially reversed by introduction of the lipophilic diazi-
rine moiety (see AR179 (IC50 = 1.0 ± 0.0 lM) and AR243
(500 ± 83 nM)). Additionally the presence of hydrogen-bond
donors (Amide-NH: AR367; OH: AR354) in the linker region also
led to a significant loss of potency (2.2 ± 0.1 lM and 2.0 ± 0.1 lM,
respectively). Esterfication of the characteristic carboxylic acid
moiety mediated the switch from straight to inverse modulation.
Among the small subset of three inverse modulators, all showed
comparable potencies on selectively raising Aß42 (Table 1; Entries
5, 7 and 13). Compared to the potencies of their respective straight
GSMs (Table 1; Entries 1, 6 and 14) one might suggest a clear
disconnect between the SAR of the inverse and straight GSMs.
While the principles governing the switch between straight and
inverse modulation are incompletely understood, shared binding
sites are proposed based on photolabeling experiments, competi-
tion assays and the very high scaffold similarity.

3.2. Mode of action

The straight and inverse photoprobes AR243 and AR366,
respectively, allowed us to successfully carry out photolabeling
experiments followed by biotin-affinity purification. Selective
binding of both probes to the PS1-NTF was found, suggesting that
both effects, straight and inverse modulation, are mediated via the
same c-secretase subunit.35 This finding is in accordance with sev-
eral independent studies and biochemical investigations.22–24

Indeed, two major compound classes have been identified to
date, acidic and non-acidic imidazole based GSMs, raising ques-
tions about their respective targets.19 We and others have reported
cross-competition binding experiments between acidic and non-
acidic GSMs, thereby providing insights into the binding sites for
these molecules.35,38 Competition between the photoreactive
probe AR243 and the acidic NSAID-like JNJ-40418677 (Fig. 3) indi-
cated a strong overlap in binding sites, as expected for homologous
GSMs.35 However, competitions experiments with non-acidic
GSMs have provided more nuanced results, with a significant dis-
connect between competitiveness and chemical analogy. We ob-
served a strong labeling competition between our acidic probe
AR243 and the imidazole-based non-acidic GSM compound 1
(Fig. 3), whereas structurally analogous and equally potent
E-2012 competed only partially. A similar disconnect has been
independently reported in vice versa competition experiments
with acidic GSMs against the non-acidic probe GSM photoprobe
RO-57-BpB.37 Therefore, it might be tempting to postulate distinct
binding sites for acidic and non-acidic GSMs. However, conclusions
based solely on these experiments should be avoided because of
possible allosteric effects and artifacts linked to compound self-
aggregation at the investigated concentration. Obviously, further



Figure 3. Compounds used for competition experiments. Compound 1, E-2012:
Non-acidic GSMs. JNJ-40418677: Acidic GSM. Note the structural similarity
between Compound 1 and E-2012.
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studies using mass spectrometry-based proteomic analyses will be
required to accurately map the respective binding sites.

In contrast, cross-competition experiments with GSMs and
c-secretase inhibitors (GSIs) strongly suggested distinct binding
sites. Early cross-competition binding assays between a radiola-
beled transition-state inhibitor and the GSM sulindac sulfide
reported displacement in a non-competitive manner.25 The finding
was verified by a recent report showing unperturbed labeling of
PS1-NTF by photoreactive acidic GSMs in competition with GSIs
directed against the enzymatic active site, substrate-binding site
or an allosteric site.38 Moreover, this simultaneous binding of mod-
ulators and inhibitors allowed Li et al. to elegantly investigate the
GSM-induced conformational changes in PS1 using photoreactive
inhibitors directed towards several catalytic site subsites,
demonstrating that GSMs allosterically modulate c-secretase
activity.34 The proposed hydrophilic cavity in PS-1 around TMDs
6 and 7 forming the active site,56–60 indeed lowers the probability
to target this region with GSM-1 analogs, due to the high lipophil-
icity of a scaffold with a cLogP of 7.92.

Despite the valuable information gained from photoaffinity
labeling, the mode of action of GSMs remains obscure. Whereas
the full inhibition of c-secretase is well understood, the mode of
action of modulators appears difficult to rationalize, and a high-
resolution structure of the tetrameric c-secretase complex is
eagerly awaited.58 The current model postulates a sequential
cleavage of the C99 substrate each 3–4 amino acids starting at a
e–cleavage site near the cytoplasmic border, compatible with an
alpha-helical conformation for the substrate.61–65 Considering that
the signature of GSMs comprises selective lowering of the patho-
genic Ab42 and increase of the shorter Ab38 peptide, it is assumed
that Ab42 and Ab38 might be interdependent, and that GSMs
might promote a further cleavage step on Ab42 to yield Ab38 after
a tetrapeptide release. However, a loose correlation in the
Ab40:Ab38 ratio in cells expressing different FAD-associated PS1
mutants upon GSM treatment points to independent production
lines for Ab42 and Ab38.11,66 For instance, PS1-mutant cell lines,
typically resistant to GSḾs Ab42 lowering effect, nevertheless
appear sensitive to the Ab38 elevating effect. Indeed, at least two
separate product lines have been recently confirmed using high-
resolution tandem mass spectrometry, a minor and pathogenic
Ab48-Ab45-Ab42 and a major Ab49-Ab46-Ab43-Ab40.12,67 How-
ever, treatment with sulindac sulfide, a first generation GSM with
low potency, did not allow establishing clearly the source of Ab38.
Finally, the specificity of the initial e�cleavage at the Ab48 or
Ab49 positions might dictate the downstream outcome of the step-
wise cleavages leading to Ab42 or Ab40 respectively, and a link be-
tween Ab48 and Ab42 has been reported in several PS1 mutants.
Hence, it has been also proposed that the Ab42 lowering effect of
GSMs might be related to a shift in the initial e�cleavage site.68

However, recent experimental data show that the initial e-cleavage
site might not stay permanently upstream of Ab42 and therefore
might not be truly targeted by GSMs.69,70 Altogether, photolabeling
experiments with GSMs have provided extremely valuable infor-
mation indicating direct binding to c-secretase and an allosteric
mode of action, which inspires further investigations to decipher
the fascinating molecular mechanism of c-secretase.

4. Conclusions

The photoreactive probe AR243 is a novelc�secretase modulator
based on GSM-1 with preserved potency. We also reported a preli-
minary structure–activity relationship pointing at preferential lipo-
philic substituents and relative tolerance to steric bulk. We could
demonstrate that the biotin-tagged probe AR243 bound in mem-
brane preparation and in living cells to the N-terminal fragment of
PS1 (the catalytic subunit of the c-secretase complex). Moreover,
we could obtain an inverse modulator AR366 with micromolar
potency, which labeled the same N-terminal fragment of PS1, pro-
viding an interesting tool for further investigations. Cross-competi-
tion experiments with other c�secretase modulators point toward
shared binding sites within PS1-NTF, which is in accordance to
independent investigations by other groups.34,35,37,38 However,
while selective modulation of Ab42 production is a promising
strategy for drug development for Alzheimeŕs disease, further inves-
tigations are required to better understand the elusive link between
GSM-induced PS1 conformational changes and the shifted proteo-
lytic cleavage specificity of c-secretase.

5. Experimental section

5.1. Chemistry

All reactions were performed under an inert atmosphere of ar-
gon or nitrogen, unless otherwise stated. 1H NMR and 13C NMR
data were obtained on a Bruker Avance DPX 400 or DPX 500. Spec-
tra were recorded at 298 K and the chemical shifts are expressed in
ppm relative to solvent signals (1H NMR: CDCl3 7.26; MeOD 3.31;
DMSO-d6 2.50; CO(CD3)2 2.05; 13C NMR: CDCl3 77.16; MeOD 49.00;
DMSO-d6 39.52; CO(CD3)2 29.84). Compound purity was accessed
by analytical HPLC (Shimadzu LC-10 HPLC-system; 4 � 150 mm
M&N Nucleodur Isis 5 lm column) using a gradient system
(t = 0–2 min: 80% H2O + 0.1% TFA; 20% acetonitrile; ramp to 98%
acetonitrile (t = 15 min; 6%/min); hold for 2 min; Injection at
t = 1.5 min) and detection at 220 nm. Preparative HPLC was per-
formed on a Shimadzu LC-8A system using different gradients
(H2O + 0.1% TFA and acetonitrile) at 5 ml/min on a 10 � 250 mm
Supelco Ascentis C18 column. HRMS-spectra were recorded on a
MAT 95 XL or MAT 90 mass spectrometer from Thermo Finnigan.
Specific rotations were measured on a Autopol I from Rudolph Re-
search Analytical (Hackettstown, NY, USA) in EtOH at stated con-
centrations. All reagents were obtained from Sigma–Aldrich
(Munich, Germany), Alfa-Aesar (Karlsruhe, Germany), Acros
Organics (Geel, Belgium), ABCR (Karlsruhe, Germany) or Fluoro-
chem (Hadfield, UK) and were used as received.

5.1.1. General methods A and B for A3-coupling
Method A (non-diazirine modulators): Inside a glovebox under

N2-atmosphere, a pressure tight vial was charged with aldehyde
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(1 equiv), amine (2 equiv) and the respective terminal alkyne
(2 equiv). CuBr (3 equiv) was added, followed by activated 4 Å
molecular sieves (�1 g per 10 ml solvent). Toluene (7 ml/mmol
aldehyde) was added and the reaction mixture heated to 90 �C un-
der vigorous stirring for 24 h. The crude reaction mixture was fil-
tered twice through Celite and a silica pad eluting with EtOAc
(for biotin containing compounds 5% MeOH in DCM was used).
After evaporation of the organic solvents, the crude extracts were
purified by silica-gel chromatography or preparative HPLC as de-
scribed below and in the Supplementary data. Method B (diazirine
modulators): An equivalent setup as described above was used
reducing the reaction temperature to 60 �C and prolonging the
reaction time to 48 h.

5.1.2. Synthesis of diazirine-tagged benzaldehyde 14
5.1.2.1. Methyl 4-(2,2,2-trifluoroacetyl)benzoate 12. 4-(2,2,2-
trifluoroacetyl)benzoic acid 11 (5 g, 22.92 mmol) was obtained
according to Chen et al.,51 dissolved in methanol (100 ml) and concd
sulphuric acid (1.22 ml, 22.92 mmol) was added via syringe. The
mixture was heated to 60 �C over night. It was neutralized with 1 M
NaOH aq and concentrated. The obtained residue was partitioned
between sat. NaHCO3 aq and EtOAc. The organic layer was washed
with brine, dried over MgSO4 and evaporated to yield 12 as off-white
solid that was used as obtained (5.20 g, 98%). Analytical data were
in accordance to literature.71

1H NMR (400 MHz, (CD3)2CO d = 3.96 (s, 3H), 8.21 (d, J = 8.5 Hz,
2H), 8.25 (d, J = 8.5 Hz, 2H).

13C NMR (100 MHz, (CD3)2CO d = 53.04, 117.49 (q, J = 290.7 Hz),
130.92 (m), 130.94, 133.94, 137.04, 166.07, 180.82 (q, J = 35.2 Hz).

HRMS (EI; 70 eV) Calcd for C10H7F3O3 (M+) 232.0347. Found
232.0348.

Purity (HPLC) = 95%; tR = 12.54 min (Hydrate smears from
9.50 min to 12.54 min).

5.1.2.2. Methyl 4-(2,2,2-trifluoro-1-((tosyloxy)imino)ethyl)ben-
zoate 13. Compound 12 (5.20 g, 22.40 mmol) and hydroxyl-
amine hydrochloride (3.84 g, 56 mmol) were dissolved in a 1:2
mixture (37 ml) of methanol and pyridine and refluxed over night.
Upon complete conversion the solvents were evaporated and the
residue was partitioned between 5% HCl aq and DCM. After resid-
ual pyridine was washed out, the combined aqueous layers were
extracted with DCM and organic layers were combined. It was
washed with brine, dried over MgSO4, filtered and evaporated.
The residue was dissolved in DCM (40 ml) and triethylamine
(7.75 ml, 56 mmol) was added. The mixture was cooled to 0 �C
and tosylchloride (4.83 g, 25.3 mmol) was added in small portions
over 10 min. The cooling bath was removed and the mixture was
allowed to warm to rt during 2 h. It was poured onto 10% HCl aq
and the layers were separated. The aqueous layer was washed with
DCM, organic layers were combined, washed with brine, dried over
MgSO4, filtered and evaporated. The residue was purified on silica
eluting with DCM to obtain 13 (isomeric mixture 2:3) as a white
solid (8.63 g, 96%).

1H NMR (400 MHz, CDCl3) d = (major isomer) 2.47 (s, 3H), 3.94
(s, 3H), 7.38 (m, 2H), 7.45 (d, J = 8.4 Hz), 7.87 (d, J = 8.1 Hz), 8.13
(d, J = 8.4 Hz).

13C NMR (100 MHz, CDCl3) d = (major isomer) 21.88, 52.63,
119.5 (q, J = 277.5 Hz), 127.13, 128.58, 129.37, 129.90, 130.08,
131.07, 133.05, 146.50, 153.49 (q, J = 33.3 Hz), 165.87.

HRMS (ESI-TOF) Calcd for C17H14F3NO5SNa (M+Na) 424.0442.
Found 424.0440.

Purity (HPLC) = 98%; tR = 15.41 min.

5.1.2.3. 4-(3-(Trifluoromethyl)-3H-diazirin-3-yl)benzaldehyde
14. Compound 13 (8.63 g, 21.50 mmol) was dissolved in
DCM (11 ml) and transferred into a pressure tight vial. It was
cooled to �78 �C and ammonia (�2 ml) was condensed into the
solution. The vial was sealed and removed from the cooling after
stirring for 30 min. While warming to rt stirring was continued
over night. The excess ammonia was carefully evaporated and
the formed precipitate filtered off. Evaporation of the filtrate gave
the crude diaziridine that was dissolved in dry THF (60 ml) and
cooled to 0 �C. A freshly prepared 0 �C solution of SDBBA (0.5 M
in THF; 84 ml; 42 mmol) was added over 20 min and the mixture
was stirred for another 20 min and then quenched by the slow
addition of water (5 ml).53 The solvent was evaporated and the oily
residue partitioned between EtOAc and water. Layers were sepa-
rated and the aqueous layer was washed several times with fresh
portions of EtOAc. Combined organic layers are washed with brine,
dried over MgSO4 and evaporated to yield a yellowish oil that was
directly used in the next step. To a �78 �C cold solution of oxalyl-
chloride (3.58 ml, 41.7 mmol) in dry DCM (20 ml) a solution of dry
DMSO (3.11 ml, 43.8 mmol) in dry DCM (20 ml) was slowly added
over 20 min. The resulting solution was stirred for another 10 min
and the crude from above was added over 20 min as a solution in
dry DCM (40 ml). Stirring was continued for 15 min and the reac-
tion was quenched by the slow addition of a solution of triethyl-
amine (5.78 ml, 41.7 mmol) in dry DCM (10 ml). Upon complete
addition the cooling was removed, allowing the reaction mixture
to warm to rt and stirred for an additional hour.52 Water was
added and the layers formed are separated. The aqueous layer
was washed with a fresh portion of DCM, organic layers were com-
bined, washed with brine, dried, filtered and evaporated to obtain a
yellow oil. Purification was performed on silica using pentane/Et2O
(9/1) and afforded 14 as a pale yellow liquid (1.824 g, 40%). Analyt-
ical data were in accordance to literature.72

1H NMR (400 MHz, CDCl3) d = 7.35 (d, J = 8.4 Hz, 2H), 7.92 (d,
J = 8.4 Hz, 2H), 10.04 (s, 1H).

13C NMR (100 MHz, CDCl3) d = 28.61 (q, J = 40.6 Hz), 121.95 (q,
J = 275.3 Hz), 127.13, 129.99, 135.40, 136.95.0, 191.20.

Purity (HPLC) = 98%; tR = 13.66 min.
5.1.3. Synthesis of AR243
5.1.3.1. 2-(1-(7-((5-((3aS,4S,6aR)-2-Oxohexahydro-1H-thieno [3,4-d]
imidazol-4-yl)pentanoyl)oxy)-1-(4-(3-(trifluoromethyl)-3H-diazirin-
3-yl)phenyl)hept-2-yn-1-yl)-2-(4-(trifluoromethyl) phenyl)piperidin-
4-yl)acetic acid AR243. About 110 mg of 4-(3-(trifluoromethyl)-
3H-diazirin-3-yl)benzaldehyde 14 (0,52 mmol), 2-trimethylsilyl)ethyl
2-(2-(4-(trifluoromethyl)phenyl)piperidin-4-yl)acetate 5 (390 mg,
1.03 mmol), Hex-5-yn-1-yl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno
[3,4-d]imidazol-4-yl)pentanoate 6 (335 mg, 1.03 mmol) and copper(I)
bromide (222 mg, 1.55 mmol) were reacted in toluene (3.5 ml)
according to general method B. The so obtained crude oil was dissolved
in THF (15 ml) and TBAF (1 M in THF, 1.12 ml, 1.12 mmol) was slowly
added at rt. The reaction was allowed to proceed for 2 h before dilution
with EtOAc and water. The pH was set neutral and the final compound
extracted with EtOAc. The organic layers were combined, washed
withbrine,driedoverMgSO4,filteredandevaporated.Theobtainedcrude
oil was purified on preparative HPLC to afford AR243 as a white
foam (42 mg, 9.3%).

1H NMR (400 MHz, MeOD) d = 1.39–1.91 (m, 12H), 1.99 (m, 1H),
2.12 (m, 1H), 2.21 (m, 1H), 2.31 (d, J = 6.8 Hz, 2H), 2.36 (t, J = 7.4 Hz,
2H), 2.55 (td, J1 = 6.8 Hz, J2 = 2.1 Hz, 2H), 2.68 (d, J = 12.9 Hz, 1H),
2.89 (dd, J1 = 12.9 Hz, J2 = 4.9 Hz, 1H), 2.98 (m, 1H), 3.10–3.20 (m,
2H), 4.19 (t, J = 6.5 Hz), 4.28 (dd, J1 = 8.1, J2 = 4.5 Hz, 1H), 4.38–
4.50 (m, 2H), 4.90 (s, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.61 (d,
J = 8.1 Hz, 2H), 7.76–7.89 (m, 4H).

13C NMR (100 MHz, MeOD) d = 19.14, 25.98, 25.99, 29.17, 29.47,
29.71, 30.58, 33.31, 34.84, 40.30, 40.71, 41.02, 48.31, 56.97, 59.34,
61.62, 63.39, 65.03, 68.43, 71.58. 94.82, 123.45 (q, J = 275.2 Hz),
125.39 (q, J = 275.5 Hz), 127.64 (q, J = 3.3 Hz), 127.95, 129.92
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(broad), 131.43, 131.59, 132.49 (q, J = 32.5 Hz), 136.60, 143.46,
166.09, 175.40, 175.52 (diazirine-carbon not resolved).

HRMS (ESI-TOF) for C39H43F6N5O5SH+ (M+H) 808.2967. Found
808.2938.

Purity (HPLC) = 97%; tR = 13.87 min.

5.1.4. Synthesis of AR366
5.1.4.1. Methyl 2-(1-(7-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno
[3,4-d]imidazol-4-yl)pentanamido)-1-(4-(3-(trifluoromethyl)-3H-dia
zirin-3-yl)phenyl)hept-2-yn-1-yl)-2-(4-(trifluoromethyl) phenyl) pipe
ridin-4-yl)acetate AR366. Compound 14 (236 mg, 1.10 mmol), 1
(663 mg, 2.20 mmol), 9 (434 mg, 2.20 mmol) and copper(I) bromide
(473 mg, 3.3 mmol) were reacted according to general method B.
The crude oil was then treated with 4 M HCl in dioxane (1.38 ml,
5.5 mmol) for 2 h at rt. The solvent was removed in vacuo and the
residue was dissolved in dry DMF (2.2 ml). DIPEA (575 ll, 3.3 mmol)
was added, followed by biotin (403 mg, 1.65 mmol). The mixture was
stirred for 5 min at rt and EDAC (422 mg, 2.2 mmol) was added. The
reaction is left for 2 h and then diluted with EtOAc. Thorough
extraction with water removed residual DMF; it was washed with brine,
dried, filtered and evaporated. The resulting crude material was puri-
fied by prep. HPLC to afford AR366 as off-white foam (226 mg, 25%).

1H NMR (400 MHz, MeOD) d = 1.34–1.47 (m, 3H), 1.52–1.77 (m,
10H), 1.82 (m, 1H), 1.92 (m, 1H), 2.16–2.26 (m, 4H), 2.35–2.47 (m,
4H), 2.66 (d, J = 12.9 Hz, 1H), 2.85 (dt, J1 = 12.9, J2 = 5.1 Hz, 1H), 3.14
(m, 1H), 3.26 (m, 2H), 3.61 (s, 3H), 3.67 (dd, J1 = 11.3 Hz, J2 = 8.3 Hz,
1H), 4.25 (dt, J1 = 7.8 Hz, J2 = 4.8 Hz, 1H), 4.39 (s, 1H), 4.44 (m, 1H),
7.18 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 8 Hz, 2H), 7.64–7.70 (m, 4H).

13C NMR (100 MHz, MeOD) d = 19.06, 26.93, 27.54, 29.30. (q,
J = 40.2 Hz), 29.47, 29.77, 29.92, 32.81, 34.91, 36.83, 39.84, 41.02,
41.56, 43.22, 47.00, 51.99, 56.97, 57.35, 61.58, 63.35, 66.72,
74.64, 90.75, 122.60 (q, J = 273.2 Hz), 125.67 (q, J = 271.1 Hz),
126.76 (q, J = 3.6 Hz), 127.28 129.02, 129.37 (broad), 129.84,
130.80 (q, J = 32.0 Hz), 143.01, 149.65, 166.04, 174.61, 175.96.

HRMS (ESI-TOF) Calcd for C40H46F6N6O4S (M+Na) 843.3103.
Found 843.3069.

Purity (HPLC) = 98%; tR = 13.19 min
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