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Recently, c-secretase modulators (GSM) have been shown to interact directly with the amyloid precursor
protein (APP) and simultaneously inhibit the activity of the Presenilin domain of c-secretase. A clear
understanding of the molecular recognition pathways by which GSM can target both c-secretase and
Ab precursor protein can lead to the development of more effective inhibitors. To examine whether this
direct interaction with APP affects the downstream Ab fibril formation, we chose to investigate three dif-
ferent molecules in this study: Sulindac sulfide, Semagacestat and E2012 from the class of generation I
GSMs, c-secretase inhibitors (GSI), and generation II GSM molecules, respectively. Firstly, through
NMR based ligand titration, we identified that Sulindac sulfide and Semagacestat interact strongly with
Ab40 monomers, whereas E2012 does not. Secondly, using saturation transfer difference (STD) NMR
experiments, we found that all three molecules bind equally well with Ab40 fibrils. To determine if these
interactions with the monomer/fibril lead to a viable inhibition of the fibrillation process, we designed an
NMR based time-dependent assay and accurately distinguished the inhibitors from the non-inhibitors
within a short period of 12 h. Based on this pre-seeded fibril assay, we conclude that none of these mol-
ecules inhibit the ongoing fibrillation, rather ligands such as Semagacestat and E2012 accelerated the rate
of aggregation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer disease, the most common neurodegenerative dis-
ease, is a form of senile dementia characterized by the accumula-
tion of amyloid-b (Ab) fibril, forming plaques [1] in the brain of
the affected patients. Under the physiological condition, the Ab
peptides are generated from amyloid precursor protein (APP) by
the sequential cleavage of enzyme complexes namely, a-secretase,
b-secretase and c-secretase. First, b-secretase cleaves APP in the
extracellular domain. c-secretase then cleaves APP at the e-site of
the trans-membrane domain resulting in the generation of long
peptide fragments such as Ab48 and Ab49 [2,3]. Further, a stepwise
cleavage of Ab48 and Ab49 by c-secretase generate varying lengths
of peptide fragments ranging from 37 to 43 amino acid residues.
Because of their role in generating toxic Ab peptides both b-secre-
tase and c-secretase are considered to be excellent targets for the
pharmaceutical drug design. Previous efforts to develop inhibitors
for b-secretase have been hindered by a variety of side effects such
as interference with the apoptosis pathway and lack of substrate
selectivity. Recently, c-secretase found to be an attractive target
for domain specific inhibition/modulation that affects the produc-
tion of Ab peptide [3,4]. Several lead molecules have been devel-
oped as either c-secretase inhibitors (GSIs): e.g. Semagacestat,
Avagacestat, or c-secretase modulators (GSMs), e.g. Sulindac sul-
fide, Flurbiprofen, E2012. The difference between a GSM and GSI
lies in the binding site; GSIs are active site inhibitors while GSMs
are allosteric modulators. This difference is of functional conse-
quence as c-secretase has more than 50 other physiological sub-
strates besides APP. Hence c-secretase inhibitors, in addition to
binding with the Presenilin I or II domain, also exhibit non-specific
cross inhibitory activity by binding to other domains of c-secretase,
causing adverse reactions [5,6]. To circumvent the non-specificity
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problem of GSIs, GSMs were developed. GSMs preferentially bind
allosterically to the N-terminal fragment of Presenilin, the catalytic
subunit of c-secretase. This selectivity attributes GSMs a higher
sensitivity towards the modulation of natural substrate such as
APP compared to the other substrates like CD44 and Notch-1 [7].

Certain non-steroidal anti-inflammatory drugs (NSAIDs), such
as Sulindac sulfide and Flurbiprofen, apart from inhibiting the
COX enzyme also act as potent GSMs. These GSMs have been
reported to bind directly to the APP’s C-terminal trans-membrane
domain (APP TMD) and interfere with the dimerization of APP [4]
there by increasing the accessibility of c38 cleavage site of APP
compared to the c42 cleavage site. This results in the production
of the shorter Ab38 peptide rather than Ab42 [8]. Previous muta-
tion studies have shown that any mutation in the G29xxxG33 motif
of APP reduces dimerization drastically and lowers the production
of Ab42 [8]. GSMs have been shown to bind to this region of APP,
diminishing the dimerization and reducing the formation of Ab42
[9]. This region corresponds to residues 25–29 of Ab. Though it is
well known that GSMs interact with the G29xxxG33 motif of APP,
till date, only limited experimental evidences are available to show
how this interaction influence the downstream fibrillation process
of Ab. In this study we are interested in knowing whether first and
second generation GSMs, such as Sulindac sulfide, E2012 and GSI,
directly interact with Ab40 in its monomeric or fibril form to inhi-
bit the fibril formation process.
2. Materials and methods

2.1. NMR sample preparation

An equivalent of 5 mg of Ab40 peptide (China peptides >95%
purity) was dissolved in 200 lL of HFIP (non-deuterated) and a vol-
ume equivalent to 0.1 mg was aliquoted into eppendorf tubes and
lyophilized for more than 36 h. A 100 mM stock of Sulindac sulfide
(Sigma Aldrich), Semagacestat (Adooq bioscience), E2012 (Adooq
bioscience) and Quercetin were prepared in D6-DMSO, whereas a
100 mM suspension of b-cyclodextrin was prepared in D2O. The
Ab40 peptide samples used for NMR studies were prepared identi-
cally to a final concentration of 80 lM by taking the lyophilized
peptide equivalent to 0.2 mg and dissolving in 200 lL of 2 mM
NaOH and allowing it to clarify in a cold room (4 �C) for �1 h. The
clarified sample was vortexed, centrifuged to remove air bubbles
and sonicated for 5 min at 4 �C. The NMR sample containing Ab40
was in 20 mM of phosphate buffer (pH 7.4), 50 mM of NaCl, and
10% D2O. The fibril sample was prepared by dissolving 0.8 mg of
lyophilized Ab40 peptide in 400 lL (2 mM NaOH in D2O), with NaCl
and sodium phosphate equivalent to 50 and 20 mM concentration,
respectively. This sample mixture was incubated at 45 �C in a rotary
shaker for more than 48 h. For consistency reasons, the final con-
centration of the fibril was considered to be the same to that of ini-
tial monomer taken. For both fibril seeded kinetics and STD NMR
experiments, concentration of fibril was 11.2 lM.
2.2. NMR experiments

All NMR experiments were performed on a Bruker Avance III
500 MHz spectrometer equipped with a 5 mm SMART probe. In
ligand titration based experiments, the conventional 1D with W5
watergate for water suppression was used for the Ab40 peptide
(80 lM) in the presence of the ligand (stock 100 mM) ratios vary-
ing from 1:0, 1:0.5, 1:1, 1:2, 1:3 to 1:5. The temperature depended
kinetics was performed at different temperatures such 30, 45, 55
and 65 �C by recording 1D NMR spectra over a time period of
12 h, with each data point in the kinetic plot representing an aver-
aged intensity value corresponding to every half hour. The fibril
seeded kinetics were performed identically to the temperature
kinetics experiments except that the temperature was set to
40 �C and contained 40 lL of 154 lM fibril stock incubated previ-
ously with 2 lL of 100 mM ligand stock for 1 h. The ligands used
for the study were Quercetin, b-cyclodextrin, Sulindac sulfide,
Semagacestat and E2012. A total of 256 scans were performed
for the ligand titrations and 320 scans for temperature kinetic
and fibril seeded kinetic experiments. The recycle delay was kept
constant at 1 s for all the experiments.

The saturation transfer difference (STD) experiment was
recorded for the ligands such as Sulindac sulfide, Semagacestat
and E2012 in the presence of fibril at a fibril to ligand ratio of
1:40. The on- and off-resonance saturation was effected by apply-
ing a series of selective Gaussian pulse consecutively for a duration
of 0.5–5 s at �1 and 40 ppm, respectively. The duration and the
inter-pulse delay for saturation pulse were 49 ms and 1 ms, respec-
tively. A total of 960 scans were recorded for STD at 25 �C. A
reference spectra with 480 scans was recorded with only the off-
resonance saturation and the phase cycle was modified to add
the spectra. An inter-scan delay of 1 s was used for both the
reference and the STD experiment.

2.3. Docking calculations with Ab fibril

All the docking calculations of three compounds with Ab fibril
were carried out using Autodock. Ab fibril models (pdb: 2LMO)
was taken to studying the binding interaction of small molecules
with fibril. Lamarckian genetic algorithm (LGA) was employed as
a search engine and LUDI type scoring function was used. Gastei-
ger–Marsili charges were used for all docking runs and the remain-
ing parameters used were same as that of default settings. The
generated binding conformations were grouped into clusters based
on the root-mean-squared tolerance of 1 Å for analysis purpose.
3. Results

3.1. Interaction of GSM/GSI with Ab monomer

We carried out both qualitative and quantitative analyses of
the interaction of a ligand to a protein/peptide by a 1D NMR based
ligand titration assay. In this study, the ligands Sulindac sulfide,
Semagacestat and E2012 were titrated into Ab40 monomers at a
peptide to ligand (P:L) molar ratio of 1:0–1:5. As previously
reported, the Sulidac sulfide showed a very strong interaction
towards the Ab40 monomer, even at a ratio of 1:1 [9,10]. This is
evident from the significant line-width broadening of the Sulindac
resonances appearing close to 7.45 ppm (green trace, Fig. 1A)
(Assignment: peaks a, e, f, in Fig. S1). At a P:L ratio of 1:3, Sulindac
sulfide induced severe aggregation of the peptide, resulting in a
drastic reduction in the peak intensities of the peptide as well
as the ligand (blue trace, Fig. 1A). This result is in perfect agree-
ment with the previous study where, the chemical shifts of Sulin-
dac sulfide as well as the aromatic side chain of the peptide were
shown to be perturbed during the titration [9,10]. On the other
hand, Semagacestat did not interact strongly with the peptide,
as evident from its weak perturbation profile for the peptide
peaks near 7.78–7.63 ppm (Fig. 1B). Unlike Sulindac sulfide and
Semagacestat, E2012 did not interact with monomers of Ab40
even at the highest titrated concentration (1:3) used in this study
(Fig. 1C).

3.2. GSM/GSI binds to Ab fibrils

Saturation transfer difference NMR is a standard technique to
identify the interaction of ligands with biomolecules such as



Fig. 1. An overlay of the 1H titration spectra of Ab40 peptide in the presence of Sulindac sulfide (A), Semagacestat (B) and E2012 (C), at the ratio of 1:0 (red), 1:1 (green) and
1:3 (blue). The ligand resonances are indicated as (⁄). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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protein, virus, lipopolysaccharide (LPS), Ab fibrils, etc. [11,12].
Recently, STD NMR had been extensively used to specifically iden-
tify the specific targets of inhibitors of the Ab peptide fibrillation
process (Fig. S2) [13,14]. We performed STD experiments for three
ligands (L) – Sulindac sulfide, Semagacestat and E2012 – in the
presence of Ab40 fibrils (F) at a molar ratio of 1:40 (F:L). Despite
the weak interaction shown by these three ligands towards the
monomer, all of them interacted strongly with fibrils (Fig. 2). The
group epitope mapping for these molecules were summarized in
Fig. 2. The STD effects can be overestimated due to spin–lattice
(T1) relaxation effect and hence mislead the group epitope
mapping (GEM) of ligand binding to the receptor [11,12]. However,
to avoid the T1 bias, we performed STD experiments at different
saturation times, from 0.5 to 5 s, and then obtained the STD ampli-
fication factor for each resonances. The amplification factor for a
saturation time of 2 s was well below the plateau region to avoid
the T1 bias and hence the overestimation of the STD effects
[15–17]. A strong STD effect was determined for the fluorobenzene
and the methyl sulphonyl-phenyl ring of the Sulindac sulfide
(resonance assignment, Fig. S1). In Semagacestat, the benzazepin
ring was found to be in close proximity to the fibril as inferred from
the STD spectrum (Fig. S3). Whereas, for E2012, both fluoro-
benzene and the methoxy-phenyl groups exhibited a strong STD
effect relative to the rest of the molecule (Fig. S4).
3.3. Fibril seeded kinetics in the presence of GSM/GSI

If fibril seeds are adequately removed, the kinetics of Ab40
fibril formation is very slow at 37 �C and spans over a period
of 45 days [18]. By adding an aliquot of pre-formed fibril at a
ratio of 1:8 (F:P = peptide), we bypassed the slow nucleating
lag phase and shifted the fibrillation towards rapid log phase
of the sigmoidal curve. We standardized this assay by
performing NMR based fibril-seeded kinetic assay for the Ab40
monomer, Ab+b-cyclodextrin and Ab+Quercetin and found the
rate of monomer depletion to be 3.6 � 10�4 min�1, 2.4 � 10�4

min�1 and 1.3 � 10�4 min�1, respectively (Figs. 3, S5). Since, both
b-cyclodextrin and Quercetin are well known inhibitors [19,20],
the depletion rate of Ab40 monomer has decreased considerably
relative to the Ab40 alone. After validating this assay with con-
trol inhibitors, we monitored the effect of GSM/GSI on Ab40
fibrillation. The monomer depletion rate in the presence of Sul-
indac sulfide, Semagacestat and E2012 were, 3.3 � 10�4 min�1,
6.3 � 10�4 min�1 and 6.1 � 10�4 min�1, respectively (Figs. 3,
S6). These results clearly indicate that Semagacestat and E2012
accelerated the aggregation process whereas, Sulindac sulfide
neither promoted nor inhibited the ongoing fibrillation. Despite
these three ligands bind strongly to the fibril as deduced from
STD NMR, none of them inhibited the ongoing fibrillation.

3.4. Non-fibril seeded kinetics in the presence of GSM/GSI

We also monitored the kinetics of the fibrillation process without
addition of any pre-formed fibrils, at increased temperature and
ionic strength (Fig. S7). When we compared the intensity loss at
30 �C for the non-fibril seeded kinetics, no discernable changes were
evident even at the end of 9 h. Whereas, at higher temperatures such
as 45 and 65 �C, significant changes were seen near the chemical
shift regions of Ha and amide-proton. The loss in the intensity of
monomers in non-seeded kinetics at higher temperature was con-
fined only to few resonances compared to the generalized intensity
loss observed for the whole peptide in fibril-seeded kinetics.

3.5. Docking of GSM/GSI onto the fibril

To obtain further insights into the mode of inhibition, we per-
formed blind docking for all these molecules using a fibril structure
(Pdb: 2LMO) and found that Semagacestat and E2012 preferred to
dock in the same pocket located at the growing edge (labeled as B)
of the fibril (Fig. 4). Whereas, Sulindac sulfide preferred to stick to



Fig. 2. Reference (red) and the corresponding STD spectra (blue) of (A) Sulindac sulfide, (B) Semagacestat and (C) E2012, in the presence of the fibril in a 100% D2O. The group
epitope mapping of the ligand represented here is based on a scale from strong to weak STD effect corresponding to the area of the circle, respectively. For complete
assignment of all of these ligands please refer to Figs. S1, S3, S4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. The fibril-seeded monomer depletion assay at 40 �C monitored by the
decrease in the intensity in the presence of b-cyclodextrin (blue), Quercetin (violet),
Sulindac sulfide (red), Semagacestat (yellow), E2012 (orange). The control mono-
mer depletion assay without any inhibitors is shown in black. In all the cases, the
fibril to ligand ratio is 1:80 (fibril = 11.2 lM). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the surface of the filament rather than binding to any of the
growing/leading edges. To compare the binding modes of GSMs
and GSIs with a known inhibitor, we docked Quercetin and found
that it preferred one of the leading edges (labeled A, Fig. 4) placed
exactly opposite to that of the Semagacestat and E2012. This bind-
ing pocket was close to the central hinge region that connected the
N- and C-terminal regions flanked by Ile32, Gly33 and Leu34 on the
bottom, and Gly25, Val24, Glu23, Leu22, Ala21, Phe20, Phe19,
Val18 and Leu17 on the top. In addition, a strong phenyl ring stack-
ing with Phe19 and Phe20 characterized the binding of Quercetin.
The docked orientation of the aromatic ring of Quercetin remained
perpendicular to the fibril axis. Contrarily, Semagacestat and
E2012, preferred to slide across a groove present near the leading
edge and made no contact with the hinge region (Figs. 4 and S8).
No phenyl stacking was seen, instead the residues such as Leu18,
Val17, Phe19 and Leu34 formed the upper and lower lips of the
binding site. At the molecular level, a striking difference seen
between Quercetin and Semagacestat/E2012 is that the former
molecule is small and rigid, whereas the latter is bulkier and
flexible. Infact, these attributes can have a profound effect on the
functional aspect of the ligands and dictates whether the ligand
remains innocuous or induce/inhibit the fibrillation process. Com-
pared to other GSM/GSI, Sulindac sulfide interacted feebly with
Lys16 and Val18 which were present in a shallow pocket exposed
to the solvent. It also preferred to stack with Phe20 through a CH–p
type interaction (Fig. S8). Since its binding pocket is placed
significantly away from the growing edges, understandably, the
influence of the binding of Sulindac sulfide to the fibril on the
fibrillation process is negligible.
4. Discussion

The implication of Ab amyloid fibril formation in the pathogen-
esis of Alzheimer disease has been well established [21], but the
underlying molecular mechanism of fibril formation from the ran-
dom coil Ab40 monomer to an organized beta sheet fibril through
kinetically and thermodynamically rate limiting intermediate



Fig. 4. The docked structures of Sulindac sulfide, Semagacestat, E2012 and Quercetin with respect to the Ab40 fibril (PDB: 2LMO). The last residue of the N- and C-terminus of
the Ab40 monomer stacked in the fibril is highlighted in cyan and orange color respectively, to mark out the polarity differences in the growing ends. The aromatic rings of the
ligands are represented with a disc to identify the orientation of the rings with respect to the fibril axes. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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oligomers, remains obscure even today [22,23]. Recent realization
that the formation of ‘intermediate oligomers’ accelerates the fibril
formation and the subsequent cell death has lead to the develop-
ment of new approaches to characterize and monitor these less
populated invisible states [24,25]. By default, ThT fluorescence
based assay has been commonly used to follow the fibrillation
kinetics in the presence or absence of the inhibitors. One major dis-
advantage of using ThT/other dye in fluorescence assays is that the
ThT or fluorescent probes can directly interfere/interact with the
ligand, thereby generating artifacts in the assay [26]. On the other
hand, in an NMR based kinetics study, we monitor the change in
the intensity of the depleting Ab monomers without addition of
any interfering probe molecules. A major drawback in studying
the monomer depletion is that its slow kinetics spans over more
than 45 days at 37 �C [18].

To tackle this problem, we seeded the Ab peptide with an ali-
quot of pre-formed fibril in the ratio of (1:10 of fibril: monomer)
and followed the time profile of the monomer using conventional
1D 1H NMR at 40 �C. Within a short period of 12 h, we found a
decrease in the intensity of monomers. This result is in contrast
to another set of experiments where resonance specific intensity
variations were observed in non-seeded temperature dependent
kinetics. This loss in the intensity for specific resonances in con-
trast to the generalized intensity loss observed for the whole pep-
tide in fibril-seeded kinetics, is a consequence of the structural
exchange and acceleration of amide-solvent exchange at higher
temperatures, rather than the monomer depletion. We would like
to point out that though the NMR based fibril seeded assay has a
direct correlation with the fibril formation, we cannot rule out
the possibility that it could be a consequence of the formation of
large off-pathway aggregates which remain elusive/invisible to
the solution NMR measurements. Hence, further experiments
using magic angle spinning solid-state NMR techniques may prove
that the depleted monomer is directly related to the on-pathway
fibril formation.

We used two positive control inhibitors such as b-cyclodextrin
and Quercetin to standardize and validate the NMR based mono-
mer depletion assay. Though it is well established that Quercetin
is a potent inhibitor of Ab-peptide fibrillation [27,28], the inhibi-
tory mechanism of b-cyclodextrin is not clear. Despite strong
evidences from in vivo and other biophysical techniques that b-
cyclodextrin binds to monomers and prevents the transition from
random coil structure to b-sheet [29–31], contrasting results based
on DLS measurements suggests that b-cyclodextrin did not pre-
vent/affect the fibrillation of Ab40 [32]. The sample of that study
contained 2 mM of peptide, 300 lM of ligand and 10 mM HEPES
buffer for inducing aggregation. Since the kinetics of the fibrillation
process is greatly influenced by the peptide concentration itself, as
well as the concentrations of NaCl and phosphate [33], we cannot
compare the results of that study with that of our kinetics con-
ducted at a mild condition of 80 lM peptide and 400 lM b-cyclo-
dextrin without any HEPES [32]. For b-cyclodextrin and Quercetin,
we found that the rate of monomer depletion was decreased by a
factor of 1.5 and 2.7 times respectively, in comparison to the
non-seeded free monomer depletion.

Based on this assay, we identified that Sulindac sulfide, Semag-
acestat and E2012 did not prevent the fibrillation process, despite
their strong interaction with the fibril. Also the docking results
suggest that Quercetin, Semagacestat and E2012 preferred to inter-
act with the growing edges, which are the hot spots for the fibril
elongation. Further, the growing edges labelled as A, B (Fig. 4)
exhibits an inherent structural polarity, which can possibly affect
the functional aspect of the ligand; deciding whether the ligand
inhibits/induce or remain innocuous depending on, to which
polarity of the growing edge, the binding occurs. To validate these
docking results, further experiments are necessary to exactly iden-
tify the orientation of the ligand with respect to the fibril axis and
relate it to its functional aspects.
5. Conclusion

We have developed a simple and efficient NMR based assay to
monitor the depletion of the monomer within a short period of
time, and demonstrated using control molecules such as Quarcetin
and b-cyclodextrin that this assay can accurately distinguish the
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inhibitors from the non-inhibitors. Adopting this approach, we ver-
ified whether the GSMs such as Sulindac sulfide and E2012 had an
effect on the downstream Ab40 fibrillation process. We found that
E2012 enhanced the aggregation kinetics, whereas Sulindac sulfide
did not interfere with the fibrillation at all. We also tested Semag-
acestat, a GSI, which behaved similar to E2012 in its kinetic profile.
To explain the mechanistic difference, we docked each ligand onto
Ab40 fibrils and found that, the ligands that modulate fibrillation
process such as E2012 preferred to bind to the leading/growing
ends of the fibril (axial surface); whereas Sulindac sulfide, which
did not modulate the fibrillation process, interacted primarily with
the residues present on the lateral surface of the fibril.
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