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ABSTRACT: y-Secretase modulators (GSMs) have received much attention as potential Wi &
therapeutic agents for Alzheimer’s disease (AD). GSMs increase the ratio between short -
and long forms of the amyloid-## (Af) polypeptides produced by y-secretase and thereby
decrease the amount of the toxic amyloid species. However, the mechanism of action of
these agents is still poorly understood. One recent paper [Richter et al. (2010) Proc. Natl.
Acad. Sci. U. S. A. 107, 14597—14602] presented data that were interpreted to support
direct binding of the GSM sulindac sulfide to Af,,, supporting the notion that GSM
action is linked to direct binding of these compounds to the A domain of its immediate
precursor, the 99-residue C-terminal domain of the amyloid precursor protein (C99, also
known as the -CTF). Here, contrasting results are presented that indicate there is no
interaction between monomeric sulindac sulfide and monomeric forms of Af42. Instead,
it was observed that sulindac sulfide is itself prone to form aggregates that can bind
nonspecifically to A#42 and trigger its aggregation. This observation, combined with data
from previous work [Beel et al. (2009) Biochemistry 48, 11837—11839], suggests both
that the poor behavior of some NSAID-based GSMs in solution may obscure results of
binding assays and that NSAID-based GSMs do not function by directly targeting C99. It
was also observed that another GSM, flurbiprofen, fails to bind to monomeric A#42 or to
C99 reconstituted into bilayered lipid vesicles. These results disfavor the hypothesis that
these NSAID-based GSMs exert their modulatory effect by directly targeting a site located in the Af42 domain of free C99.

Ligand ()

A Izheimer’s disease (AD) is one of the most common neuro-

egenerative disorders, affecting more than 26 million
people worldwide—a number that is expected to more than
quadruple by the year 2050." AD is characterized by cognitive
decline induced by a loss of neurons and synapses in the
cerebral cortex.” This degeneration of neural activity is
associated with the existence of extracellular amyloid plaques
and intracellular neurofibrillary tangles, both of which
characterize the pathology of the disease.” The neural plaques
are comprised of insoluble deposits of amyloid-f (Af3) peptides,
which result from sequential proteolytic cleavage reactions
of the amyloid precursor protein (APP) involving f- and
y-secretase. The APP substrate is first cleaved by f-secretase
(BACE-1) to release its large ectodomain from a 99-residue
transmembrane bound C-terminal fragment (C99, also referred
to as J-CTF). C99 then serves as a substrate for y-secretase,
cleavage by which results in release of the APP intracellular
domain (AICD) and theAf polypeptide. The A produced is
not completely homogeneous but varies in length, with Ap42
and Af40 being the most prominent products. AB42 is believed
to be the most neurotoxic of the amyloid-# polypeptides due to
its particularly high propensity to form toxic aggregates that go
on to form the amyloid plaques that are the hallmark of AD
pathology.
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The well-defined pathology of AD, first described in the mid-
1980s,*”7 set the stage for the proposal of the “amyloid
hypothesis” by John Hardy,® which postulates that accumu-
lation of Af in the brain is the primary cause of AD pathology.
The amyloid hypothesis is strongly supported by the observa-
tion that all mutations of APP or the presenilin component of
y-secretase observed in early onset Alzheimer’s disease
(EOAD) or familial Alzheimer’s disease (FAD) result either
in an increase in total Af levels or in elevated production of
Ap42 relative to AP40—thus supporting the relationship
between the production of Af42 and the clinical symptoms
of AD.>*’

To date, there are only five FDA approved treatments for AD
in the United States, all of which treat cognitive decline and
symptoms of the disease.” Therefore, the development of a
disease-modifying agent—one that prevents or reverses the
pathology of the disease—represents a significant unmet
medical need. Two promising targets from a drug discovery
perspective are - and p-secretase. The development of
potential therapeutics targeting these two proteins has been
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extensively reviewed.'®”'> Among the proposed strategies,
development of agents that modulate A production has
recently received much attention. A y-secretase modulator
(GSM) is defined as a molecule that changes the relative
proportions of the Af isoforms produced by y-secretase
(particularly AB42 vs the less toxic AB40), without altering
the overall rate of APP processing.” The first GSMs originated
from nonsteroidal anti-inflammatory drugs (NSAIDs), which
were reported to reduce the occurrence of AD in patients using
these drugs.">™'® The early NSAIDs, including sulindac sulfide,
flurbiprofen, and ibuprofen, were shown to reduce the levels of
the highly amyloidogenic Af42."*'®'” Recent photoaffinity
cross-linking experiments led to the proposal that GSMs bind
directly to the transmembrane APP/C99 substrate'® to form a
complex that somehow then modulates y-secretase cleavage.
The site of GSM binding within C99 was proposed to be
located in its N-terminal Af42 domain. However, recent NMR
studies from our laboratories failed to reveal any binding of the
GSMs flurbiprofen and fenofibrate to monomeric or dimeric
C99 in micellar model membranes, with binding being detectable
only to C99 aggregates, which was found to be of a nonspecific
and nonstoichiometric nature."” More recently, Multhaup et al.
have countered our findings based on NMR, SPR, and bacterial
reporter assay results that they interpreted as providing proof
that the NSAID-based GSM sulindac sulfide binds avidly and
specifically to both AB42 and €99.>%*'

We hypothesize that alternative interpretations are merited
for some of the key results from Multhaup and co-workers and
also that some of the experiments of those works may have had
unrecognized artifacts. Here, we provide additional data to both
clarify the previously published data and to provide new data
informing on this controversy. The results support our earlier
contention'® that monomeric GSMs either do not bind
monomeric or dimeric forms of C99 or AB42 at all (in solution,
in micelles, or in membranes) or bind in a weak and nonspecific
manner that is likely to be unrelated to their GSM activity.
Moreover, these studies revealed that sulindac sulfide forms
colloid-like assemblies at concentrations above 50 1M, a pheno-
menon that may have been a source of experimental artifacts in
some previous studies of GSMs.

B MATERIALS AND METHODS

Reagents, Peptides, and Proteins. Af40 and Ap42
peptides in both isotopically unlabeled and uniformly-'*N labeled
forms were obtained from rPeptide, LLC (Bogart, GA). For all
experiments, peptides were first “monomerized” as previously
described** by dissolving lyophilized material in 98% formic acid
and then immediately evaporating the solvent. This “mono-
merized” material was stored at —20 °C and thawed immediately
before use. The compounds used in this study, sulindac sulfide,
sulindac sulfone, and flurbiprofen, were obtained from Toronto
Research Chemicals (North York, ON, CA), MP Biomedicals
(Solon, OH), and Sigma-Aldrich (St. Louis, MO).

C99 was recombinantly expressed as described by Beel
et al."” The mammalian C99 vector was cloned into a pET-21a
vector and then transformed into the BL21(DE3) E. coli strain.
Protein overexpression was induced via the addition of iso-
propyl thiogalactoside to 1 mM when cells reached an optical
density of ~0.8. Cells were harvested and lysed, resulting in
C99 localization to inclusion bodies. The inclusion bodies were
solubilized using a 0.2% SDS/8 M urea buffer. C99 was purified
via IMAC, during which SDS and urea were removed and
replaced with 0.05% LMPG, a lyso-phospholipid detergent.

C99 was eluted from the IMAC column using a buffer
containing 250 mM imidazole and 0.05% LMPG at pH 7.8. For
all experiments performed on C99 in LMPG micelles, the final
buffer concentration was 100 mM imidazole, 10% LMPG, and
2 mM EDTA at pH 6.5.

Sample Preparation. All Af40 and Af42 samples were
prepared by dissolving the “monomerized” polypeptide in
20 mM NaOH at a concentration of 1 mg/mL. The resulting
solution was the diluted with sample buffer (50 mM sodium
phosphate, pH 7.0, 10% D,0) to the desired concentrations,
typically 100 uM.

C99 reconstitution into lipid vesicles began with protein
purification as described above, with the only difference being
that the final elution buffer consisted of 0.2% SDS in lieu of
0.05% LMPG. Purified C99 in SDS was concentrated using
centrifugal ultrafiltration to a final concentration of 1 mM. The
concentrated C99 solution was then mixed with a SDS/lipid
mixture of 400 mM SDS/75 mM POPC/25 mM POPG
(400 mM SDS:100 mM lipid), resulting in a clear solution. The
C99/SDS/lipid mixture was then subjected to extensive dialysis
to remove all SDS present, during which process C99/POPC/
POPG vesicles spontaneously formed. The 4 L dialysis buffer
(50 mM imidazole and 2.25 mM EDTA at pH 6.5) was
changed three times daily. Completion of dialysis was
determined when the C99/lipid solution became cloudy and
the surface tension of the dialysate indicated complete removal
of detergent. The C99/lipid vesicles solution was then extruded
using a S0 nM filter to generate unilamellar vesicles, con-
centrated to a 1 mM:100 mM C99:lipid ratio, and flash frozen
for later experiments. For the NMR studies (GSM titrations),
the solution was diluted with buffer to achieve 100 M C99
plus 10 mM lipid. For vesicle-only control samples, the same
dialysis procedure was carried out in parallel, minus C99.

CD Spectroscopy. Far-UV CD spectra were obtained on
an AppliedPhotophysics Chirascan spectropolarimeter at
ambient temperature. The peptides were analyzed at a
concentration of 0.5—1 mg/mL, using a quartz cuvette with a
path length of 0.02 cm (far-UV CD, 180—250 nm); the spectra
were corrected for contributions from the buffer. Each
spectrum represents an average of three scans.

Dynamic Light Scattering. DLS experiments were
conducted on a DynaPro Plate Reader WPR-06 (Wyatt
Technology Corp., Santa Barbara, CA) using a laser wavelength
of 832.4 nm. Briefly, 100 yL volumes of solutions of Triton
X-100, sulindac sulfide, sulindac sulfone, and flurbiprofen were
prepared (from 50 mM DMSO stocks) at concentrations of S,
10, 25, 50, 100, 200, 300, 400, 600, 800, and 1000 uM. All
solutions were prepared so that the final DMSO concentration
was constant at 2% in all samples. Triton X-100 was used as a
positive control, and the intensity of the scattered light was
measured as a function of drug concentration (Figure 2). All
experiments were performed in triplicate at 15 °C. Ten
acquisitions were performed (10 s acquisition time) for each
concentration point. Data were processed using the Dynamics
6.10.0.10 software (Wyatt Technology Corp., Santa Barbara,
CA). The average laser light scattering from three experiments
was plotted versus concentration to obtain the critical micelle
concentration (CMC) or “critical aggregate concentration”
(CAC). The CMC of Triton X-100 was determined to be
approximately 200—300 uM, a value consistent with that in the
literature.”*

NMR Spectroscopy. NMR experiments were performed
on Bruker Avance II 500 MHz and Avance III 800 MHz NMR
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spectrometers, both equipped with TCI cryoprobes. ’F NMR
measurements were performed on the Avance II 500 MHz
system using an SEF cryoprobe. All experiments using the
amyloid peptides were performed at 5 °C. Relaxation and
diffusion measurements were used to verify the oligomeric state
of the Af peptides used in this study. It is well know that A$40
has a lower propensity to form large oligomeric fibril species.*®
Thus, this peptide was used to compare the behavior of the
Af42 species in solution. For "N relaxation measurements,
NMR experiments were performed at S00 MHz. T, and T,
values were measured as described in Kay et al?® T, and T,
values for Ap40 and AP42 were determined from measure-
ments performed on the 500 MHz system using 100 yM
solutions of A40 and Af42. Peak intensities were measured by
integration of the region between 7.5 and 8.8 ppm. T,
measurements were made using delays of 2, 20, 50, 100, 200,
300, 400, 600, 800, 1000, and 1200 ms. T, measurements were
made using delays of 0, 16, 32, 48, 64, 80, 96, 128, 160, 192,
and 240 ms. The intensities were fit to a single-exponential
function (I(t) = I,e™T) using the program GraphPad Prism
(GraphPad Software, La Jolla, CA). T, and T, values for both
AP40 and Af42 were estimated to be approximately 620 ms
and 150 ms, respectively. The resulting correlation time (7 )
for both molecules was then calculated using the following
equation:27

o _ (65/1)" ~ 7
¢ 47y, (1)

where T and T), are the respective relaxation times and v,, is the
spectrometer frequency in hertz. The resulting calculations
yielded correlation times of 3.9 ns for both Af40 and Af42
which, at 5 °C and taking into account the viscosity of water at
this temperature (~1.5 times that at ambient), corresponds to a
protein of ~4.9 kDa—a value consistent with the rotational
correlation time for a 4.2 kDa protein (as calculated from the
Stokes—Einstein equation).*®

To further classify the oligomeric state of the peptides in
solution, pulsed field gradient diffusion measurements were
performed at 500 MHz using a stimulated echo experiment.*’
Using dioxane in the solution as a reference (as in ref 30),
solutions of AS40 and Af42 (both 100 yM) were measured
with diffusion gradient strengths varying between 1% and 90%
of maximum value. The lengths of the diffusion gradient and
stimulated echo were optimized to give a total decay in the
protein signal of ~80%. The spectra were acquired with 32K
complex points and a spectral window of ~6500 Hz. Data
were processed using Topspin 2.1 (Bruker Biospin, Billerica,
MA). To obtain diffusion decay rates, the dioxane peak and
the methyl region of the spectra (0.3—0.7 ppm) were
integrated at each data point and fit to eq 2 to determine
the decay rate:

s(g) = Ae_dg2 (2)

where the intensities of the protein signals s are plotted as a
function of gradient strength, g, to enable determination of
the decay rate, d. Decay rates were determined to be 1.6 X
10 ~* 57! for both peptides. The hydrodynamic radii for
AP40 and AP42 were then calculated as in Wilkins et al.*° to
both be ~16 A, which as in Wilkins et al. correspond to a
polypeptide chain of ~42 residues.’® Using this hydro-
dynamic radius and the viscosity of water at 5 °C, the

diffusion coefficient, D, was calculated using the Stokes—
Einstein relationship:

KT
6mnr (3)

D=

where Kj is the Boltzmann constant, T is temperature (K), 7
is solvent viscosity in kg/(m s) at S °C, and r is the
hydrodynamic radius in meters.

Titrations of N-labeled Af40 and Af42 were performed
using an 800 MHz NMR spectrometer at 5 °C with 100 uM
protein solutions. Titrations were performed with sulindac
sulfide, sulindac sulfone, flurbiprofen, and DMSO (as a control)
and were carried out in two modes. First, S0 mM ligand stocks
were prepared in DMSO-dy. Sulindac sulfide and sulindac
sulfone were added to 100 uM protein solutions at
concentrations of S, 10, 50, 100, 300, and 500 M. Flurbiprofen
was added at concentrations of 500 yuM and 1 mM. Control
DMSO-only titrations were performed for each series using the
final titration point, which contained 2 vol % DMSO. In
addition, titrations with sulindac sulfide, sulindac sulfone, and
DMSO were performed as in Richter et al,*® where one
titration data point was acquired using 100 yM Af42 and either
300 uM sulindac sulfide, 300 M sulindac sulfone, or DMSO-
only control. In each case a fresh peptide sample was prepared,
the appropriate amount of compound was added (from 50 mM
DMSO-dy stock), and spectra were acquired immediately at
S °C. Time course spectra were acquired at t = 0, 1, and 24 h.
When it became evident that the sulindac sulfide was causing
aggregation of Af42, a separate time course experiment was
carried out using identical solutions at t = 0, 15 min, and 1 h.
All two-dimensional "N-HSQC spectra were acquired using
spectral widths of 12 820 and 2432 Hz in the direct and indirect
dimensions, respectively. Data were acquired using 1024 X 64
complex data points and 8 scans per increment. Two-
dimensional experiments were also accompanied by 1D proton
NMR spectra so that the concentrations of the compounds
could be monitored throughout the titration (data not shown).

NMR solubility measurements of sulindac sulfide, sulindac
sulfone, and flurbiprofen were performed using a 500 MHz
NMR spectrometer in experimental buffer (50 mM sodium
phosphate, pH 7.0, 10% D,0) with 2% DMSO-d,. Briefly,
50 mM stock solutions of each compound were prepared in
DMSO-dy. For each compound, a 1 mM solution was prepared
in buffer. Quickly, serial dilutions were made to a final
concentration of 5 M, while keeping the DMSO concentration
constant at 2%. 1D proton spectra were measured for each
concentration using identical parameters.

To test whether colloidal aggregates of sulindac sulfide can
act as promiscuous enzyme inhibitors, f-secretase activity
assays were performed in the presence and absence of sulindac
sulfide and sulindac sulfone. An NMR-based enzymatic assay
was designed using a '°F-labeled BACE-1 substrate peptide—
EVNLDAEF(CF;)—where the trifluoromethyl group is at the
meta position on the benzyl ring of Phe. BACE-1 cleaves this
peptide between the L and D residues, which results in distinct
'F NMR signals for the substrate and product. The assay was
conducted in a 96 well plate format, where each well contained
220 nM of CHO-expressed BACE-1 prepared in 20 mM
sodium acetate buffer, pH 5.0, to which were added sulindac
sulfide and sulindac sulfone at various concentrations (3.15,
6.25, 12.5, 25, 50, 100, and 200 uM) followed by a blank
DMSO control and a positive control using an inhibitor with a
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known K; value. The reaction was started by addition of
100 uM substrate peptide prepared from a 100 mM DMSO
stock in buffer (20 mM sodium acetate, pH 5.0). Cleavage was
allowed to proceed for a period of 20 min, at which time the
reaction was quenched by the addition of 300 yL of 8 M urea.
Samples were then transferred from the 96-well plate to NMR
tubes for analysis. '’F NMR spectra showed the presence of
both substrate and product, the peak integrals of which were
used to calculate the concentration of each species and to assess
the degree of inhibition.>!

Surface Plasmon Resonance. SPR experiments were
performed using a Biacore SS1 instrument and a CMS sensor
chip (GE Healthcare). Monomerized Af42 peptide (1 mg/mL
diluted 1:10 with 10 mM sodium acetate, pH 3.4) was immobilized
to the sensor chip by standard amine coupling (with ~3000
response units (RU)). Compounds were diluted from DMSO
stock solutions in three different running buffers (50 mM
sodium phosphate, 100 mM NaCl, pH 7.0, 2% DMSO (0.2%
Tween-20, 0.005% Tween-20, and no detergent). Injections
were performed for 55 s at a flow rate of 30 L/min and 25 °C.
Data were analyzed using the Scrubber software (BioLogic
Software, Campbell ACT, Australia) and were plotted using
GraphPad Prism (GraphPad Software, La Jolla, CA).

Transmission Electron Microscopy. Samples were pre-
pared for transmission electron microscopy (TEM) in an
identical manner to the NMR samples. Briefly, “monomerized”
peptide was dissolved in 20 mM NaOH at a concentration of
1 mg/mL. Solutions for TEM were prepared at 100 #M. Sub-
sequently, sulindac sulfide and sulindac sulfone were added to
final concentrations of 300 M with a DMSO concentration of
2%. Lastly, a drug-free control sample was prepared containing
2% DMSO only. Formvar-coated copper grids were inverted
over 50 uL sample droplets for 15 min. The grids were then
briefly rinsed with one drop of ultrapure water, and the excess
water was removed by wicking to the side with blotter paper.
Samples were then inverted over drops of 2% aqueous uranyl
acetate for 15 min, and the grids were subsequently washed
over three drops of ultrapure water. Following air drying, the
grids were examined on a Philips CM120 transmission electron
microscope (FEI, Inc, Hillsboro, OR) operated at 80 keV.
Representative images were captured using a Gatan Model 830
SC200 CCD camera (Gatan, Inc., Pleasanton, CA).

B RESULTS

Selection of NSAIDs for Study. The finding that certain
NSAIDs decreased the production of Af42 produced by y-
secretase cleavage led to the observation that these compounds
had various effects on the cleavage of APP. For example,
compounds such as ibuprofen, fenofibrate, sulindac sulfide,
R-flurbiprofen, and indomethacin were shown to decrease the
amount of Af42 produced. Thus, they were considered Ap42-
lowering NSAIDs (see reviews in refs 32 and 33). Other
compounds, such as celecoxib, functioned to increase the
amount of AB42 and were thus termed Af42-increasing NSAIDs.
Lastly, several NSAIDs, such as naproxen and sulindac sulfone,
were found to have no effect on the production of AB42. The
sulindacs were chosen because these were the primary focus of
the recently published studies®*' that closely concern this
paper. Sulindac sulfide acts as a GSM while sulindac sulfone has
previously been shown to have no GSM-like effect on the
production of Af42 and serves as a negative control. The well-
characterized GSM R-flurbiprofen was also chosen for a limited
number of experiments. It has a much higher aqueous solubility

(up to ca. 1 mM) than sulindac sulfide and may therefore be
tested as a representative GSM for experiments that were
hindered by the relatively low solubility of sulindac sulfide.

Verification of the Oligomeric State of Amyloid
Peptides. We sou%ht to reproduce results that were
previously interpreted”™ to indicate that GSMs bind specifically
and avidly to monomeric Af42; results that were previously
invoked to support the idea that binding of GSMs to C99 is
central to how these compounds modulate amyloid production.

Amyloid peptides, especially Ap42, are known for their
propensity to aggregate and form high molecular weight fibrils.
For this reason, we first set out to verify the presence of stable,
monomeric polypeptide in our samples. Prior to study, the
AP40 and ApP42 peptides were first “monomerized” as
previously described.”>*> CD spectra of AB42 were obtained
to verify that limited or no fB-sheet structure existed in resulting
solutions (the presence of which would indicate the formation
of fibril-like species). Both peptides exhibited predominantly
random coil conformations (Figure S1). The oligomeric states
of both the AS40 and AB42 peptides were then assessed via
NMR diffusion measurements. As indicated in Figure 1, the
diffusion decay rates of both Af40 and AB42 were seen to be
identical and correspond to a hydrodynamic radius of ~16 A,
matching that expected for a ~40 residue peptide (Figure S1).*°
These data also enabled calculation of the absolute diffusion
coefficients, D, for both peptides (Figure 1B), which also
correspond to expected values for a very small protein in an
aqueous solution. In addition, we carried out N NMR
relaxation measurements for both A40 and Af42. From these
values, a rotational correlation time of 3.9 ns was determined at
5 °C.*® This value corresponds to a protein with molecular
weight of ~4.9 kDa and confirms that the overwhelming
majority of peptides in these samples populated only the
monomeric form under the conditions of these experiments
(Figure S2).

Characterization of GSMs. Sulindac sulfide, sulindac
sulfone, and flurbiprofen were characterized by dynamic light
scattering (DLS) and NMR to determine their solubility and to
assess their oligomeric states at the concentrations tested in this
and previous work. Using DLS, sulindac sulfide was found to be
monomeric below ca. 50 M. However, between 50 and 100 uM,
colloidal aggregates of sulindac sulfide clearly form, indicative of
a “critical aggregate concentration” for this compound in the
50—100 uM range.34 At much higher concentrations (starting
at 400 M) sulindac sulfide begins to precipitate, which is the
cause of the nonlinear increase in laser light scattering above
this concentration (Figure 2). Sulindac sulfone and flurbiprofen
were found to be monomeric up to concentrations of 1 mM, as
the scattering intensity over the entire range of concentrations
of these compounds was found to be the same as buffer alone.

As an orthogonal method for measuring compound
solubility, '’F NMR experiments were performed at concen-
trations ranging from 5 yM to 1 mM in aqueous buffer and
with a fixed concentration of 2% DMSO. From the NMR
spectra in Figure S3, it is clear that sulindac sulfide begins to
form colloidal aggregates at some point between 30 and 62 yM
as evidenced by the significant broadening and decreasing
intensity of the NMR signals at and above 62 uM, demarking
the critical aggregation concentration (CAC) of this compound.
On the other hand, both sulindac sulfone and flurbiprofen
exhibited no significant changes in their NMR spectra (Figures 4
and S and Figures S4 and SS) and appear to remain
monodisperse up to concentrations of 1 mM.These NMR data
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Figure 1. (A) 'H NMR-based translational diffusion data for AB42 at Z-gradient strengths varying from 0.5 to 42.3 G/cm. The methyl region of the
spectrum between 0.7 and 0.3 ppm was integrated for each point to yield relative intensities that were plotted against gradient strength in (B). The
intensities in panel A were measured using dioxane as an internal reference and were fit to a single exponential (see Materials and Methods) to
determine the hydrodynamic radius and diffusion coefficient, D, as presented in the inset. Data for the dioxane standard are represented by black
circles, Af40 by blue triangles, and Af42 by green diamonds. Curve fits are represented by solid lines of corresponding colors.

confirm and complement the results of DLS and show that
sulindac sulfide forms colloidal (water-soluble) aggregates with
a CAC in the range 50—60 uM, whereas sulindac sulfone and
flurbiprofen remain monomeric up through 500 uM.

NMR Titrations of Af42 with GSMs. To determine if
NMR spectroscopy demonstrates binding of sulindac sulfide to
monomeric Af42, as claimed in previous work, > NMR
titration experiments were performed with each compound
(using SO mM stock solutions of the drugs in DMSO-dy).
Control titrations were also performed using DMSO only.
Figures 3—6 show 'N-HSQC spectra of Af42 titrated with
sulindac sulfide and flurbiprofen (both are NSAIDS and
GSMs), sulindac sulfone (a NSAID but not a GSM), and
DMSO control. It is clear that the titrations for all three
NSAIDs led to only very small spectral changes in the HSQC
spectrum of Af42 (Figures 3A—SA) and that these changes are
virtually identical to those observed during the DMSO control
titration (Figure 6A). These data provide no evidence for

binding of any of the three compounds to monomeric Af42.
However, in the case of sulindac sulfide, 1-D proton NMR
spectra showing resonances both from the GSM and from
aromatic sides chains of the peptides (Figure 3B) reveal that
the peaks from monomeric Ap42 begin to lose intensity at
sulindac sulfide concentrations above 50 yM—concentrations
at which we have shown this that GSM begins to form colloidal
aggregates. This is confirmed by examining the 1-D '"H NMR
projections of the 2-D TROSY data (Figure 3C). Such changes
were not observed for the flurbiprofen, sulindac, sulfone or for
the DMSO control (Figures 4B,C, SB,C, and 6B,C). These data
strongly suggest that colloid formation by sulindac sulfide
triggers aggregation of Af42.

In addition to performing an entire titration series with the
NSAIDs, experiments were performed as in Richter et al.*’
where a single point was examined at 1:3 protein:ligand
concentration (100 M Ap42 plus 300 uM of either sulindac
sulfide, sulindac sulfone, or 2% DMSO control). Upon addition
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Figure 2. Measurement of the critical aggregation concentration
(CAC) by dynamic light scattering (DLS). Scattering intensities were
plotted versus concentration, and the CAC was determined as the
point when the scattering intensities began to increase. The legend is
as follows: buffer only (black circles), Triton X-100 (orange squares),
sulindac sulfide (purple triangles), sulindac sulfone (green triangles),
and flurbiprofen (green diamonds). Notice that no increase in
scattering intensity was observed for buffer, sulindac sulfone, or
flurbiprofen. However, a significant increase in scattering intensity was
observed for a positive control (Triton X-100) upon micelle formation
at 200—300 uM and for sulindac sulfide starting above 50 uM,
indicating that the latter begins to form aggregates at concentrations
above S0 M, which is consistent with NMR data (Figures S3—S5).

of 300 yM sulindac sulfide, and by the time the sample could
be transferred to the spectrometer and the HSQC experiment
recorded, some peaks from Af42 had begun to disappear
(Figure 7). This phenomenon was monitored over the next
hour. After 15 min, nearly all of the A#42 had aggregated and
become NMR-invisible. By 1 h, none of the ""N-HSQC signals
were visible in NMR spectrum. This effect was not observed
with sulindac sulfone, flurbiprofen, or DMSO (data not
shown). To investigate the whereabouts of the AB42 peptides,
the NMR samples were submitted for transmission electron
microscopy (TEM), the results of which are also shown in
Figure 7D—F. Clearly, the addition of sulindac sulfide at
concentrations where it forms colloidal aggregates induced the
formation of Af42 fibrils. On the other hand, addition of
DMSO (Figure 7F) or of sulindac sulfone (data not shown)
had no effect on the oligomeric state of Af42.

We also looked for direct interaction of three NSAIDs with
Af42 using surface plasmon resonance (SPR). Previously, results
from Richter et al”® suggested that sulindac sulfide binds
specifically to ApB42. However, upon closer inspection of the
SPR data presented in the previous work, it can be observed that
binding of sulindac sulfide to immobilized Af42 was nonsaturable
over the concentration range tested, suggestive of very weak and/
or nonspecific binding. To test this hypothesis, we performed SPR
experiments in a similar manner as presented in Richter et al. using
immobilized AB42 peptide. For our studies, we also incorporated
varying amounts of Tween-20 in the running buffer—zero
detergent (as in the Richter et al.), 0.005% (40 uM, below its
CMC of 60 uM), and 0.2% (1.6 mM, above CMC) to illuminate
whether drug and/or protein aggregation was a factor in the

observed SPR response. The results for sulindac sulfone illustrate
the patterns expected for the absence of binding (Figure S6). It
can be seen that the SPR traces for flurbiprofen (Figure S7), even
up to 1 mM, are very similar to those of sulindac sulfone, also
indicative of no binding,

In the case of sulindac sulfide (Figure 8), the data are more
complex. In the absence of detergent, sulindac sulfide induces a
biphasic response suggestive of a rapid binding event followed
by a slower second binding event. This second phase is
eliminated when the titration is carried out in the presence of a
subcritical micelle concentration (CMC) of detergent,
indicating that the slow binding seen in Figure 8A likely represents
nonspecific association of sulindac sulfide with A#42 on the sensor
chip—association that can be reduced in the presence of
another hydrophobic small molecule (i.e., Tween-20 mono-
mers). When the detergent concentration (Tween-20) is
raised still higher to >CMC, it is seen that the SPR response
(Figure 8C) is comparable to the negative control SPR
response observed at similar concentrations of sulindac
sulfone. This indicates that the rapid binding event observed
in Figure 8A,B is of colloidal aggregates of sulindac sulfide to
Af42. Submicellar concentrations of detergents (as in Figure 8B)
do not break up those soluble aggregates, but the presence of
detergent micelles (as in Figure 8C) effectively dissolves the
aggregates, which is seen to eliminate binding,

Inhibition of p-Secretase by Sulindac Sulfide. The
formation of water-soluble colloidal drug aggregates is a
commonly encountered phenomenon.***>™>" Moreover, such
aggregates are known to often have very general and nonspecific
activities as enzyme inhibitors, sometimes being referred to as
“promiscuous inhibitors”.>>** To provide additional verification of
the nature of the aggregates formed by sulindac sulfide at
concentrations above 50 uM, we tested to see whether these
aggregates have enzyme inhibitory activity. 5-Secretase (BACE-1)
was used as the test enzyme for this experiment. Indeed, we found
that sulindac sulfide began to significantly inhibit BACE-1 at
concentrations around 50 yM, with near complete inhibition being
approached at 200 M (Figure S8). No inhibition was observed
with sulindac sulfone (Figure S8, panel B), which we showed
above does not form aggregates, at least not below 1 mM. We also
found that the level of inhibition with sulindac sulfide was
significantly reduced by doubling the BACE-1 concentration from
220 to 440 nM (data not shown). Such acute sensitivity to enzyme
concentration is a common trait of aggregation-based inhib-
itors,>>**~37%% which inhibit enzyme action through a nonspecific
binding mechanism.® These colloidal aggregates can bind to
proteins with high affinity to envelop the protein, preventin:
substrate access and thus inhibiting protein function.>>’
Maintaining a constant compound concentration and doubling
the enzyme concentration can allow this effect to be at least
partially overcome, resulting in decreased inhibition of the
enzyme.’> These combined results indicate that not only do
aggregates formed by sulindac sulfide trigger fibrillization of Af42
but also that these aggregates share properties in common with
other “promiscuous inhibitors”.

NMR Titrations of Membrane-Associated C99 with
GSMs. In a previous study, we showed that certain GSMs did
not bind to C99 monomers and dimers in micellar model
membranes.'® Here, we extend this observation to C99
reconstituted into bilayered lipid membranes. Sulindac sulfide,
sulindac sulfone, and flurbiprofen each include fluorine atoms,
potentiating the use of '’F NMR to monitor binding. '’F NMR
chemical shifts are exquisitely sensitive to even very minor

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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Figure 3. Titration of U-'*N-Af42 with sulindac sulfide. (A) ""N-HSQC spectra of A42 upon titration with sulindac sulfide (from a 50 mM stock
solution in DMSO) at concentrations ranging from 0 to SO0 uM. There are no shifts in the peaks of these spectra beyond what is observed for the
DMSO-only control titration (see Figure 6). However, peak intensities decrease at higher sulindac sulfide concentrations. (B) 'H NMR spectra taken
at each titration point to allow observation of the ligand peaks throughout the titration. Notice that ligand peaks are observable even at the lowest
concentration (S M) and with a nearly 20-fold excess of protein but begin to broaden or disappear above 50—100 uM, indicating aggregation of the

compound. (C) 1-D '"H NMR projections of the HSQC spectra shown

in panel A illustrate the decrease in amide 'H signal intensity from the

peptide, which demonstrates that Af42 begins to aggregate upon addition of sulindac sulfide at concentrations above 50 yM.

changes in local environment. C99 was reconstituted into lipid
vesicles with a protein to lipid ratio of 1:100 (100 uM C99:10
mM POPC/POPG). Vesicles were then titrated with sulindac
sulfide, sulindac sulfone, and R-flurbiprofen. '’F NMR spectra
were acquired for each compound in the presence of protein-
free vesicles and in the presence of an identical concentration of
vesicles containing reconstituted C99 (100 yM).

103

Unfortunately, no '’F signal could be detected for sulindac
sulfide in both the absence and presence of C99, indicating that
this compound binds avidly to the vesicles whether the protein
is present or not. Vesicles represent a solids-like environment
from an NMR standpoint such that a combination of chemical
shift anisotropy and 'H—"F dipolar coupling lead to extensive
line broadening and disappearance of '°F signals when sulindac

34 dx.doi.org/10.1021/bi201371j| Biochemistry 2011, 50, 10328—10342
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Figure 4. Titration of U-*N-Af42 with sulindac sulfone. (A) ""N-HSQC spectra of A42 upon titration of sulindac sulfone at concentrations
ranging from 0 to S00 #M. There are no shifts in the peaks of these spectra beyond what is observed for the DMSO-only control titration (see Figure 6)
and peak intensities do not vary. (B) 'H NMR spectra taken at each titration point to allow observation of ligand peaks throughout the titration.
It can be seen that the sulindac sulfone peaks remain sharp throughout, reflecting the fact that this compound does not aggregate at concentrations below
500 uM. (C) 1-D 'H NMR projections of the HSQC spectra shown in panel A demonstrate that the solubility of Af342 remains unchanged at all points.

sulfide binds to the vesicles. However, the results were more
clearly interpretable for an alternative GSM, fluribiprofen, and
for the negative control, sulindac sulfone. These compounds
yield sharp '"F NMR peaks in the presence of protein-free
vesicles (Figure 9), which indicates either that these
compounds do not bind to lipid bilayers at all or bind only
weakly such that exchange between solution and the membrane
is rapid on the NMR time scale, such that the free population

predominates. When C99 is also present in the vesicles at a
C99-to-drug mole-to-mole ratio of 5:1, it can be seen in Figure
8 that there are no changes in the spectra relative to protein-
free conditions: chemical shifts, line widths, and peak intensities
are unchanged by the presence of the protein. This indicates
that sulindac sulfone and flurbiprofen do not bind to C99 even
when the protein is present at a 5-fold molar excess over the
20 uM drug concentration.

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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Figure 5. Titration of U-"*N-Ap42 with flurbiprofen. (A) N-HSQC spectra of Af42 upon titration of flurbiprofen at concentrations of 500 M and
1 mM. There are no shifts in the peaks of these spectra beyond what is observed for the DMSO-only control titration (see Figure 6) and peak
intensities do not vary. (B) "H NMR spectra taken at each titration point to allow observation of ligand peaks throughout the titration. It can be seen
that the flurbiprofen peaks remain sharp throughout, reflecting the fact that this compound does not aggregate at concentrations below 1 mM. (C)
1-D 'H NMR projections of the HSQC spectra shown in panel A demonstrate that the solubility of A42 remains unchanged at all titration points.

B DISCUSSION

The subject of substrate-targeting GSMs has been a topic of
extensive research and discussion over the past several years.
Some results have suggested that NSAID-based GSMs directly
target the APP substrate (C99),'®2%*! while others, including
our previous work,'” disfavor this interpretation (see review in
ref 32). In addition to showing that nonaggregated C99 in
model membranes does not bind GSMs,"® we also presented
data suggesting that C99 was very likely to have been in an
aggregated form in critical experiments of the original Kukar
et al. studies."® While GSMs do appear to bind to aggregated

10336

C99," this is unlikely to be relevant to processing of C99 by
y-secretase in vivo. Moreover, the binding was seen to be
nonspecific in nature.

Our previous work was disputed in a pair of recent papers by
the Multhaup 1ab>**' which presented data that were
interpreted as demonstrating that GSMs, sulindac sulfide in
particular, specifically recognize and bind to both membrane-
associated C99 and to the water-soluble monomer form of Ap42,
the latter of which includes the putative GSM binding site
proposed in the original work by Kukar et al."® However, we
hypothesize that key results and conclusions in the Multhaup
papers may have reflected experimental artifacts due to the

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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remains soluble and monomeric upon addition of DMSO-dg to 2%.

poor behavior of sulindac sulfide in aqueous solutions. The
results of this current work support this hypothesis based on
the two primary sets of results, both of which are closely related
to the observation that the GSM sulindac sulfide forms colloidal
aggregates with a CAC of roughly S0—60 M. In the first set of
results, Richter et al. presented NMR spectra of 100 yM Af42
before and after addition of 300 M sulindac sulfide, which
showed a profound drug-induced change in the spectrum of the
peptide (Figure 3 in ref 20). However, a complete titration
series was not carried out, which precludes the possible use of
this data to support specific and stoichiometric complex
formation between the GSM and Af42. Moreover, the NMR
spectrum of Af42 in the presence of the drug could be
interpreted as reflecting the formation of high molecular weight
oligomers or aggregates, since many peaks were seen to
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disappear. The possibility that the GSM might itself be
aggregated at 300 uM was not considered, despite the facts
that sulindac sulfide is a very hydrophobic compound and
that the amyloid-# polypeptides are known to associate
nonspecifically with small molecule aggregates.>>*” In the
present work, titrations of monomeric Af42 by GSMs
sulindac sulfide andR-flurbiprofen were followed by NMR
spectroscopy and yielded no evidence for binding of the
monomeric drugs to monomeric A#42. However, it was found
that the colloidal aggregates formed by sulindac sulfide at
concentrations above 50—60 yM induced aggregation of Ap42.
On the basis of this result, we believe that the one point
titration presented by the Multhaup 1ab** showing dramatic
changes in the NMR spectrum of A42 upon addition of 300 M
sulindac sulfide represents the observation of aggregated Ap42

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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Figure 7. Time course "N-HSQC spectra of 100 uM U-'*N-Ap42 following addition of sulindac sulfide to 300uM. Panels A, B, and C show spectra
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11600x%), and (F) DMSO-only to a final concentration of 2%, matching that in (D) and (E) (dark blob in (E) and (F) is grid bar included for

camera gain). In (D), fibrils of AB42 are clearly visible.

formed in response to the presence of colloidal aggregates of
sulindac sulfide.

The second set of results involves our repetition of SPR
experiments (see Figure 2 in ref 20) in which binding of
sulindac sulfide to immobilized A42 was tested over a range of
drug concentrations from S to 100 M. The SPR experiments
described by Multhaup et al.>° demonstrated a linear dose/
response, which precludes the conclusion that a specific
complex is forming. Additionally, these experiments were per-
formed under essentially membrane- and micelle-free con-
ditions. (Tween-20 was present during all these steps, but only
at 40 uM, which is below its critical micelle concentration of
60 pM). This is a problem due to the propensity of these
proteins to aggregate in the absence of detergent micelles or
some other membrane-mimetic medium. Therefore, the
immobilized protein present in the SPR experiments”>>' was
almost certainly in an aggregated form. We reproduced the
observation that sulindac sulfide, but not the negative control
sulindac sulfone, induces a strong and dose-dependent SPR
response. However, when the sulindac sulfide titration was
repeated in the presence of Tween-20 micelles (0.2% total
Tween-20), we observed that there was no SPR response beyond
what was observed for negative control conditions. This
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strongly suggests the binding of sulindac sulfide to Ap42
observed in the earlier work represents nonspecific association
of these two compounds. Such association is highest when
sulindac sulfide is in its colloidal form (at concentrations
>50 M) and may also be promoted by the structural
properties of sensor chip surface-associated Af42, which may
itself have aggregate-like properties as a result of being locally
concentrated at the sensor chip surface. Association between
the GSM and surface-associated Af42 is eliminated by the
presence of detergent micelles that can disperse the colloidal
drug and can also coat exposed hydrophobic sites on sensor
surface-associated Af42, making such sites less-susceptible to
nonspecific hydrophobic interactions with hydrophobic com-
pounds such as sulindac sulfide. We have previously shown that
aggregated C99 can bind GSMs in a nonspecific fashion,'” and
so it is no surprise that this is what was seen by Multhaup and
co-workers.”" In the present work, we observed that the GSM
R-flurbiprofen exhibits no binding to C99 reconstituted lipid in
vesicles. This result extends the conclusions from our earlier
observations of the lack of GSM binding to nonaggregated C99
in micellar model membranes to nonaggregated C99 in actual
lipid bilayers.

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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One additional set of experiments from Multhaup and co-
workers that yielded support for sulindac sulfide binding to
C99 in membranes was a series of ToxR experiments carried
out in E. coli*® In those experiments homodimerization of
the transmembrane segment of C99 was assessed following

expression into E. coli based on coupling homodimerization
of this segment to transcriptional activation of a gene that
expresses a colorimetric reporter enzyme. Using this assay, it
was seen that sulindac sulfide reduces apparent dimeriza-
tion of C99 in E. coli in a dose-dependent fashion, consistent
with inhibition of dimerization of C99 by GSM binding.
These studies were carefully carried out and can indeed be
interpreted as being supportive of GSM/C99 binding.
However, when conducting in vitro experiments involving
GSM drugs, living cells, and an indirect phenotype-based
assay, the possibility cannot be ruled out that the GSM
induces a positive assay response as a result of off-target drug
effects that lead to the artifact-based activation of the assay
response (i.e., induction of reporter enzyme expression). In
light of the biophysical results of this paper, we suggest
that this alternative explanation of the ToxR data is very
likely applicable.

The experiments and results summarized above lead to the
conclusion that the GSM sulindac sulfide does not bind to
Ap42 when both compounds are in monomeric form. On the
other hand, the results clearly suggest that two types of
nonspecific binding occur: those between aggregates of A$42
and monomers of NSAID type compounds (sulindac sulfide
as well as flurbiprofen and celecoxib'®) and those between
colloid-type aggregates of sulindac sulfide and monomeric
Ap42. Promiscuous binding of small molecule aggregates to
proteins, often accompanied by inhibition of protein func-
tion, is a very common occurrence.”***™*’ Indeed, in this
study aggregated sulindac sulfide was found not only to bind
to AB42 but also to inhibit f-secretase (here used as a
representative enzyme). It has previously been shown that
Congo red can form colloidal micelle-like aggregates that
bind to Af and induce its aggregation.”” It has also been
observed that a number of druglike molecules form colloidal
aggregates that interact with amyloid-forming greast prion
proteins in a way that inhibits fibril formation.’?

Evidence is accumulating that NSAID-based GSMs do not
exert their therapeutic effect by binding to free C99 (review in
ref 32). Previous publications have suggested that GSMs act by
causing conformational changes within Presenilin 1 (PS1)**~*
or by altering membrane architecture and thereby changing the
manner in which y-secretase cleaves its APP substrate.”® More
recent studies have indicated that the action of GSMs may be
allosteric in nature. Uemura et al. demonstrated that GSM-
induced conformational changes in PS1 only occur in the
presence of substrate, suggesting that substrate binding to y-
secretase uncovers an allosteric site for GSM binding that is
only present in the substrate—enzyme complex.** Another
recent study demonstrated that mutations in the GxxxG
motif located in the previously proposed GSM binding site
of C99 still caused an effect on Af42 production upon
treatment with GSMs.*> The compounds were then shown
to display differential or no effects on Af42 and ApB38
levels when PS1 mutants were used, implying disruption of
GSM interaction with y-secretase. These conclusions contra-
dict a free substrate-targeted model of GSM action and
instead suggest that these molecules target the y-secretase
enzyme itself or the enzyme—substrate complex.*> The
results of this paper rule out binding of GSMs to free C99 in
nonaggregated form but do not argue against the possibility
that GSMs could interact directly with C99 when is bound
to y-secretase. Taken as a whole, the evidence is becom-
ing overwhelming that GSMs do not specifically target the

dx.doi.org/10.1021/bi201371j1Biochemistry 2011, 50, 10328—10342
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Figure 9. Comparison of the '’F spectra of flurbiprofen (A) and of sulindac sulfone (B) in the presence of bilayered lipid vesicles in the absence
(black) and presence (red) of C99. (A) The samples contained 20 M flurbiprofen both in the absence (black) and in the presence (red) of 100 uM
C99 incorporated into 10 mM POPC/POPG vesicles (1:100 protein:vesicles). (B) The samples contained 20 uM sulindac sulfone in both the
absence (black) and in the presence (red) of 100 M C99 incorporated into vesicles. All control samples (black) contained only 10 mM
phospholipid. The lack of change in both sets of spectra indicates that no interaction exists between the compounds and C99.

y-secretase substrate, at least not prior to its association with
the enzyme.
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