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ABSTRACT: Evidence that certain γ-secretase modulators
(GSMs) target the 99-residue C-terminal domain (C99) of
the amyloid precursor protein, a substrate of γ-secretase,
but not the protease complex itself has been presented
[Kukar, T. L., et al. (2008) Nature 453, 925-929]. Here,
NMR results demonstrate a lack of specific binding of
these GSMs to monodisperse C99 in LMPG micelles. In
addition, results indicate that C99 was likely to have been
aggregated in some of the key experiments of the previous
work and that binding of GSMs to these C99 aggregates is
also of a nonspecific nature.

Among the therapeutic targets for Alzheimer’s disease (AD),
the amyloid pathway has long been paramount (1). Familial early
onset AD (FAD) is associated with autosomal dominant muta-
tions in the amyloid precursor protein (APP)1 and in the catalytic
subunits (presenilin 1 and presenilin 2) of the intramembrane
protease that processes it, γ-secretase (2). According to the
amyloid hypothesis, oligomeric forms of Aβ are the principal
agents underlying disease pathogenesis (1). The Aβ peptide is
generated by proteolysis of APP. Cleavage of APP by β-secretase
yields C99,2 which is then heterogeneously processed by
γ-secretase to generate Aβ species with a variety of lengths,
principally Aβ40 (3). Familial AD is associated with an increase
in the Aβ42/Aβ40 ratio, with Aβ42 being the primary species
deposited in the brain parenchyma of most individuals with
AD (4). Because Aβ is thought to be central to the pathogenesis
of AD, inhibiting its production is a potential therapeutic
strategy (1). Although significant progress has been made in
the identification and development of potent γ-secretase inhibi-
tors, their clinical application has been limited by significant
toxicities resulting from interference with processing of other
γ-secretase substrates, particularly Notch (5). Indeed, γ-secretase

is a highly promiscuous protease with more than 60 identified
substrates (6).

The discovery that a subset of nonsteroidal anti-inflammatory
drugs could selectively reduceAβ42 production without abrogat-
ing Notch cleavage suggested an alternative therapeutic strategy
for AD (7). The Aβ42-lowering activity of these γ-secretase
modulators (GSMs) was recapitulated in cell-free assays of
γ-secretase activity. Several groups have produced data suggest-
ing that GSMs interact allosterically with presenilin, thereby
modifying the enzyme’s conformation (8-10). Moreover, GSMs
were observed to influence the cleavage of an unrelated substrate
by signal peptide peptidase, an enzyme homologous to the
presenilin subunit of γ-secretase, suggesting that the modulators
interact with the enzyme rather than the substrate (11). Corro-
borating the premise that GSMs are enzyme-targeting was the
finding that certain NSAID GSMs can also influence the precise
γ-secretase cleavage site of Notch (12). Okochi et al. have shown
that Notch cleavage is modulated but not inhibited by NSAID
GSMs, providing a plausible explanation for the lack of adverse
Notch-related toxicities of such compounds (12).

A recent report from the Golde laboratory, however, postu-
lates that GSMs specifically target APP and its C-terminal
derivatives, providing an alternative explanation for the apparent
specificity that GSMs exert on cleavage of C99 (13). The authors
demonstrated that application of biotinylated photoactivatable
affinity probe derivatives of certain GSMs, namely, fenofibrate
(an Aβ42-increasing GSM) and tarenflurbil (an Aβ42-lowering
GSM), to CHAPSOdetergent extracts fromhuman neuroglioma
H4 cells failed to label any core γ-secretase subunits but
instead produced covalent conjugates with C83, the product of
R-secretase cleavage of APP. While labeling of C99 did not
appear to take place in those same extracts (see Figure 1e and
Supporting Figure 2b of of ref 13), purified recombinant C99 in
CHAPSO-containing solutions could be modified by derivatized
fenofibrate and tarenflurbil, an interaction subject to complete
abrogation by a number of otherGSMs. Photoaffinity labeling of
purified C99 was localized to residues 29-36 (GAIIGLMV,
where Gly29 corresponds to Gly700 in full-length APP770).

To further investigate the putative binding of GSMs to APP
and its derivatives, we monitored the spectroscopic response of
purified andmonodisperse [U-15N]C99 to addition of GSMs in a
membranelike environment. Human C99 was expressed and
labeled in Escherichia coli and purified in micelles composed of
LMPG, a phospholipid-derived detergent that generally main-
tains membrane proteins in nativelike structural and functional
states (14-17). Previous studies of [U-15N]C99 incorporated in
LMPG micelles demonstrated specific and saturable changes in
1H-15N TROSY-HSQC spectra when titrated with a cholesterol
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derivative (17). However, titrations of [U-15N]C99 in LMPG
micelles with the GSMs tarenflurbil, indomethacin, fenofibrate,
and sulindac sulfide revealed no evidence of specific binding, even
at compound concentrations in the millimolar range (Figure 1
and Figures S1-S5 of the Supporting Information). For exam-
ple, while titration of tarenflurbil induces modest chemical
shift perturbations in the 1H-15N TROSY-HSQC spectra of
C99 (Figure 1), the concentration dependence of the changes
observed is not consistent with avid and specific binding of the
protein by the GSMs (Figure S1). Moreover, the C99 NMR
resonances that undergo GSM-induced shifts tend to differ from
GSM toGSM, as might be expected for nonspecific interactions.
In no case were the peaks from residues in the putative GSM
binding site (residues 29-36) seen to be among those that shifted
the most in response to addition of GSMs. In addition, experi-
ments of a reciprocal naturewere performed inwhich titrations of
[U-15N]C99 in LMPG micelles with tarenflurbil were monitored
using the 19F NMR signal from this GSM. Figure S6 reveals that
the 19F signal from tarenflurbil neither shifts nor is significantly
broadened relative to free ligand over a range ofGSM/C99molar
ratios from 0.1 to 1 (at ca. 250 μM C99), indicating a lack of
significant binding. These results indicate that nonaggregated
C99 in LMPGmicelles exhibits no specific avidity for GSMs and
related compounds.

We also used 19F NMR spectroscopy to test for binding of
GSMs toC99 in a solution containingCHAPSOas the detergent,
conditions that more faithfully replicate the photoaffinity cross-
linking experiments of Kukar et al. that involved purified Flag-
tagged C99 (cf., Figure 1c and Supporting Figure 4 of ref 13).
Solutions containing 5 μM C99 were titrated individually with
tarenflurbil, celecoxib, sulindac sulphone (negative control), and
a known γ-secretase inhibitor (negative control). In the presence
of C99, significant broadening of the 19FNMR signals fromboth
tarenflurbil and celecoxib is observed (Figure 2A,B). This broad-
ening is not seen in CHAPSO-containing samples lacking C99 or
in those experiments involving titration with negative control

compounds (Figure 2C,D). It is notable that peak line widths
remain nearly constant throughout the titrations (Figure 2A,B)
despite the presence of a significant molar excess of GSM over
C99 at all points. A similar result was obtainedwhen 200 μMC99
was titrated with tarenflurbil over a concentration range of
25 μM to 2 mM. In this case, the 19F signal of tarenflurbil is
dramatically broadened in the presence of protein, but the line
width then decreases by only 33% over the full range of the
titration (Figure S7). These results are not consistent with a
saturable binding process but instead suggest that C99 somehow
facilitates and/or nucleates deposition of GSM into aggregates of
a potentially colloidal nature (hence the broader but still ob-
servable resonances), which have properties that are largely
independent of either the C99 or the GSM concentration. A
similar phenomenon was observed for tarenflurbil when it was
titrated into samples containing KCNE1, an unrelated ion
channel modulatory membrane protein (18). Line widths broa-
dened significantly and failed to exhibit behavior indicative of
saturation (Figure S8), suggesting that KCNE1 in 0.5% CHAP-
SO also triggers the formation of tarenflurbil aggregates.

The results described above failed to provide evidence for avid
complexation of GSMs with purified C99 in CHAPSO-contain-
ing solutions. These experiments were designed to approximate
the 0.25% CHAPSO conditions used in studies of purified C99
byKukar et al. (cf., Figure 1c and Supporting Figure 4 of ref 13).
Given that 0.25% CHAPSO is below the critical micelle con-
centration of this detergent (which is 0.5%, or equivalently 8
mM), we investigated the physical state of C99 present in our
samples. Shown in Figure S9 is a comparison of the 1H NMR
spectra of 5 μM solutions of ubiquitin and C99 in 0.5%
CHAPSO. No peaks can be detected from C99, indicating that
even dilute C99 is present only in the form of very high-molecular
weight aggregates. In the experience of the Sanders lab, these

FIGURE 1: Titration of [U-15N]C99 with tarenflurbil as monitored
using 600 MHz 1H-15N TROSY NMR. Samples contained 1 mM
[U-15N]C99 in 200 mMLMPGmicelles at pH 6.5 and 45 �C and the
indicated molar ratios of tarenflurbil to C99. The modest changes
observed indicate only nonspecific interactions.

FIGURE 2: 19F NMR titrations of 5 μMAPP(C99)-Flag with GSMs
at concentrations of 25, 50, 200, and 500 μM (from right to left):
tarenflurbil (A) or celecoxib (B). Black curves are for the control
series lacking C99. Red curves are for samples that contained 5 μM
C99. Changes in chemical shifts occurring during the titrations of
panelsA andBwere negligible. PanelsC andD represent single-point
titrations of 5 μM C99 with 25 μM sulindac sulphone and a known
γ-secretase inhibitor (25 μM), respectively, as negative controls.
Buffers contained 50 mM HEPES (deuterated, pH 7.4), and the
C99 sample buffer contained 0.5% CHAPSO (8 mM). Spectra were
recorded at 25 �C.
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results are not surprising because such low concentrations of
CHAPSOand related bile salt derivative detergents usually fail to
solubilize membrane proteins in the absence of significant
amounts of lipids or other detergents.

In conclusion, we have demonstrated that monodisperse C99
lacks specific affinity for an array of GSMs under conditions in
which the protein is solubilized in nondenaturing detergent
micelles and also under conditions in which the protein is
aggregated. Surprisingly, under the latter conditions, it appears
that C99 facilitates the formation of GSM-containing aggregates
through an unknown mechanism. An unrelated aggregated
membrane protein, KCNE1, was also able to trigger a similar
phenomenon. One possible explanation is that the GSMs asso-
ciated nonspecifically and nonstoichiometrically with aggregated
C99 and KCNE1, perhaps in a manner analogous to either the
association of dyes such as Congo red with amyloid deposits (19,
20) or the association of certain fluorescent dyes with molten
globular proteins (21). Alternatively, given that the NMR signals
from these aggregates are broad but still visible, it is possible that
the presence of protein induces the formation of GSMaggregates
that are colloidal in nature. It has previously been shown that the
formation of such aggregates involving small druglike com-
pounds is not unusual and that such aggregates often appear
to inhibit enzymes (22). In summary, our data are not consistent
with the formation of an avid and stoichiometric complex
between GSM and C99 but instead suggest nonspecific interac-
tions. This conclusion applies both to conditions that mimic
those used for purified C99 in the previous work (CHAPSO-
containing solutions) and to more ideal membrane mimetic
conditions (LMPG micelles).
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