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targets the primary nucleation step in the self-assembly of Ab, delays
the formation of toxic species in neuroblastoma cells, and completely
suppresses Ab aggregation and its consequence in a Caenorhabditis
elegans model of Ab-mediated toxicity.
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RESULTS

Chemical kinetics-based therapeutic strategies allow to
combat Ab aggregation
The drug discovery strategy that we describe in this work to target
the aggregation of Ab42 consists of four main steps (Fig. 1). First, a
fragment-based approach is applied to identify small molecules that
could interfere with Ab aggregation (Fig. 1, step 1). Fragment-based
drug design approaches are based on the screening of a limited num-
ber of small molecules to identify fragments with low binding affi-
nities, typically with KD values in the high micromolar to millimolar
range (33, 34). When combined together, some of these fragments
result in molecules containing multiple favorable interactions that
bind more tightly than the initial fragments to the target of interest.
To implement this strategy, we generated a set of 164 fragments de-
rived from 88 compounds reported in the literature to interact with
Ab. These fragments were then screened for chemically related
compounds in four small-molecule databases (ChEMBL, PubChem,
ZINC, and DrugBank), resulting in the identification of 16,850 mo-
lecules. This fragment-based library contains 386 FDA-approved
drugs, which have the potential to be effective candidates for pre-
clinical lead development. Indeed, such an approach offers exciting
opportunities to repurpose existing licensed therapeutic compounds
for use in AD with the benefit of providing a more rapid route to the
clinic than through novel drug discovery approaches (35, 36).

To test this strategy, we selected two compounds from this library
with different chemical scaffolds, bexarotene and tramiprosate (Fig. 1,
step 1). Tramiprosate, which has been unsuccessful in phase 3 AD clin-
ical trials (identifier: NCT0088673), was reported in preclinical develop-
ment to bind soluble Ab species, to maintain them in a nonfibrillar
form, to decrease Ab-induced neurotoxicity, and to reduce amyloid pla-
ques and cerebral levels of Ab in mice (37). By contrast, bexarotene is
still in phase 2 AD clinical trials (identifier: NCT01782742). This small
molecule is a retinoid X receptor agonist approved by the FDA for the
treatment of cutaneous T cell lymphoma and has shown an ability to
restore cognitive function to some degree in AD (38–44). Although this
activity has been reported to be associated with an enhancement of apo-
lipoprotein E levels, and thus of Ab42 clearance, conflicting reports have
been published and the detailed mechanism of action remains uncertain
(38–44). Indeed, this molecule has also been reported to compete with
cholesterol for binding to Ab42, thus inhibiting its cholesterol-induced
oligomerization (45).

The next step in our general strategy is to apply chemical kinetics to
elucidate the mechanism of aggregation of the protein of interest (Fig. 1,
step 2). In the specific case of Ab42, as mentioned in the Introduction,
we have recently provided a comprehensive description of the mecha-
nism (32). The kinetic analysis is then repeated in the presence of
selected compounds to identify the microscopic events that are specifi-
cally inhibited and hence to define the species with which the compound
interacts (Fig. 1, step 3). Indeed, a potential drug candidate could bind
to monomers, oligomers, or fibril surface or ends, and therefore dif-
ferent microscopic steps could be affected. Sequestration of monomers
Habchi et al. Sci. Adv. 2016; 2 : e1501244 12 February 2016
could result in a decrease in the rates of all microscopic events shown
in Fig. 1 (that is, kn for primary nucleation, k2 for secondary nuclea-
tion, and k+ for elongation), whereas sequestering oligomers is
expected to affect kn and k2. On the other hand, targeting fibrils could
decrease either k+ or k2 depending on whether inhibitors bind to fibril
ends or surfaces, respectively (28).

Finally, we evaluate the observed effect of the molecules on the for-
mation of toxic species in vivo (Fig. 1, step 4). The inhibition of specific
microscopic steps in Ab42 aggregation is expected to have different
effects on the generation of toxic oligomers (28). More specifically,
inhibiting primary nucleation will strongly delay the aggregation reac-
tion and should not affect the total load of toxic oligomers generated
during the reaction. However, an increase or a decrease in the number
of toxic oligomers is anticipated to be the result of the suppression of
either elongation or secondary nucleation, respectively (28). These two
latter processes represent interchangeable pathways as inhibiting elon-
gation is expected to redirect the aggregation reaction toward secondary
nucleation, which will consequently increase the number of toxic oligo-
mers, and vice versa (28).

Bexarotene, but not tramiprosate, delays
Ab42 fibril formation
To investigate the effects of the two small molecules selected for this
study on the individual microscopic steps underlying the aggregation
process of Ab42, we carried out a global analysis of the aggregation
profiles acquired at different concentrations of both Ab42 and each
of the two compounds in turn (Fig. 2). We monitored Ab42 fibril for-
mation in vitro in the absence and in the presence of tramiprosate and
of bexarotene using a highly reproducible ThT-based protocol described
previously (31). Unlike earlier reports (37), we observed no effects of
tramiprosate on Ab42 aggregation even when present in 20-fold excess
(Fig. 2A and fig. S1A). By contrast, we observed a progressive delay in
Ab42 aggregation with increasing concentrations of bexarotene (Fig. 2,
B and C, and fig. S1B). The scaling of the half-times in such reaction
profiles as a function of the total protein concentration follows a power
law whose exponent contains important information about the micro-
scopic events underlying the macroscopic aggregation behavior (32). In
the presence of bexarotene, although the lag times of the aggregation
reaction increase as the concentration is increased, the scaling exponent
remains unaffected. This result suggests that, under these conditions,
bexarotene delays the aggregation reaction by inhibiting primary nucle-
ation but does not affect the relative contributions of primary and
secondary nucleation to the overall aggregation reaction.

These experiments show that the effect of bexarotene on Ab42 ag-
gregation is substantial. The addition of a fourfold excess of bexarotene
to a 2 mM sample of Ab42 increased the time to half-completion of
the aggregation reaction compared to that of Ab42 alone by a factor
of 2 (that is, 2.30 ± 0.02 hours for Ab42 alone and 4.50 ± 0.06 hours
for Ab42 in the presence of bexarotene) (Fig. 3A). To further probe
this effect, and to exclude any possible interference of bexarotene on
ThT binding to Ab42 fibrils and hence on the resulting fluorescence,
we monitored fibril formation under conditions where ThT was not
present by removing aliquots of solution at a series of different time
points and measuring the extent of fibril formation using atomic
force microscopy (AFM) and immunochemistry (Fig. 3, B to D).
Fractions were collected throughout the entire reaction to monitor
the events during the three phases of Ab42 aggregation (that is, lag,
growth, and saturation) as completely as possible. AFM images show
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Fig. 1. Schematic illustration of the drug discovery strategy described in this work. The strategy consists of four steps: (1) A fragment-based
approach that allows the identification of small molecules that interact with the aggregation-prone system, here Ab42, including FDA-approved

molecules for drug repurposing. (2) An in vitro kinetic analysis that identifies the specific molecular steps in the Ab42 aggregation mechanism
responsible for the generation of toxic species. (3) A further kinetic analysis to determine the mechanism of inhibition associated with the mo-
lecules identified in step 1. (4) An evaluation of the effects of these molecules on the formation of toxic species in vivo. In particular, the inhibition
of primary nucleation is predicted to delay the aggregation without affecting the total number of oligomers generated by the aggregation pro-
cess, whereas inhibiting elongation or secondary nucleation is predicted either to increase or to decrease the number of toxic oligomers, respectively
(see text).
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that after 2.1 hours, fibrillar structures are visible in the absence of
bexarotene but not in its presence, thus providing independent evidence
for a bexarotene-induced delay of fibril formation (Fig. 3B). These
results were extended (Fig. 3C) by probing the quantities of Ab42 at
nine different time points during the aggregation using either sequence-
sensitive W0-2 or fibril-sensitive OC primary antibodies (see Materials
and Methods). W0-2 antibodies recognize the sequence spanning resi-
dues 4 to 10 (that is, the N terminus) that is not likely to be involved
in the hydrophobic core of any aggregated species and thus bind to all
types of Ab species. W0-2 antibodies indicated the presence of similar
quantities of Ab42 at the different time points during its aggregation
reaction (Fig. 3C, upper panel), whereas fibril-specific OC antibodies
that recognize only fibrillar species (Fig. 3C, lower panel) showed,
in agreement with the kinetic analysis and the AFM images, a delay
of 2 hours in the time required for half-completion of the aggrega-
tion process.

We further probed the quantity of Ab42 converted into fibrils by
comparing the intensities of the dots to a dot-blot assay that was per-
formed on a range of concentrations between 4 and 0.1 mM Ab42 fi-
brils using the OC fibril antibodies (Fig. 3D). Fibrils were collected
after incubation for 3 hours of a freshly prepared 4 mM solution of
monomeric Ab42 (Fig. 3D, lower panel), and then the solution was
diluted to yield 12 samples with concentrations ranging from 4 to
0.1 mM (Fig. 3D, lower panel). Analysis of the dot-blot data indicated
that the quantities of fibrils formed at the reaction half-times of the
2 mM Ab42 sample in the absence and in the presence of bexarotene
(Fig. 3C, lower panel, time points 6 and 7) were indeed closely simi-
lar to those formed during the aggregation reaction of an Ab42 sam-
ple of 1 mM concentration, consistent with no interference from ThT
on the aggregation reaction (Fig. 3D, lower panel).

Bexarotene specifically inhibits the primary nucleation of
Ab42 aggregation
We then carried out a quantitative analysis of the effects of bexarotene
by matching the aggregation profiles on the basis of the rate laws
derived from a master equation that relates the macroscopic time evo-
lution of the quantity of fibrils to the rate constants of the different
microscopic events (28, 29). In this approach, the aggregation profiles
in the presence of the inhibitor are described by introducing into the
rate laws suitable perturbations to each of the microscopic rate con-
stants evaluated in the absence of the inhibitor. The modifications of
Habchi et al. Sci. Adv. 2016; 2 : e1501244 12 February 2016
the rate constants required to describe the aggregation profiles in the
presence of different inhibitor concentrations are then indicative of
the specific process affected by the presence of the compound. The
aggregation profiles of 5 mM Ab42 in the presence of concentrations
of bexarotene in the range of 5 to 25 mM show that the experimental
data are extremely well described when the primary nucleation rate
constant, kn, is specifically decreased. By contrast, the experimental
data are not consistent with predictions made by altering the rate con-
stants of secondary nucleation or of elongation, k2 and k+, respectively
(Fig. 4, A to C). The data therefore reveal that, under these conditions,
bexarotene specifically modifies the primary nucleation pathway (that
is, knk+) with no (or very little) detectable effect on secondary path-
ways in the aggregation reaction (that is, k2k+) (Fig. 4D). Similar
results were obtained at different Ab42 concentrations (fig. S2).

To further strengthen these conclusions, we carried out an addi-
tional series of measurements of the aggregation kinetics of Ab42 un-
der conditions where the primary nucleation step was bypassed by the
introduction of preformed fibrils (that is, seeds) to the reaction mix-
ture. In such a situation, the contribution of primary nucleation to the
reaction kinetics is negligible, as the conversion of soluble peptide into
mature fibrils is greatly accelerated by secondary nucleation and elon-
gation reactions promoted by the seeds (22). In the presence of 10%
fibril seeds, where elongation of the preformed fibril seeds is the dom-
inant mechanism, no effect was observed on the aggregation kinetics
of 2 mMAb42 even at a 10-fold excess of bexarotene (Fig. 4E), whereas
the corresponding aggregation process under unseeded conditions was
completely inhibited for 15 hours (fig. S2A). Furthermore, we also
measured the aggregation kinetics of a 2 mM sample of Ab42 in the
presence of 5% of preformed fibril seeds. Under these conditions,
primary nucleation is completely bypassed, whereas both surface-
catalyzed secondary nucleation and elongation significantly contribute
to the overall kinetics (Fig. 4F). These experiments show a concentration-
dependent bexarotene-induced delay that corresponds to a decrease in
the rate of surface-catalyzed secondary nucleation (Fig. 4, G and H).
These findings show that, although the elongation of fibrils is essen-
tially unaffected by bexarotene, this compound has a large and highly
selective effect on the nucleation of Ab42, with the effect being more
selective toward primary rather than secondary nucleation.

The observation that bexarotene inhibits Ab42 aggregation by spe-
cifically perturbing both primary and secondary nucleation could, in
principle, result from the interaction of bexarotene with Ab42 mono-
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Fig. 2. Bexarotene, but not tramiprosate, delays the formation of Ab42 fibril formation. (A) Kinetic profiles of Ab42 aggregation under quiescent
conditions at a concentration of 3 mM (open circles) and 4 mM (open squares) in the absence or in the presence of a fourfold excess of tramiprosate. (B)

Kinetic profiles of Ab42 aggregation under quiescent conditions at a concentration of 3 mM (open circles) and 4 mM (open squares) in the absence or in the
presence of a fourfold excess of bexarotene. (C) Average half-time of the aggregation reaction as a function of the initial monomer concentration in the
absence or in the presence of fourfold excess of bexarotene.
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mers, with primary and secondary oligomers, or indeed with both
monomers and oligomers (Fig. 4F). However, binding to monomers
would affect the rates of all the microscopic steps in the overall reac-
tion under the conditions studied here (28), enabling us to conclude
that bexarotene specifically interacts primarily with Ab42 oligomers.
This conclusion is further supported by nuclear magnetic resonance
(NMR) spectroscopy measurements, where no significant perturba-
Habchi et al. Sci. Adv. 2016; 2 : e1501244 12 February 2016
tions of the chemical shifts could be observed in the heteronuclear
single-quantum correlation (HSQC) spectra of 25 mM 15N-labeled
monomeric Ab42 before and after the addition of a fivefold excess of
bexarotene, indicating that binding to the monomeric form of Ab42 is
likely to be negligible (figs. S3 and S4). Furthermore, these findings
provide novel insights into the structural features of primary and
secondary oligomers of Ab42, suggesting that primary and secondary
Fig. 3. Bexarotene delays Ab42 fibril formation in a label-free environment. (A) Kinetic profiles of the aggregation of 2 mM Ab42 under quiescent
conditions in the absence and in the presence of a fourfold excess of bexarotene; the table below the graph shows the equivalent of the different time

points in hours (represented in black solid lines in the graph) at which aliquots of Ab42 were removed from a solution of 2 mM peptide undergoing aggre-
gation. (B) AFM images of Ab42 species in the absence and in the presence of a fourfold excess of bexarotene. Imageswere acquiredwith tappingmode in air
on aliquots of the Ab42 solutions that were removed from the aggregation reaction at the 1.2- and 2.1-hour time points. Fibrillar structures can be observed
after 2.1 hours only in the absence of bexarotene. (C) Time course of the formation of 2 mMAb42 fibrils as assessed by antibody binding. The quantity of Ab42
that was detected by the sequence-specific W0-2 antibody (upper panel) remained unchanged during the complete time course of the reaction on the total
quantity of Ab42 (in solution or as aggregates). The fibril-specific OC antibody (lower panel), however, probes only fibrillar structures that can be seen to have
formed earlier in the absence of bexarotene than in its presence. The extent of the observed delay (highlighted in red) is in complete accord with the
aggregation profiles shown in (A). (D) Calibration of the dependence of Ab42 fibril mass concentration to the dot-blot intensity of the fibril-specific OC
antibody. (Top) Kinetic profile of 4 mM Ab42 by means of ThT fluorescence. AFM image of typical mature Ab42 fibrils acquired with tapping mode in air,
formedat pH8. (Bottom)Dot-blot intensities obtained frombindingof the fibril-specificOCantibody to a serial dilution ofAb42 fibrils thatwere collected after
3 hours of incubation of a fresh 4 mM Ab42 monomer. Fibril concentrations were in the range of 4 to 0.1 mM.
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