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ABSTRACT: Different amyloid beta (Af}) aggregates can
be discriminated by a combinatorial fluorescent molecular
sensor. The unique optical fingerprints generated by the
unimolecular analytical device provide a simple means to
differentiate among aggregates generated from different
alloforms or through distinct pathways. The sensor has
also been used to track dynamic changes that occur in Ap
aggregation states, which result from the formation of low
molecular weight oligomers, high molecular weight
oligomers, protofibrils, and fibrils.

he aggregation of amyloid beta (Af) peptides (Figure 1a)

is thought to play a major role in the progression of
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Figure 1. (a) Schematic representation of the Af aggregation process.
(b) Chemical structure of a combinatorial fluorescent molecular sensor
1 that integrates two Af aggregate binders: ThT and bis-KLVFF
peptide, and three fluorescent reporters: ThT (blue), SRB (green), and
sCyS (magenta). (c) Normalized excitation (dotted line) and emission
spectra (solid line) of ThT (with Ap fibrils), SRB, and sCyS. (d) FRET
processes that can occur when exciting 1 at 440 nm.

Alzheimer’s disease. Much effort has therefore been made in
investigating the composition of Af assemblies, the mechanism
underlying fibril formation, and the parameters that could affect
Ap toxicity." It has been shown, for example, that A aggregates
can be generated via different pathways'®" and that low
molecular weight (LMW) oligomers greatly contribute to
neurotoxicity.' It has also been demonstrated that A
aggregates can be assembled from different alloforms, such as
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APy and Af,, which differ in their length and concentrations
and may have different toxicities."**

Although these studies indicate that subtle variations in the
dynamics and compositions of Af aggregates could have a
significant impact on their physicochemical and pathological
properties, currently there is no effective means to characterize
straightforwardly the Af aggregation state. The widely used
fluorescence assay based on Thioflavin T (ThT),” for example,
which can readily sense fibril formation, cannot distinguish
among alloforms and is unsuitable for identifying different
intermediates in the mixture. Similarly, recently developed
fluorescent probes with notable selectivity toward oligomers® or
fibril types’ provide only partial information about the
composition of Af assemblies. Combining distinct probes has
been cleverly used to detect cysteine-modified oligomers and
fibrils simultaneously,” indicating the potential for tracking
additional, unmodified A aggregates, with relatively simple
fluorescent assays. Other techniques® such as mass spectrometry,
gel electrophoresis, immunoblotting, or using rationally
designed peptides’ can effectively determine the composition
of Af aggregates. These methods, however, require special
expertise and are not high-throughput.

An alternative methodology that has been used to analyze
mixtures of peptides or proteins is differential sensing” (or the
“nose/tongue” approach). Unlike most small molecule-based
sensors, which are designed to detect specific analytes,
differential sensors generally consist of arrays of probes that
are cross-reactive. The lack of specificity enables such systems to
interact with various components in the mixtures and generate a
wide range of identification patterns, akin to the way the
olfactory system operates.”® We have recently developed
unimolecular, pattern-generating sensors, termed combinatorial
fluorescent molecular sensors,” which combine several synthetic
receptors and fluorescent reporters. It occurred to us that
providing such a sensor with the ability to interact with different
Ap aggregate species (e.g, LMW oligomers, high molecular
weight (HMW) oligomers, protofibrils, and fibrils) should
enable it to track dynamic changes that occur in Af aggregation
states, as well as to discriminate among aggregates generated
from distinct alloforms or through different pathways.

The structure of a combinatorial sensor for Af aggregates
(Figure 1b, 1) consists of a cis-amino proline scaffold that is
appended with three fluorescent reporters: thioflavin T (ThT),
sulforhodamine B (SRB), and sulfo-CyS (sCyS) that serve as a
FRET donor 1-(acceptor 1/donor 2)-acceptor 2 system. Such
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intramolecular FRET processes have been shown to enhance the
efficiency of pattern-generating devices.”'” On the basis of the
excitation and emission spectra of the individual dyes (Figure
1c), we expected that illuminating 1 at 440 nm would excite the
ThT dye and that the resulting fluorescence would also trigger
the emission of SRB and sCyS, owing intramolecular
communication among ThT-SRB, ThT-sCyS, and SRB-sCyS
FRET pairs (Figure 1d). In addition, the sensor contains two
amyloid binders: a bis-KLVFF peptide” and ThT. The first
should enable it to bind LMW oligomers,7 whereas the second
can interact with fibrils> and has also been shown to bind
protofibrils and HMW oligomers.”"'

Notably, even without these binders, such a large and flexible
molecule with various polar, hydrophobic, and charged groups
(Figure 1b) should be able to interact nonspecifically with
various Af} aggregate types. We expected, however, that the
specific binders (ie, ThT and bis-KLVFF peptide) would
improve the discriminating ability of 1 by increasing its binding
affinities and diversifying its fluorescence responses. The
emission of ThT? and its derivatives, for example, is enhanced
upon binding to fibrils, and they may also respond to HMW
oligomers''* and to protofibrils."'" Owing to FRET communi-
cation between ThT and SRB, as well as between ThT and sCyS
(Figure 1c), these interactions should also enhance the emission
of SRB and sCyS even if their emission is not directly affected by
these aggregates (Figure 1c). In another scenario, the binding of
1 to different aggregate species, including LMW oligomers,
would distance ThT from SRB and sCyS, which would reduce
FRET efliciency and decrease the acceptors’ emission intensity.
Quenching by amino acid side chains or neighboring dyes are
additional factors that could alter the emission patterns.

Initially, we tested the ability of 1 to discriminate among the
individual species by measuring its response to the pure
aggregate types (Figure 2a—c), namely, to samples containing
monomers, LMW oligomers, HMW oligomers, protofibrils, or
fibrils of Af, or Ap,,. The concentrations of aggregates used in
this experiment (30 uM) were selected after determining the
minimal concentrations needed for obtaining maximal fluo-
rescence responses (Figure S1). The different assemblies were
prepared according to known protocols (Supporting Informa-
tion), purified by size exclusion chromatography (SEC), and
characterized by Western blotting (Figures 2d and S2) and by
transmission electron microscopy (TEM) (Figure S3). Inspect-
ing the fluorescence spectra (Figure 2a) reveals that a strong
emission of SRB and sCyS5 is observed even in the absence of A
aggregates, which could result from direct excitation of SRB, as
well as from initial fluorescence of the ThT unit of 1. These
spectra also show that each Af sample distinctly affected the
response of the different dyes. For example, in the presence of
Ap, fibrils and protofibrils the emission of sCyS was enhanced
at different levels, whereas LMW and HMW oligomers induced a
decrease in its emission intensity (Figure 2a, left). At the SRB
channel, on the other hand, only a reduction in the emission
intensity was observed. With Af,, different fluorescence
responses were detected (Figure 2a, right). The emission of
sCyS was also enhanced in the presence of HMW oligomers and
the SRB unit exhibited a differential fluorescence response.
Inspecting the emission at different wavelengths reveals that for
distinct aggregate types, unique alterations in the level and/or
trend of fluorescence were obtained, which has led to the
generation of unique optical fingerprints (Figure 2b). Linear
discriminating analysis (LDA) was applied to discriminate
among these patterns (Figure 2c) and to optimize the conditions
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Figure 2. (a) Emission spectra generated by 1 (2 uM, 4, = 440 nm) in
response to the pure aggregate species (30 M) of A,y (left) or Af,,
(right). (b) Patterns obtained by measuring intensity changes at seven
representative emission channels (4, = 440 and 530 nm). (c)
Corresponding LDA plot. (d) Western blot analysis of different A,
aggregates.

for classification of samples. For example, LDA has shown that
differentiation can be improved by exciting the SRB dye at 530
nm and by acquiring additional data between 560 and 790 nm
(Figures 2b,c vs S4). The direct excitation of SRB minimizes the
contribution of ThT to the emission patterns, which strengthens
the effect of LMW oligomers. The LDA plot was used to identify
20 out of 22 unknown Af,, and A, aggregate samples (Figure
SS), indicating 91% accuracy. To demonstrate the versatility of
our approach we have also shown that 1 can discriminate among
aggregates of other amyloidogenic proteins, such as lysozyme,
prion, insulin, and amylin fibrils (Figure S6).

To confirm the underlying design principles, in particular, the
contribution of the specific binders and FRET processes to the
discriminatory ability of 1, several control compounds were
prepared and tested against the different Af aggregates (Figures
3 and S7). For example, the role that the ThT derivative of 1
plays in sensing Af,, fibrils (Figure 3a) was assessed by
measuring the emission of compound C7, which carries only the
ThT dye, in the absence and presence of fibrils (Figure 3b). The
large enhancement in the emission signal indicates the suitability
of using this derivative for sensing fibrils. Repeating this
measurement with compound C21, which possesses both the
ThT and the SRB dyes (Figure 3c), has mainly led to an increase
in the emission of SRB, confirming the manifestation of an
efficient FRET between them. To ensure that this enhancement
in SRB fluorescence does not result from the direct response of
SRB to fibrils, we repeated the experiment with compounds C20
(Figure 3d) and C28 (Figure 3e), which lack the ThT group.
The fact that the emission of these compounds did not change
confirmed the critical role that ThT plays in recognizing fibrils,
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Figure 3. Emission of 1 and control compounds before and after adding
fibrils or LMW oligomers. 4., = 440 nm.

despite the low emission of this dye in the emission spectra of 1
(Figure 3a). Interestingly, the fluorescence of compound C28
was altered upon addition of Af,, fibrils (Figure S7a), indicating
that nonspecific interactions also contribute to the discrim-
inatory ability of 1. We also showed that this ThT derivative
(C7) responds to HMW oligomers and protofibrils, but not to
LMW oligomers or monomers (Figure S7b). The contribution
of the bis-KLVFF peptide to sensing LMW oligomers was also
assessed by measuring the fluorescence response of compound
C24, which possesses the three dyes but lacks the bis-KLVFF
peptide. Unlike with 1, in which the emission of SRB and sCy5
was decreased in the presence of LMW Af,, oligomers (Figure
3f), with C24 the emission of all dyes remained unchanged
(Figure 3g).

The strength of differential sensors lies in their ability to
discriminate among complex mixtures.** With a unimolecular
sensor such as 1, this property could be particularly useful for
following the Af} aggregation processes, in which the molar ratio
between the different Af intermediates dynamically changes. To
test the ability of the combinatorial sensor to analyze
straightforwardly the Af aggregation kinetics, we followed the
aggregation of Af,, and Af,, by measuring the emission of 1 at
different time points for 30 h (Figure 4a). In parallel, we followed
the formation of the different aggregate species using Western
blotting (Figures S8a—I and $9a—I) and dot-blotting (Figure 4c,
0% seeds), which enabled us to associate the fluorescence
fingerprints with the formation of key intermediates in the
mixture (Figure 4a). To ensure reproducibility, we repeated this
experiment five times, starting on different days and from the
earliest steps of the protocol, namely, the dissolving of
monomers. Examining the clusters in the PCA map (Figure
4a) shows that the system could replicate the emission patterns,
which enabled us to differentiate among the main aggregation
states of distinct alloforms.

Although Western blot analysis is commonly used to follow
changes that occur in the composition of Af aggregate mixtures
(Figures 4d, S8a-I and S9a-1), this procedure takes more than a
day to complete and requires that unstable intermediates be first
crossed-linked, which prevents following their formation in real
time (Figure S9).
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Figure 4. (a) PCA mapping of the patterns generated by 1 when key
intermediates of A3, or Af3,, are formed. (b) Using PCA to determine
the time at which the main aggregate species of Af,, are formed in the
presence of different concentrations of seeds. (c) Dot-blot that follows
the formation of HMW oligomers (with oligomer-specific antibody
A11) under the same seeding conditions. (d) Western-blot that follows
time-dependent changes in the aggregation state of Af,, in the presence
of 0.5% seeds (using anti-Af antibody 6E10).

Next, we determined whether, in addition to confirming
batch-to-batch reproducibility, the information gained from this
analysis could be used to study how changes in the environment
affect the structure and dynamics of Af,, assemblies. Initially, we
analyzed the emission generated by 1 in samples that contain
increasing concentrations of catalytic seeds (0, 0.5 and 6%,
Figure 4b). To confirm that these seeds accelerated the
aggregation kinetics, we also used the conventional ThT assay
(Figure S8b). Although ThT effectively detected the accel-
eration in fibril formation, it did not provide any information
about other intermediates that were formed. In contrast,
inspecting the patterns generated by 1 revealed that although
each sample exhibited different kinetics, emission spectra that
reflect the formation of the same intermediates were recorded at
different time points (Figure 4b). A parallel analysis by Western
blotting (Figures S8a and 4d) and dot-blotting (Figure 4c)
confirmed that 1 successfully detected the formation of the main
aggregate species, although it was not previously tested under
these seeding conditions. The relevance of these findings to basic
Ap research was further demonstrated by repeating this
experiment with a different concentration of seeds (3%) and
by requesting untrained students who were not familiar with
these seeding conditions to identify the time at which the
intermediates were formed (Figure S10a). Unlike with immuno-
assays, in which the Af aggregates were chemically cross-linked
and incubated with primary and secondary antibodies (Figure
S10b,c), students that were using 1 were able to track the Af
intermediates by taking simple fluorescent measurements
(Figure S10a).

Another drawback of the prevalent ThT assay is that it is not
always suitable for discriminating among aggregates that are
generated by distinct pathways, namely, by on-pathways that
lead to the formation of fibrils or by off-pathways in which stable
nonfibrillar aggregates are formed (Figure 1a). The advantage in
using the combinatorial sensor for this purpose has been
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demonstrated by analyzing the emission patterns generated by
ThT and 1 in response to different aggregate samples'” (Figure
Sa). On-pathway samples (1-3) correspond to aggregates
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Figure S. (a) Left: Fluorescence response of ThT to aggregates
generated by on (1—3) and off (4—8) pathways. Right: PCA mapping of
the patterns generated by 1 in response to the same aggregate samples
(samples 1—8). Conditions: 30 uM monomers with (1) no external
stimuli, (2) 0.5% seeds, (3) betulinic acid, (4) resveratrol, (S) capric
acid, (6) SDS, (7) Zn(ClO,),, or (8) CuCl,. (b) TEM images of
samples 2 and S.

formed in the absence (1) and presence of seeds (2) or betulinic
acid (3). Off-pathway aggregates (4—8) were prepared by
incubating the samples with resveratrol (4), capric acid (5), SDS
(6), Zn(ClO,), (7), and CuCl, (8), all of which have been
shown to promote nonfibrillar assemblies.'” To confirm the
structural differences between samples 1—3 and 4—8, we also
characterized them by TEM (Figures Sb and S11). As shown in
Figure Sa, whereas ThT exhibited “false” “turn-on” responses to
some of the off- pathway samples (left, samples S, 6, and 7), the
sensor provided typical fibril signatures only for samples 1—3
(right), demonstrating the viability of this approach.

In conclusion, several advantages of using differential sensing
to study Ap aggregates have been demonstrated using a
unimolecular differential sensor. Similar to the widely used
ThT assay, 1 is very simple to operate, enabling one to analyze
A aggregation states by taking a single fluorescence measure-
ment. Unlike with ThT, however, which mainly responds to
fibrils, the combinatorial fluorescent molecular sensor can follow
the formation of various different intermediates and can
distinguish among alloforms. We have also shown that 1 can
differentiate among aggregates generated by different pathways
and that it can be used to determine the time at which key
intermediates are formed. Considering that our understanding of
Ap fibrillation largely depends on our ability to analyze complex
and dynamic mixtures and that the “nose/tongue” approach is
particularly useful for analyzing such mixtures, this work
indicates the prospect of using combinatorial sensors of this
class in Af research.
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