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ABSTRACT: Thioflavin-T is used to image amyloid aggregates
because of the excellent turn-on fluorescence properties, but
binding affinities are low. By mounting multiple dye units on the
surface of a vesicle, the binding affinity for a-synuclein fibrils is
increased by three orders of magnitude, and the optical response is
increased. Cooperative interactions of the dye headgroup and lipid
with the protein provide a general strategy for the construction of

multivalent amyloid probes based on vesicles.

P rotein aggregates have been identified in the central
nervous systems of patients suffering from degenerative
diseases such as Alzheimer’s,' Parkinson’s,” and Huntington’s,3
but methods for the early stage detection of these amyloids are
limited by the low concentrations present” and the low binding
affinities of imaging probes.” One of the most commonly used
dyes for imaging protein aggregates is Thioflavin-T (ThT),
which shows an order of magnitude increase in fluorescence
intensity on protein binding (Figure 1a).”” Multiple binding
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Figure 1. Turn-on fluorescence sensing of amyloid fibrils. (a) Low
affinity binding (K; > 800 nM) of standard monomeric ThT. (b)
High affinity binding (K4 < S nM) of multiple ThT head groups
anchored in lipid bilayer membranes.

“ DOPC-

sites with different binding affinities have been described, but
the dissociation constants for the interaction of ThT with
protein aggregates are all in the micromolar range.8’9 Modest
increases in binding affinity have been achieved by synthesizing
multivalent ThT derivatives.'””'> Here we report a supra-
molecular approach to the assembly of multivalent high
contrast probes for protein aggregates. By mounting ThT
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derivatives on the surface of lipid vesicle membranes, it is
possible to obtain a turn-on fluorescent probe for amyloids
with nanomolar binding affinity and increased optical bright-
ness compared with ThT (Figure 1b).!1*

Figure 2 shows the structure of ThT derivative 1 (see
Supporting Information for synthetic details). The palmityl
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Figure 2. Molecular structure of ThT derivative 1.

chain is a membrane anchor that allows incorporation into
vesicles. The ThT headgroup is attached via a short
oligoethylene glycol unit to allow the dye to extend into the
aqueous solution away from the bilayer interface and access
binding sites on protein aggregates.

Small unilamelar vesicles containing either 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) or a mixture of DOPC and
1 (DOPC-1) were prepared by rehydration of lipid films,
followed by extrusion through 200 nm diameter pores, and
purification by size exclusion chromatography (see Supporting
Information for details). The fluorescence spectrum of the
DOPC-1 vesicle solution showed a low intensity emission at
490 nm, comparable to a solution of the parent dye, ThT.
However, when the DOPC-1 vesicles were added to a solution
of sonicated a-synuclein fibrils, the fluorescence intensity
increased dramatically in a time dependent manner (Figure 3).
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Figure 3. Normalized fluorescence intensity as a function of time after
addition of a solution of DOPC vesicles loaded with 10 mol % relative
to the lipid (red), 1 mol % (blue), and 0.1 mol % (green) 1 to a 0.1
uM solution of a-synuclein fibrils in PBS 1X (the bulk concentration
of 1 was 15 nM in all cases). Excitation at 440 nm and emission at 490
nm.

Equilibrium was established after a period of 2 h. The rate of
equilibration was independent of the amount of vesicle
solution added to the protein, i.e. the bulk concentration of
vesicles (see Figure S6). Figure 3 shows that the rate of
equilibration increases with the loading of 1, i.e. the local
concentration of 1 in individual vesicles. These observations
suggest that the slow process shown in Figure 3 is not
equilibration of protein—dye interactions between different
vesicles; rather, it is equilibration of };rotein—dye interactions
on the surface of individual vesicles.'

It is possible that the slow process is due to further
aggregation of the a-synuclein fibrils. However, transmission
electron microscopy of protein samples exposed to DOPC-1
vesicles showed no evidence for the formation of larger fibers.
Figure 4c shows that images of sonicated a-synuclein fibrils

Figure 4. Transmission electron microscopy images of (a) sonicated
a-synuclein fibrils, (b) fully aggregated a-synuclein fibers, and (c)
sonicated a-synuclein fibrils incubated for 3 h with 150 nM DOPC
vesicles loaded with 10 mol % 1 in PBS bufter.

incubated with DOPC-1 vesicles for 3 h are very similar to the
starting @-synuclein fibrils (Figure 4a) and quite different from
a sample of fully aggregated a-synuclein fibers (Figure 4b).

The binding affinity for a-synuclein fibrils was measured by
adding increasing amounts of DOPC-1 vesicles and allowing
the solutions to equilibrate for 3 h before recording the
fluorescence intensity. Figure 5 shows the results of a typical
fluorescence titration experiment and the best fit to a 1:1
binding isotherm based on the concentration of 1. Figure 5b
compares the fluorescence titration data obtained in the
presence and absence of a-synuclein fibrils. The DOPC-1
vesicles have a low fluorescence emission intensity in the
absence of protein, and there is an enhancement of more than
an order of magnitude in the fluorescence emission intensity
on binding to the fibrils.

The titration data for addition of the dye to the protein
solution and the dilution data for addition of the dye to buffer
were simultaneously fit to an isotherm that accounted for the
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Figure 5. (a) Fluorescence spectra for titration of DOPC vesicles
containing 10 mol % 1 into 0.1 uM a-synuclein fibrils in PBS 1X (A,
= 440 nm). The initial spectrum is highlighted in red, and the final
point of the titration in black. (b) Fluorescence emission intensity at
Aem = 490 nm for titration of DOPC vesicles containing 10 mol % 1
into 0.1 uM a-synuclein fibrils (squares) and into PBS buffer (circles).
The lines are the best fit to a model that accounts for the emission
due to the complex between the dye and the protein and for the
emission due to the free dye.

fluorescence emission of the free dye as well as the
fluorescence emission of the complex formed when the dye
is bound to the a-synuclein fibrils. The dissociation constants
for the interaction with a-synuclein fibrils are summarized in
Table 1. There is an increase of two orders of magnitude in

Table 1. Dissociation Constants (K,;) and Fluorescence
Amplification Factors (Iung/Isee) for Interaction with 0.1
MM a-syn Fibrils at pH 7.4 and 298 K Measured Using
Fluorescence Titrations”

compound” lipid Ky (nM) Tyound/ Tree
ThT 830 + 80 23 £ 13

1 70 + 20 370 + 260
1 (10 mol %) DOPC 15+ 1 91 + 43

1 (1 mol %) DOPC 41 10+2

“Average values from repeated experiments with standard deviations.
bLoading of 1 expressed as molar percentage relative to lipid.

binding affinity for DOPC-1 vesicles compared with the parent
dye, ThT."”> Compound 1 also binds @-synuclein fibrils with a
reasonably high affinity in the absence of vesicles, which
suggests that there are additional binding interactions between
hydrophobic regions on the surface of the fibril and the lipid
tail. In this case, there was no time-dependent change in the
fluorescence intensity, so equilibration of the samples was not
required. This observation is consistent with the hypothesis
that reorganization of the dyes at the lipid membrane interface
is responsible for the slow process shown in Figure 3.

The increase in fluorescence emission intensity associated
with binding of the dye to the protein was quantified using the
fluorescence amplification factor (Ipouna/Ifee). The amplifica-
tion factor was calculated as the ratio of the fluorescence
emission due to bound and free dye in a solution, which
contains free dye at a concentration equal to the dissociation
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constant for binding to the protein, i.e. when half of the protein
binding sites are bound to the dye (see Supporting
Information). This parameter provides a useful measure of
the relative contrast that can be expected in amyloid imaging
experiments using different dyes. The results in Table 1 show
that the optical response of 1 is superior to that of the parent
dye, ThT. For DOPC-1 vesicles, the amplification factor is
inversely proportional to the loading of dye in the vesicles.
Thus, there is a trade-off between increased binding affinity
and reduced amplification factor when the loading of the dye is
reduced.

Amyloid fibrils are known to interact with lipid bilayers, so
the increased binding affinity observed for DOPC-1 vesicles
may be related to cooperative interactions of the protein fibrils
with the lipid."*""® For example, the binding affinity reported
for the interaction of a-synuclein fibrils with 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (DMPS) vesicles is 380 nM.*’
To quantify the interaction of DOPC vesicles with a-synuclein
fibrils, a ThT displacement assay was used.”” DOPC vesicles
were titrated into a solution of a-synuclein fibrils saturated
with ThT. Figure 6 shows that the vesicles displace ThT from

Ky=26+11 nM
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Figure 6. Fluorescence displacement assay for binding of DOPC
vesicles to a-synuclein. Fluorescence intensity recorded at 490 nm
after addition of DOPC vesicles to solutions containing either S uM
ThT (circles) or 5 uM ThT with 0.1 yM a-synuclein (squares) in
PBS bufter.

the fibrils, leading to an immediate decrease in fluorescence
intensity. In this case, the change in fluorescence intensity
occurred rapidly on mixing and did not change over time. The
data fit well to a 1:1 binding isotherm, giving a dissociation
constant of 26 + 11 nM based on the concentration of lipid
molecules. However, the DOPC vesicles only displace half of
the ThT, and there is significant fluorescence emission from
bound ThT at the end of the titration. This result indicates
that there are two different ThT binding sites on the a-
synuclein fibrils, and the lipids only interact with one of these
sites.

The dramatically enhanced affinity for a-synuclein fibrils,
which is observed for ThT displayed on the surface of vesicles,
appears to be the result of cooperative binding interactions
between the dye head groups of 1 and the lipid molecules
themselves. Figure 7 shows a model that accounts for the
observed variations in dissociation constant and fluorescence
amplification factor with the loading of 1 in the vesicles. At
high loadings, interactions with the dye head groups dominate,
leading to a larger optical response, but a lower binding affinity.
At low loadings, interactions with the lipid dominate, leading
to a higher affinity, but a lower optical response. Binding of a-
synuclein fibrils to vesicles is fast, so the time dependence of
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Figure 7. Binding of a-synuclein fibrils to DOPC-1 vesicles.
Competition between binding to the lipid and the dye head groups
leads to a trade-off between binding affinity and optical response
which depends on the loading of the dye.

the optical response observed for DOPC-1 vesicles is most
likely due to slow reorganization of 1 within the lipid bilayer to
maximize the cooperative interactions that must be made with
both the dye and the lipid. There is evidence that a-synuclein
fibrils can insert into lipid bilayers, so it is also possible that the
slow reorganization shown in Figure 3 is a result of this
process.u’ ?

In summary, we have shown that mounting a ThT derivative
on the surface of vesicles leads to a dramatic enhancement in
binding affinity for amyloid aggregates. Cooperative inter-
actions between the dye head groups and the lipids leads to
low nanomolar dissociation constants as well as an improved
optical response compared with the parent dye, ThT. This
supramolecular approach provides a general strategy for the
assembly of complex multivalent probes for protein aggregates.
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