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ABSTRACT: Finding new optical probes to detect and track

amyloid protein aggregates is key to understanding and defeating
the myriad of neurodegenerative and other diseases associated

with these misfolded proteins. Herein we report that a series of

fluorescent, soluble oligo(p-phenylene ethynylene)s (OPEs) are
able to detect amyloids in vitro by massive binding-activated
superluminescence, with low micromolar affinity and high
selectivity for the amyloid conformer. The OPEs track the kinetics
of amyloid fibril formation from native hen egg white lysozyme

(HEWL) similarly to thioflavin T (ThT), and the dependence of

binding affinity on OPE length supports the theory of a linear
binding groove. We hypothesize, based on spectral properties,
induced circular dichroism, and previous work in analogous
systems, that the fluorescence turn-on mechanism is a
combination of the reduction of static solvent-mediated quenching at the ethyl ester end groups of the phenylene ethynylene
fluorophore and the formation of chiral J-type aggregates templated on the amyloid fibril surface.
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he formation of M-sheet-rich inclusions of aggregated
protein is a common feature of several diseases, notably
Parkinson’s disease, Huntington’s disease,’ type 1I diabetes,*
the prion-transmitted spongiform encephalopathies, a variety of
heritable amyloidoses, and most importantly Alzheimer’s
disease (AD).> Collectively termed the amyloidoses or
proteinopathies, these diseases involve many different protein
monomers with a wide variety of sizes, functions and structures,
but the aggregates, “amyloids”, deposited in affected organs
share cross-f# structure and a linear fibrous morphology with
the fibril axis perpendicular to the individual f-sheet strands.**
The neurodegenerative proteinopathies are especially costly to
society, particularly Alzheimer’s disease, which is the most
common form of dementia,® projected to affect 13.8 million
people in the United States alone by 2050.” The primary
histopathological sign of Alzheimer’s disease is the presence of
extracellular plaques of amyloid-f peptide and intracellular
“neurofibrillary tangles” composed of hyperphosphorylated tau
protein, both of which aggregates possess amyloid character.®’
Parkinson’s disease, another amyloid neuropathy, is associated
with neuronal formation of aggregates of the a-synuclein
protein and the preferential death of dopamine-producing
neurons, and like Alzheimer’s disease, its pathology is still
contested across the literature.'’
Regardless of the details of amyloid pathology in neuro-
degenerative and other diseases, monitoring the course of
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amyloid formation at the biochemical, cellular, and tissue levels,
both in humans and in animal models, is vital to understanding
and combating proteinopathies'' and remains an unmet
challenge. Though conformation- and sequence-specific anti-
bodies have been developed for amyloid applications,” the
primary means of detecting and localizing amyloid aggregates
are small-molecule probes, whether fluorescent ligands, radio-
labeled ligands for positron-emission tomography (PET)'® and
single photon emission computed tomography (SPECT), or
metal-ligated magnetic resonance imaging (MRI) contrast
agents.'* Fluorescent ligands are especially attractive because
of their inherently lower capital costs, their lack of radioactivity
and the detailed chemical and structural information that can be
extracted from the spectral properties of a bound molecule. A
variety of chemical and photophysical properties may be
desirable in an amyloid fluorescent biomarker.'® First, the
compound must bind to the amyloid fibril protein con-
formation with high affinity and specificity. Compounds that
bind specifically to amyloid tend to share a common molecular
profile with a “rigid conjugated rod” morphology; computa-
tional studies have shown that linear shape and aromaticity are
favorable for binding to hydrophobic surface grooves in the
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Figure 1. Structure and functional groups of OPEs used in this study.
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amyloid fibril;'® similar binding modes have been supported by
scanning tunneling microscopy.'’ Past studies of amyloid-
specific probes have investigated molecular scaffolds derived'®
from Congo red/curcumin,® ! thioflavin T,*~%* oligothio-
phenes,zs_ ! or other scaffolds.>*>* These ligands, when used
for fluorescent imaging, primarily function on a “molecular
rotor” basis, in which fluorescence enhancement and emission
red shift is accomplished by planarization of the conjugated
region and prevention of rotation within the fluorophore when
bound to a planar site on the amyloid fibril surface. Studies have
targeted various properties, such as appropriate pharmacoki-
netics for in vivo imaging, detection of pre-thioflavinophilic
amyloids, structural differentiation of amyloids with different
precursors or properties, two-photon imaging, or near-infrared
excitation and emission.

Oligo(p-phenylene ethynylene) electrolytes (OPEs), which
have been previously investigated along with their ;)olymeric
derivatives for a variety’° of antimicrobial®’~* and
sensing® ~** applications as well as for organic semiconductor
devices, have many of the desirable properties for amyloid
biomarkers, such as linear, highly conjugated morphology and
several well-characterized fluorescence sensing effects. Com-
pared with the currently used amyloid dyes such as thioflavin T
and Congo red, OPEs offer the additional advantage of being
highly versatile. The chemical, structural, and material proper-
ties of OPEs can be easily tailored by synthesizing compounds
with different side and end groups as well as number of repeat
units. In addition to the molecular-rotor motif of optical
sensing, OPEs also offer additional modes of molecular sensing
giving rise to distinct fluorescence signatures. The compounds
can form supramolecular aggregates of different types®™ with
distinct spectral characteristics, such as ] aggregates, upon
binding to substrates. J, or Jelley, aggregation is a mode of dye
complexation with characteristic bathochromic absorbance
shifts, sharpened fluorescence bands, enhancement of fluo-
rescence yield, and narrowed Stokes shift. These aggregates
have a long history in dye chemistry, and recent reviews"® can
provide more detailed background. The exact structure of J-
type aggregates varies somewhat with the dye and “brickwork”,
“ladder”, and “staircase”-type arrangements have all been
proposed.*® OPEs with charged moieties pendant on the
sides of the phenylene ethnylene (PE) backbone, rather than
the ends, have been previously found to preferentially form J
aggregates when complexed with oppositely charged surfac-
tants.”> Formation of such aggregates gives OPEs one
mechanism of turn-on fluorescence sensing, which can be
termed aggregation-enhanced emission.*” In addition, ethyl
ester termini have been shown to confer strong excited-state
quenching of fluorescence by water: quantum yield of a cationic
OPE with symmetric ethyl ester termini (OPE1+, Figure 1)
increases from 2.3% in water to 5% in deuterium oxide®® and
over 75% in methanol* (Table 2). This effect vanishes when
the ester is converted to a free carboxylate and could be due to
a hydrogen bonding or partial proton transfer mechanism.**
These various effects give OPEs several distinct ways to provide
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spectral information about their environment and conforma-
tion, stemming from the one degree of rotational freedom in
the ethynyl—aryl bonds, several different solvent quenching
effects, Coulombic interactions with the charged groups, and
hydrophobic interactions with the conjugated backbone. These
molecular and optical properties, and their similarity to the
“rigid conjugated rod” morphology, led us to test OPEs as
selective optical sensors for amyloids. In the present study, we
selected four OPE molecules (Figure 1) with ethyl ester termini
and varying charge and number of repeat units and successfully
applied them in vitro as fluorescent probes specific for model
amyloids formed from hen egg white lysozyme. We expect to
use this study as a starting point for future investigation of
phenylene ethynylene-like molecules as sensors for amyloids in
a wide variety of in vitro and in vivo settings using single- and
multiphoton excitation.

B RESULTS AND DISCUSSION

Four OPEs (Figure 1) were chosen from our library of
compounds for evaluation against HEWL amyloids. The OPEs
used, designated for brevity OPEn+ and OPE1—, all have ethyl
ester terminal moieties on the PE backbone and charged side-
pendant groups; the cationic compounds have n = 1, 2, and 3
repeat units, and the anionic compound has one repeat unit.
The compounds are amphiphilic and water-soluble due to the
hydrophobic backbone and charged side groups. These ester-
terminated compounds were selected for the effective sensing
modality of fluorescence yield increase from reduced quenching
by water when bound to a hydrophobic surface.

Formation and Characterization of HEWL Amyloids.
Hen egg white lysozyme (HEWL) was used to form fibrillar
amyloid asggregates for use in this study. Lysozyme has been
suggested™® as a useful model protein for amyloid studies, due
to its low cost and the relative ease with which it can be
induced to form amyloid aggregates. Lysozyme amyloid
oligomers and fibrils have also been shown to exhibit
cytotoxicity toward human neuroblastoma cells,”" indicating
that the amyloid-aggregate conformer of lysozyme recapitulates
most of the relevant properties of known disease-associated
proteins. For our experiments, HEWL (Sigma-Aldrich) was
incubated at 70 °C and a concentration of 350 uM in pH 3
sodium citrate buffer (10 mM) with 100 mM NaCl.>* Visible
precipitates of aggregated lysozyme were observed to
accumulate over the time of incubation, and the formation of
amyloid fibrils was characterized by thioflavin T (ThT)
fluorescence assay, far-UV circular dichroism (CD) spectros-
copy, and atomic force microscopy (AFM) and transmission
electron microscopy (TEM).

ThT-positive aggregates were detected by the second hour of
incubation (Figure 2; kinetics parameters are summarized in
Table 1), and the profile of ThT fluorescence enhancement
over incubation time had the sigmoidal shape consistent with
the nucleation-controlled aggregation mechanism that is well
accepted for amyloid formation. Far-UV CD measurements
(Figure 3) showed conversion of primarily a-helix structure of
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Figure 2. OPE and thioflavin T (10 yM) fluorescence enhancement
profiles of HEWL incubated for various times (10 #M monomer basis,
0.5 mg/mL), with unbound dye fluorescence normalized to 0 and
maximum dye fluorescence normalized to 1. Sigmoidal curves were
generated by nonlinear regression to a Boltzmann sigmoid function in
Origin 9. Kinetics parameters are summarized in Table 1.

Table 1. Apparent Rate Constants (k,,,) and Lag Times
(tg)” of HEWL Fibril Formation Detected by ThT and
OPEs

compound Kapp () tag (h)
ThT 5.79 + 2.79 1.20 + 0.40
OPEl+ 4.14 + 0.76 1.06 + 0.14
OPE2+ 4.82 + 0.45 1.11 + 0.08
OPE3+ 1.94 + 0.65° 1.03 + 0.52
OPE1—- 3.30 + 0.59 122 + 0.16

“Fibril formation was monitored by ThT or OPE fluorescence. Lag
times and apparent rate constants were obtained by fitting the fibril
formation profiles to eq 1. “Difference from k,,, of ThT value
significant at p < 0.1.
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Figure 3. Far-UV circular dichroism spectra of 0, 2, and 4 h incubated
HEWL (0.14 mg/mL) in pH 3 citrate buffer (10 mM).

monomeric lysozyme (0 h), as indicated by the negative bands
at 222 and 208 nm, into primarily f-sheet structure in the
mature aggregates (2 and 4 h), as indicated by the single
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negative band at 218 nm and the
the 200 nm edge of the spectrum.

Fibrillar morphology of HEWL aggregates was visualized
directly by AFM and TEM. AFM on dry mica and TEM
(Figure 4) on non-glow-discharged carbon grids showed that
unincubated HEWL (0 h, Figure 4a) formed a homogeneous
film without large features. One hour of incubation (Figure 4b)
caused the HEWL to form distinguishable bumps, hypothesized
to be pre-thioflavinophilic oligomers. By 1.5 h of incubation
when amyloid formation was just past the halfway point as
indicated by ThT fluorescence (Figure 2), small linear
aggregates were observed (Figure 4c), which lengthened by
the fourth hour into short, bundled fibrils, 20—30 nm wide and
60—200 nm long (Figure 4d). No fibrils significantly longer
than these were observed, even for longer incubated samples.
These fibrillar, f-sheet enriched, ThT-positive HEWL amyloid
aggregates were then used to evaluate the binding activity and
photophysical changes of OPEs against amyloid.

Spectrophotometry of OPE—HEWL Interactions. Ex-
citation and emission spectra of OPEs in phosphate buffer (PB)
alone, with monomeric HEWL, and with HEWL amyloids (8 h
incubated) are shown in Figure S, and relevant photophysical
properties are summarized in Table 2. A 10:1 molar ratio of
protein to OPE was used for these experiments. Absorbance
spectra were also taken (see Supporting Information, Figures
S1 and S2), but background light scattering from insoluble
amyloid aggregates made them difficult to interpret, so
“fluorescence detected absorbance” in the form of excitation
spectra was used instead. Normalized excitation and emission
spectra, in which peak shifts and line shape changes of spectra
are easier to visualize, are provided in the Supporting
Information (Figures S$3—S10). All four OPEs exhibited
significant fluorescence enhancement in solution with HEWL
amyloids (Figure Se—h), and no fluorescence change with
HEWL monomers except for OPEl—. The fluorescence
enhancement over baseline was most significant for the longer
OPE2+ and OPE3+ (Figure Sgh), which also had notably
sharpened fluorescence spectra with small (~10 nm) blue
shifting of the maximum (Supporting Information, Figures S9
and S10). OPE1— had a similarly sharpened and blue shifted
emission spectrum (Figure Sf and Supporting Information,
Figure S8) with both HEWL monomers and amyloid, with the
appearance of a shoulder at 465 nm with amyloid. OPE1+
(Figure Se) exhibited no change in wavelength or line shape of
emission spectrum, just a large increase in intensity when mixed
with amyloids. The excitation spectra (Figure Sa—d) show a
notable bathochromic shift for each OPE in solution mixed
with amyloid, of 23, 27, 35, and 29 nm of the low-energy band
for OPE1+, OPE2+, OPE3+, and OPEl—, respectively. The
high-energy band, less relevant for imaging purposes, was also
bathochromically shifted. Very small to no changes in excitation
and emission were observed for the cationic OPEs when mixed
with monomeric HEWL. The anionic OPEl— had similar
excitation spectrum (Figure Sb) when mixed with monomer
and amyloid, except for a moderate increase in intensity with
amyloid.

A plot of normalized fluorescence enhancement for all four
OPEs and thioflavin T with HEWL fibrils incubated for
different lengths of time is shown in Figure 2. Following earlier
examples,”* the fibrillation kinetics was modeled as a
nucleation-dependent mechanism, and data were fitted by
nonlinear regression to the Bolzmann sigmoid function using
Origin 9:

5positive band just visible at
3
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Figure 4. TEM (top) and AFM (bottom) images of 0 (a), 1 (b), 1.5 (c), and 4 h (d) incubated HEWL. Scale bars = 200 nm. Inset of panel d shows
view of a single fibril, showing a twisted morphology. AFM image Z-height: 0 h, 25 nm; 1 h, 25 nm; 1.5 h, 15 nm; 4 h, 100 nm.
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where y is the fluorescence intensity, x is the incubation time, x,
is the time to 50% of maximal fluorescence, dx is the width of
the fluorescence change, and A, and A, are the pre- and post-
fibril formation fluorescence intensities, respectively. Thus, the
apparent rate constant, k,,, for fibril growth is given by 1/(dx)
and the lag time, tg is given by x, — 2dx; values of these
kinetics parameters are summarized in Table 2. As shown, all
five compounds report the same lag time for HEWL amyloid
formation under tested conditions, roughly 1 h. All OPEs,
except OPE3+, also report fibril growth rate constants
comparable to that of ThT. Interestingly, the largest compound
tested, OPE3+, reports a lower rate constant (p < 0.1)
compared with that of ThT, possibly because the binding of the
compound requires larger binding sites on longer fibrils. At the
equimolar concentrations used for this assay, OPEl1— has
greater fluorescence enhancement when mixed with mono-
meric species than with amyloid, giving it a profile that is the
reverse of those observed for the cationic OPEs or ThT, though
with the same apparent rate constant and lag time; this effect
will be discussed below.

Determination of OPE/Amyloid Binding Constants.
Next, binding saturation assays were conducted to quantify the
affinity of OPE—amyloid binding; data and fitted curves are
shown in Supporting Information Figures S11—S15, and the
fitted binding constants are summarized in the last column of
Table 2. Since the linear fibril binding sites could potentially fit
many OPEs, binding curves were fitted to the Hill equation to
capture possible binding cooperativity:

n
E .x

y_K"+x"

)
where, y is OPE fluorescence intensity, x is OPE concentration
(protein concentration was fixed in these assays), F,,,. is OPE
fluorescence intensity at saturation, K is the equilibrium
dissociation constant, and the exponential term # is the Hill
parameter, which describes cooperativity of binding.55 Fits to
the data for the three cationic OPEs produced F,,, values close
to the observed fluorescence saturation values, and fitted values
of K are reported in Table 2. The fits indicated that OPE1+,
OPE2+, and OPE3+ bound to HEWL amyloid with low
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micromolar affinity moderately dependent on OPE length, with
the calculated dissociation constant decreasing from 2.6 M for
OPEl+ to 1.15 uM for OPE2+, and 858 nM for OPE3+.
Although the differences between binding constant for the two
and three repeat unit OPEs are not statistically significant, the
decrease in molar dissociation constant with increasing OPE
length is consistent with the hypothesis of a linear, extended
“binding groove”.

Because the anionic OPE1— showed fluorescence changes
with both monomeric and fibrillar HEWL, binding assays were
conducted for both conformers of HEWL. In contrast to the
binding curves of cationic OPEs, the binding of anionic OPE1—
to HEWL monomers appeared to be linear and nonsaturable
for up to 10 uM OPE concentration or a 2:1 OPE/HEWL
molar ratio (Supporting Information, Figure S14), indicating a
low-affinity binding to a very large number of sites. Nonspecific
OPEl— binding to HEWL monomers precluded accurate
determination of a binding constant for OPEl—/amyloid
interactions (Supporting Information Figure S15) such that
quantitative comparisons of binding between the cationic and
anionic compounds cannot be made.

Induced Circular Dichroism of OPE—Amyloid Com-
plexes. Twists are often observed in mature amyloid fibrils,
including HEWL fibrils prepared in this study (Figure 4d,
inset). This twist or other intrinsic chirality of the HEWL
molecule might induce chirality in bound ligands. To test this
hypothesis and gain further insights into the structure of bound
OPE states, CD measurements were taken in the OPE
absorbance range to determine whether the intrinsic chirality
of the HEWL fibrils was transferred to the OPE chromophore
by a chiral backbone twist or an “excitonic” chiral supra-
molecular aggregate. CD spectra (Figure 6) indicated that
OPEs became optically active when bound to HEWL amyloids,
as shown in Figure 6. As expected, no OPE had optical activity
by itself in phosphate buffer solution, and nonbinding cationic
OPEs were not optically active with HEWL monomers.
OPEl—, which did appear to bind to monomers, though
somewhat weakly, also had no optical activity. OPE1+ did not
have optical activity with HEWL amyloid, but the other three
OPEs did. OPE1—, OPE2+, and OPE3+ all had strong induced
CD with a negative Cotton effect when bound to HEWL
amyloid fibrils. OPE2+ and OPE3+ gave rise to similar CD
spectra, with more intense bands in the spectrum for OPE3+.
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Figure S. Excitation (a—d) and emission (e—h) spectra of OPEs (a, e, OPE1+; b, f, OPE1—; ¢, g, OPE2+; d, h, OPE3+) in phosphate buffer (PB, pH
7.4, 10 mM) alone (black long dashed line), with HEWL monomers (red short dashed line), and with HEWL amyloids (blue solid line). OPE
concentration = 500 nM, protein concentration = S M monomer basis (0.25 mg/mL). Emission and excitation wavelengths, respectively, were
chosen as shown in Table 2 for each sample.

Table 2. Relevant Photophysical Properties of OPEs Alone and Bound to HEWL Amyloid, And Apparent Binding Constants
(K) and Hill Coefficients (n) of OPE Binding to HEWL Amyloid

quantum yield, @g*

excitation wavelengths, A, (nm)

emission wavelength, 4., (nm)

compd H,0 MeOH
OPE1+ 0.023 0.75
OPE2+ 0.039 0.71
OPE3+ 0.069 0.7
OPEl1—-

PB PB with HEWL amyloids
314, 362 332, 385
330, 399 337, 426
340, 399 335, 434
314, 370 327, 399

H,0 PB PB with HEWL amyloids K (uM)
454 454 454 2.63 + 0.58°
448 460 445 115 + 026
440 464 453 0.858 + 0.058
454 454 439°

“From a previous study.>® bSame maximum with monomer and amyloid, with the addition of a shoulder ~465 nm with amyloid. “Difference from

other values significant at p < 0.0S.
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The induced CD spectrum for OPE1— had a pronounced two-
band structure, reflecting the more intense high-energy band
for the anionic OPE when bound to HEWL amyloid.

Protein — OPE Energy Transfer in OPE—Amyloid
Complexes. Since lysozyme is an intrinsically fluorescent
protein whose emission spectrum in the 320-380 nm
wavelength range overlaps significantly with the excitation
spectra of OPEs (Supporting Information, Figure S21), we
investigated the possibility of Forster resonance energy transfer
(FRET) from the protein chromophore to OPEs by a simple
spectroscopic method. Emission spectra of solutions containing
OPEs and HEWL amyloids or monomers were obtained using
the excitation wavelength of HEWL (280 nm), and OPE
emission was observed only from OPE/amyloid samples,
indicating that HEWL — OPE energy transfer was occurring
only with OPEs bound to amyloid fibrils. The results are
summarized as FRET efficiencies (E) in Figure 7. The raw
spectral data (Supporting Information, Figures S16—S19) was
converted to efficiencies by the equation:

E= 1A

Fp + Fy ()
where E is efficienty, Fp, is the integrated area under the donor
emission peak and F, is the integrated area under the acceptor
emission peak. This simple expression is valid for this case since
the OPEs are nonfluorescent when excited at the donor
excitation wavelength of 280 nm, eliminating crosstalk. Thus,
F, is the total number of energy transfer events, and (F, + Fp)
is the total number of excitation events. Theoretically, the
efficiencies should be convertible into distances by
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where r is distance and R, is the Forster radius. However,
because OPEs and HEWL amyloids are not a well-characterized

FRET pair with a defined Forster radius, Ry, and calclulating R,
for a protein—ligand pair not freely rotating relative to each
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other in solution is rife with inaccuracies,®® we cannot directly
evaluate distances in the OPE—HEWL system. Qualitatively,
some determinations could be made based on the relative
measured efficiencies for the different OPEs. The measured
FRET efficiency will be affected by multiple independent
factors averaged over all the OPE—HEWL pairs in solution,
such as the number of bound OPE molecules, the bound
OPE—HEWL chromophore distance, and the spectral overlap
integral, (1), all of which will vary by OPE. The highest
apparent efficiency observed for OPE2+ is probably the result
of its higher binding constant than OPEl— or OPEl+
combined with its greater overlap integral than OPE3+.
Explicating the Mode of OPE—Amyloid Binding. The
results of these experiments led us to hypothesize modes of
interaction between OPEs and HEWL monomers and
amyloids, as illustrated in Figure 8. All four OPEs tested were

HEWL Monomer HEWL Amyloid Fibril

Short Y — - o
cationic ‘ —— -
OPE — —

No interaction Strong non-cooperative binding of OPE1+
Longer o o
. . —_— —~
cationic TSy
OPE -
No interaction Stronger binding of OPE2+ / OPE3+
as chiral J dimers
anionic T <
~ @ — —
OPE @ ™

Strong binding of OPE1- as chiral J
dimers

Weak binding of
OPE1- as racemic
J dimers

Figure 8. Illustration of proposed binding modes of OPEs to HEWL
monomers and amyloid fibrils.

observed to bind to HEWL amyloid with good affinity but with
different properties depending on chain length and charge.
Generally, the OPEs either do not interact with protein, bind as
single molecules, or bind as J dimers, which are either racemic
or chirally biased. The changes in the excitation spectra of
OPE2+ and OPE3+ when bound to amyloid are also highly
reminiscent of the absorbance spectra observed for the same
compounds when complexed with carboxymethylcellulose.*
Overall, it has become clear that J-type aggregation is a
naturally favorable mode of OPE—OPE interaction for OPEs
with charged side chains when the Coulombic repulsion
between the charged groups is reduced.

The spectral changes of OPE2+, OPE3+, and OPEl- in
complex with HEWL amyloids and of OPE1— in complex with
HEWL monomers are highly indicative of J aggregation: red-
shifted absorbance, sharpening of fluorescence band, and
narrowed Stokes shift. The enhancement of fluorescence
intensity is attributable all or in part to the reduced quenching
of the OPE by water when bound to the hydrophobic sites on
the surface of the protein; this solvent-access effect is in play for
all four OPEs. The current study indicates that the longer
cationic OPEs, OPE2+ and OPE3+, form ] dimers (or possibly
larger aggregates) on the HEWL amyloid fibril surface, and
OPE1— forms J dimers on both HEWL monomers and HEWL
amyloid fibrils. The OPE aggregates formed on amyloid fibrils
have a chiral bias to the OPE—OPE offset angle, producing a
chiral supramolecular chromophore, or an excitonic optical
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activity, responsible for the circular dichroism seen exper-
imentally (Figure 6). The exact source of this bias is hard to pin
down; it could be a result of the helically twisted fibril axis (see
Figure 4d, inset) or more specific to a binding site. Notably, the
aggregates formed by OPE1— must be racemic, indicating that
the OPEs are not interacting with a specific site but simply
binding to oppositely charged residues on the lysozyme surface.
OPEl+ exhibited some small red shifts in the excitation
spectrum, but its emission spectrum does not shift at all, and it
acquires no optical activity, indicating that this compound binds
to HEWL fibrils as single molecules rather than as a structured
aggregate. The small excitation red shift could be due to minor
backbone planarization and the increase of fluorescence
intensity to reduced solvent access. The results of binding
saturation assays support these conclusions for the cationic
OPEs. The decrease of apparent dissociation constant, K, with
increasing OPE length is in agreement with the results of
previous studies indicating that longer linear conjugated regions
increase affinity for a long hydrophobic binding site on
amyloid.'®

One notable result of this study is the large differences
between OPE1+ and OPE1— in their interactions with HEWL
monomers and amyloid, as shown in Figure 8. These two
single-repeat OPEs tested differ only by the charge on the side-
pendant solubilizing groups (Figure 1), and their interactions
with HEWL monomer and amyloids were highly different.
OPEl+ exhibited noncooperative and saturable binding to
amyloid fibrils without induced optical activity or large shifts in
absorption or emission bands, and when bound, its emission
was the least enhanced over free OPE. Its anionic counterpart,
OPE1l—, proved quite different both in its nonspecific binding
to HEWL monomer and in its interaction with HEWL amyloid.
The interaction of OPE1— with HEWL monomers has been
noted in an analogous system, with sulfonate-bearing p-
phenylene enthynylene polymers,>” and is mediated by
hydrophobic and electrostatic interactions with the positively
charged (at neutral pH) lysozyme. This interaction was seen to
be fairly weak and nonspecific, as indicated by the nonsaturable
binding, but it overwhelms the OPE1—/amyloid interaction at
high OPE concentrations, after all the amyloid binding sites are
occupied. In vitro, without interfering effects from other
cellular/tissue components, such an effect could prove useful
for monitoring the disappearance of similarly charged
monomers. The differences in the OPE1+ and OPE1— binding
to amyloid (OPEl+ binds singly and OPEl— as chiral J
aggregates) could be due to charge or H-bonding interactions
specific to sites on the lysozyme fibril surface. The specificity of
these possible charge effects is notable, since the arrangement
of charged residues on the fibril surface is controlled by the
protein’s primary, secondary, and tertiary structures.

Analysis of the energy transfer from HEWL amyloids to
OPEs corroborates many of these proposed binding modes.
The absence of FRET in any monomer/OPE solution
reconfirms the weak and nonspecific nature of OPEl1-—/
monomer binding, since the OPE is not held within range of
the fluorescing aromatic residues. In natively folded con-
formations of globular proteins such as lysozyme, hydrophobic
residues are typically buried in the hydrophobic interior of the
protein and are not solvent or ligand accessible. Aromatic
residues may also only be surface exposed, available for binding,
and within range of FRET to OPEs in the amyloid state;
HEWL intrinsic fluorescence is found to decrease over the
course of incubation (Supporting Information, Figure S22),
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which implies that the fluorescing residues are increasingly
exposed to solvent quenching as more amyloid forms. The very
strong distance dependence of FRET effects (typically <10
nm)*>*® provides a strong constraint on the possible location
of OPE fluorophores on the fibril surface. When combined with
computational simulations, this FRET effect could shed some
light on the molecular structure of other, more closely disease-
related amyloid-forming proteins with intrinsic fluorescence.

B CONCLUSIONS

The results of this study show that oligo(p-phenylene
ethynylene) electrolytes are an effective molecular scaffold for
selective sensing of the amyloid fibril conformer of the model
protein HEWL. OPEs exhibit drastic fluorescence enhancement
and useful absorbance red shift when introduced to the HEWL
amyloid conformer, and binding constants were determined to
be usefully low, ~1 uM. Furthermore, the amyloid-sensing
properties (fluorescence enhancement, cooperative binding,
and induced optical activity) are hypothesized to be due to the
propensity of the dye molecules to form chiral, super-
luminescent ] aggregates templated on the amyloid fibril
surface. Although the OPEs used in this study were not
designed or optimized for amyloid binding, they still performed
as effectively as ThT, the most widely used amyloid dye. The
fluorescence properties and optical activity of the bound OPEs
are highly dependent on OPE chain length and charge. The
longer cationic OPEs are the most promising ligands for
imaging purposes among the molecules tested in this study.
OPE2+ and OPE3+, in particular, have sufficiently low binding
constants and optical bandgap to be used for ex vivo staining.
On a molecular level, several effects are probably at work,
including restriction of internal rotation, planarization,
reduction of quenching by water, and J-type aggregation. For
all four OPEs, reduction of quenching by water when bound to
hydrophobic sites on HEWL is responsible for some of the
drastic fluorescence enhancement. Further optimization of
OPE chemical and photophysical properties may yield valuable
tools for the molecular-level study of misfolded protein
aggregates in a variety of diseases.

B METHODS

Except OPEs, all reagents were obtained commercially and used
without further purification. Synthesis of OPEs has been reported
previously,* except for OPE1—, which was synthesized analogously to
OPEl+. Hen egg white lysozyme (HEWL), thioflavin T, and buffer
components were obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO). All water was purified with a Synergy UV Millipore
purification system (EMD Millipore, Billerica, MA). Suspensions of
protein aggregates were gently vortexed to distribute aggregates before
use in experiments.

Preparation of Lysozyme Amyloid Fibrils. Lyophilized HEWL
was dissolved at 10 mg/mL (700 M) in 10 mM, pH 3 sodium citrate
buffer with 0.1 M NaCl. The solution was incubated in a 70 °C oil
bath and magnetically stirred at 250 rpm for 12 h, and aliquots were
withdrawn at half-hour intervals. The initially clear solution was
observed to form cloudy aggregates by 1 h of incubation. Half of each
aliquot was immediately diluted into pH 7.4 phosphate buffer to
prevent further influence of acidic conditions and stored at 4 °C. The
samples were observed to undergo no noticeable degradation over the
course of 1 month, and these neutralized aliquots were used for all
following experiments except for measurements of protein circular
dichroism.

Spectrophotometry of OPE— or ThT—Protein Complexes.
For studies of fluorescence enhancement vs protein incubation time,
dyes were mixed with protein sample in phosphate buffer (PB, 10 mM,
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pH 7.4) at an equal monomer concentration of 10 #M in the wells of a
standard 96-well plate. Data were fitted to the Boltzmann sigmoid
function eq 1 in OriginPro 9. Emission spectra were obtained using a
SpectraMax M2e plate-reading spectrophotometer (Molecular De-
vices, Sunnyvale, CA). Experiments were performed in duplicate, and
errors are reported as standard deviation. For analysis of bound OPE
excitation and emission spectra and protein—OPE energy transfer,
OPEs (500 nM) were mixed with protein sample (S yM, monomer
basis) in PB, and the solution was transferred to a quartz fluorometry
cuvette. Spectra were obtained on a PTI QuantaMaster 40 steady state
spectrofluorometer (HORIBA Scientific, Edison, NJ).

Circular Dichroism Spectroscopy. For protein intrinsic circular
dichroism, protein samples were diluted in sodium citrate buffer
without NaCl (pH 3, 10 mM) to a concentration of 0.14 mg/mlL,
gently vortexed, and read in a 1 mm path length quartz CD cuvette
using an Aviv 410 CD spectrometer (Aviv Biomedical, Lakewood, NJ)
with a 15 s averaging time. A blank spectrum (PB only) was subtracted
from each sample to remove background signal. Error bars are
standard deviation over multiple reads of a single sample as reported
by the instrument.

For OPE induced circular dichroism, OPEs and protein were
diluted in phosphate buffer (pH 7.4, 10 mM) to an OPE and protein
concentration of 5 uM, and data was obtained and processed
identically to the protein CD experiments.

Determination of Binding Constant. For determination of
binding constant of OPEs to amyloid aggregates, OPEs were mixed
with HEWL amyloid in PB at a final OPE concentration ranging from
100 nM to S uM and final protein concentration of S pM (monomer
basis). The solutions were then transferred to a quartz fluorometry
cuvette, and emission was measured at the pertinent wavelength.
Experiments were performed in duplicate, and errors were reported as
standard deviation. Hill function fits to OPE binding curves were
calculated using OriginPro 9.

AFM Imaging. For AFM, a droplet of each protein sample at S
mg/mL was pipetted onto a freshly cleaved mica substrate and allowed
to physisorb for 20 min, followed by a single rinse with HPLC-grade
water and gentle drying under a stream of N,. Imaging was performed
with a Nanoscope Illa AFM (Veeco, Plainview, NY) in tapping mode
under a constant stream of dry N, gas using a rectangular silicon
cantilever with a spring constant of 40 N/m (Veeco model RTESPA-
W). Veeco Nanoscope software was used to capture and analyze the
images. Images for 0 and 1 h are cropped from 1 pym width images
subjected to a first-order x,y plane fit and flattened. The image at 1.5 h
is cropped from a 5 ym width image subjected to a third-order x,y
plane fit and flattened. The image at 4 h is cropped from a 5 ym width
image subjected to a first-order x,y plane fit.

TEM Imaging. For TEM imaging, incubated HEWL solutions at a
concentration of 350 uM were diluted 1:5 in water and aliquoted onto
carbon-coated grids, allowed to adsorb, washed with deionized water,
and stained with 2% uranyl acetate solution. Excess liquid was
removed, and the samples were allowed to dry in air. Samples were
imaged on a Hitatchi H7500 transmission electron microscope
(Hitachi High Technologies Corp.,, Tokyo, Japan) with tungsten
filament illumination, operating with an AMT X60 bottom mount
CCD camera detector.

B ASSOCIATED CONTENT
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Absorbance, excitation, and emission spectra of bound and
unbound OPEs, saturation binding data, and spectra used to
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