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Abstract

The benzothiazolium salt, Thioflavin T (ThT), has been widely adopted as the ‘gold-standard’
fluorescent reporter of amyloid in vitro. Its properties as a molecular rotor result in a large-
scale (~1000-fold) fluorescence turn-on upon binding to B-sheets in amyloidogenic proteins.
However, the complex photophysics of ThT combined with the intricate and varied nature of
the amyloid binding motif means these interactions are poorly understood. To study this
important class of fluorophore, we present a detailed photophysical characterisation and
comparison of a novel library of twelve ThT-inspired fluorescent probes for amyloid protein
(PAPs), where both the charge and donor capacity of the heterocyclic and aminobenzene
components have been interrogated, respectively. This enables direct photophysical
juxtaposition of two structural groups; Class 1 the neutral ‘PAP’ and Class 2 the charged
‘mPAP’ fluorophores. We quantify binding and optical properties at both the bulk and single-
aggregate levels with some derivatives showing higher aggregate affinity and brightness
than ThT. Finally, we demonstrate their abilities to perform super-resolution imaging of a-
synuclein fibrils with localisation precisions of ~16 nm. The properties of the derivatives
provide new insights into the relationship between chemical structure and function of

benzothiazole probes.
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Protein misfolding, aggregation and subsequent intra and extra-cellular accumulation of
insoluble proteins is the pathological hallmark of many neurodegenerative diseases (Figure
1A)."* The process of in vitro amyloid formation is commonly studied by employing extrinsic
fluorophores, including, but not limited to, compounds such a Congo red,®> multimeric
thiophenes,® 8-anilino-1-napththalenesulfonic acid (ANS),” Nile red® and B-sheet sensitive
aryl-benzothiazoles.’ Among those is the N-methyl benzothiazolium cation, Thioflavin T
(ThT), that has become the gold-standard fluorophore to monitor the kinetics of in vitro
amyloid formation.’®"® One key structural feature common between different amyloid fibrils
is the layers of cross-f3 sheets, which present an ordered array of side chains towards the
surface. These side chains emanate from a channel-like motif running parallel to the long
fibril axis. ThT is generally understood to bind transiently and in a regular arrangement® to
these channels with a uM affinity.?'>* The binding results in a fluorescence turn-on response
of ThT which has been exploited to observe the formation of amyloid aggregates with bulk
fluorescence spectroscopy. Additionally, ThT-based fluorescence imaging experiments

visualise the heterogeneity of species produced in the aggregation process.®20:24-26

ThT has many favourable photophysical properties that can be effectively explained by the
molecular rotor model.?’~* In low viscosity solvents a twisted intramolecular charge transfer
(TICT) state is formed as a result of photo-induced charge redistribution coupled with a
dihedral twist about the C-C o-bond between the benzothiazole and dimethylaniline
moieties. The energy gap between the TICT and ground state is such that relaxation is non-

radiative. Upon B-sheet binding, the rotation is suppressed and fluorescence emission from



the locally excited (LE) state dominates. This excited state behaviour results in large Stokes
shifts, low fluorescence quantum yield (®r) in solution and fluorescence turn-on upon
amyloid incorporation. In combination these properties provide the high contrast required to
image single aggregates. Despite these advantages, ThT fluorescence in the context of
amyloid aggregation is poorly understood. The optical and binding properties of some
derivatives of ThT have been studied previously, including the cationic ICT dyes* and
neutral BTA®*=*" and 2Me-DABT.*° Pittsburgh compound B (PiB), a structurally similar but
neutral benzothiazole, has an affinity for amyloid approximately 300-fold greater than ThT,*
due to the increased lipophilicity which results in stronger interactions with hydrophobic
residues.®® As a consequence, PiB does not undergo the enhancement of ®g upon amyloid
binding,*' rendering it a poor fluorescence reporter of amyloid. However, the higher
lipophilicity and greater affinity for amyloid protein of PiB led to its development as a PET

probe for in vivo detection.*?

Despite sustained investigation, there is little understanding of the de facto structural
features required for high-performance optical function. Thus, in order to enable the rational
design of more effective, selective and sensitive probes that can inform our understanding of
the complex amyloid aggregation process, there is a critical need to delineate the impact
that structural modifications to benzothiazole and benzothiazolium amyloid dyes have on
optical function (Figure 1A). Herein this work describes the synthesis and photophysical
characterisation and comparison of a spectrochemical series of ThT-inspired dyes. In order
to explore the optical effects of N electron donor capacity and increased steric demand of
the phenyl substituent, the dimethyl amino moiety was substituted for different arylamine
donor units. Furthermore, the imine/iminium acceptor properties of the benzothiazole N (N-5)
were interrogated by both removing and preserving the N-5 methylation. Across all
derivatives, the aromatic methyl group was substituted for a methoxy, providing both a
synthetic handle for potential functionalisation and increased electron density on the
chromophore. Given that the amine donor substituent is known to influence the properties of
benzothiazolium amyloid dyes so profoundly, we codified these molecules into two
subclasses; Class 1 comprise neutral benzothiazole (PAP), and Class 2 the charged
benzothiazolium (mPAP) congeners (Figure 1B). This investigation of structure-activity
relationship explores and evaluates the optical effect of N donor capacity as a function of
vastly different benzothiazole/benzothiazolium acceptor properties between these two
classes. Due to its performance in the field of amyloid imaging, several bulk and single-

aggregate level photophysical properties have been quantified and compared to ThT.
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Figure 1. A) Simplified schematic of amyloid aggregation and ThT binding. The fluorescence excited state of
ThT is quenched in low viscosity media as it acts a molecular rotor. This rotation is restricted upon docking to
B-sheet containing amyloid aggregates resulting in an increase of ®r of several orders of magnitude. B) The
two classes of novel ThT-inspired analogues characterised in this work; Class 1: the neutral PAP derivatives

and their Z=+1, benzothiazole N-methylated congeners, Class 2: the mPAP derivatives.

In order to fully interrogate those structural features relevant to fluorescence activity we
developed a conserved synthesis strategy, which hinged on the diversification of readily
accessible bromide X via Pd-catalysed Buchwald—Hartwig C—N bond formation.*® This

enabled straightforward access to neutral ‘PAP’ analogues, which were then subjected to



selective N-methylation of the benzothiazole sub-unit in order to prepare the structurally

analogous cationic ‘mPAP’ analogues.

Pd,dbag (1 mol%)

rac-BINAP (3 mol%) MeO S R
N R PhCI 110 °C N*
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Scheme 1. Preparation of ‘PAP’ and 'mPAP’ ThT analogues via a Pd-catalyzed amination and benzothiazole

N-methylation.

Bulk absorption and emission (Figure 2, Figure S1) and excitation (Figure S2) of ThT, PAP
and mPAP dyes were measured in phosphate buffered saline (PBS) and in the presence of
recombinant a-Synuclein (aSyn) aggregates (>96 hours). aSyn is presynaptic nerve terminal
protein and the major component of Lewy bodies, the pathological hallmark of Parkinson’s
disease.? This allowed the direct comparison of the optical properties of the ‘free’ dyes in a
low viscosity, physiologically relevant environment and the ‘confined’ dyes bound to amyloid.
From these data we extracted several photophysical quantities summarised in Tables 1-4
including wavelengths of maximum absorption (Aabs), excitation (Aex) and fluorescence
emission (Aem); Stokes shift (Aem-Aabs); molar extinction coefficient (€); fluorescence quantum
yield (®r); fluorescence lifetime (1q) and brightness (B, equal to € x ®f). Tables 1 and 2 state
the properties of the dyes in PBS and Tables 3 and 4 show the properties of the dyes in the
presence of late-stage recombinant aggregates of aSyn. In addition, the dissociation
constants (Kp) of the ThT, PAP and mPAP derivatives to aSyn aggregates were measured
using surface plasmon resonance (SPR) spectroscopy. Symbols of the aforementioned
properties are denoted by subscript ‘1’ for the dyes in PBS and ‘2’ for the dyes with aSyn

aggregates.
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Figure 2. Bulk UV-vis absorption and emission spectra of 10 yM A) PAP derivatives (PAP_1, PAP_2 and
PAP_5) and B) mPAP derivatives (mPAP_1, mPAP_2, mPAP_5) in PBS and with 2 yM recombinant aSyn

aggregates (>96 hours). The spectra have been independently normalised relative to the maximum intensity of

the dye in the presence of aSyn aggregates.

The aromatic methoxy functionality is a common structural feature across the PAP and

mPAP derivatives but differs from the methyl of ThT. The mPAP_5 derivative possesses

only this substitution relative to the ThT structure to enable the key characterisation of the

optical effect of this alteration. It was promising that mPAP_5 possessed nearly identical

Aabs1 @and Aemt to ThT (414 nm and 484 nm respectively). However, it showed clear

differences in €1, ®r1 and By. €1 was 2.5x lower than ThT suggesting the methoxy substituent

negatively influences the oscillator strength.*”** The measured ®g1 of MPAP_5 was
7x higher than ThT (0.007 and 0.001 respectively), this lead to 55% overall increase in B1 of

mPAP_5 relative to ThT. Overall this suggests that the increased electron density introduced

by the methoxy substituent does not induce a chromatic shift in the optical properties but

does affect the efficiency of photon absorption and emission.



Table 1. Table of photophysical properties of the PAP dyes and ThT obtained from bulk UV-vis absorption,
excitation and fluorescence measurements of the dyes free in PBS (denoted by subscript 1). Determined
properties include wavelengths of maximum absorption (Aaps1) excitation (Aex1) and fluorescence emission (Aem1);
Stokes shift (Aem1-Aabst); molar extinction coefficient (€1); fluorescence quantum yield (®ri1); fluorescence lifetime
(tTm1) and brightness (B1, equal to €1 X ®g4). IRF defines the instrument response function of the fluorescence

lifetime instrument.

€1

Aabs1 Aext Aem1 Aemi1-Aabs1 T B1 B fAP
Dye R group (M-'em™) (01 e
(nm) (nm) (nm) (nm) 10? (ns) (M'ecm?) B;
/
ThT —N 413 408 488 75 36.00 0.001 <IRF 36.0 1.00
\
PAP_1 —N::' 370 333 429 59 3.02 0.007 1.26 20.6 0.57
PAP_2 — N 328 330 433 105 1.47 0.023 0.55 33.8 0.94

PAP_3 — Q 371 327 445 74 1.32 0.031 -— 40.9 1.14
PAP_4 —NQ 300 335 441 141 1.28 0.035 0.87 44.9 1.25

/
PAP_5 —N 301 343 432 131 1.02 0.055 1.26 56.0 1.55
\
PAP_6 —N 0] 325 334 439 114 0.94 0.039 1.02 36.6 1.02
/

In PBS the PAP derivatives all absorbed in the ultraviolet region between 300-371 nm,
hypsochromically shifted relative to the Aaps Of ThT, this was expected due to reduced
conjugation. Under these conditions, the PAP derivatives were weak photon absorbers and
showed complex absorption spectra. At Aubs1 all €1 values were <3000 M'cm™. Poor
solubility in aqueous buffer and subsequent aggregation and possible precipitation of PAP
was the most likely cause of the low measured €1 and absorption spectra features. This was
evidenced by measurement of PAP absorption spectra in less polar ethanol (EtOH). The
measured maximum absorbance of PAP in EtOH was between 2.0 and 107.2-fold greater
than the same concentration (calculated by mass) in PBS (Figure S3A). This suggests that
the dissolved PAP concentration in PBS was substantially lower than calculated. Despite
this, it was important to quantify the optical behaviour in aqueous solution as this most
closely represents the environment in which the dyes would be applied. A reduction in
oscillator strength may result from the absence of the positive charge and thus contribute to

the lower €4 compared to ThT. The long and short wavelength peaks seen in the absorption



spectra of the PAP dyes may result from protonation of N-5, forming a mixture of neutral and

cationic molecules as previously described.*®

The ®r1 of the PAP derivatives were ~10x greater than ThT. This can be partially explained
by the existence of a higher energy barrier to rotation about the C-C o bond between phenyl
and benzothiazolium rings,*® which increases the probability that photo-excited PAP dyes
will occupy a LE state rather than a TICT state in low viscosity media. The total integrated

emission intensity (1) of the PAP dyes increased substantially (24.0-282.5x) in EtOH relative

to PBS (Figure S3B). The ratio of the increase in integrated emission intensity ('Eﬂ) to

IPBS

absorbance (A—) was greater than unity in all cases (2.6-16.7), supporting the attribution of

APBS

low measured ®r1 values (<0.1) to excited-state quenching induced by dye-dye hydrophobic

interactions.*®

Table 2. Table of photophysical properties of the mPAP dyes and ThT obtained from bulk UV-vis absorption,
excitation and fluorescence measurements of the dyes free in PBS buffer (denoted by subscript 1). Determined
properties include wavelengths of maximum absorption (Aaps1), excitation (Aex1) and fluorescence emission (Aem1);
Stokes shift (Aem1-Aabst); molar extinction coefficient (€1); fluorescence quantum yield (®ri1); fluorescence lifetime
(Ta1) and brightness (B1, equal to €1 X ®g). IRF defines the instrument response function of the fluorescence

lifetime instrument.

€1

Aabs1 Aext Aem1 Aem1-Aabs1 T B4 BTPAP
Dye R group (M'em™) ®rn T
(nm) (nm) (nm) (nm) 10? (ns) (M'ecm™) B1
/
ThT —N 413 408 488 75 36.00 0.001 <IRF 39.60 1.00
\
mPAP_1
—N<:| 420 420 494 74 31.15 0.005 <IRF 165.08 8.65
(ThX)
mPAP_2 —N > 404 369 496 92 16.04 0.006 <IRF 89.82 1.11
mPAP_3 —NQ 423 329 500 77 27.41 0.007 - 178.13 5.71
mPAP_4 —ND 423 335/424 498 75 20.82 0.017 <IRF 353.99 7.23
/
mPAP_5 —N 414 411 484 70 14.18 0.007 <IRF 103.51 1.97
\
mPAP_6 —N o) 380 375 513 133 17.22 0.006 <IRF 94.71 3.59




The most relevant photophysical quantity for the fluorescence detection of amyloid is Bs. It is
desirable for B to be below the detection capabilities of the detector as any signal produced
from unbound dyes will contribute to the background and reduce contrast. Despite the higher
®r compared to ThT, the poor €4 results in comparable B¢ in PBS and therefore a low

fluorescence background contribution.

The mPAP dyes had Aavs1 bathochromically shifted from their PAP partners, a consequence
of the increased conjugation introduced by methylation of N-5. Large Stokes shifts (>70 nm)
were observed with mPAP dyes, similar to ThT. This is consistent with geometric relaxation
of the dyes in the photo-excited state.?**’ Like mPAP_5, &1, ®g1 and B4 of all the mPAP
derivatives differed to ThT. €1 was lower in all cases, a potential consequence of reduced
oscillator strength caused by the methoxy substituent. Contrary to the PAP derivatives, the
absorbance of the mPAP dyes did not change significantly in EtOH (0.9-2.1x) suggesting
that incomplete dissolution of the dyes was minimal (Figure S3A). The ®r1 of MPAP dyes
were at least 5x greater than ThT and therefore had a higher background fluorescence
intensity (B+). This further suggests that the additional electron density of the methoxy
substituent reduces the probability of non-radiative decay from the photo-excited state. Ieon
was between 1-6x greater than Ipgs for the mPAP dyes, with most dyes showing ~2-fold

higher intensities that may result from the higher viscosity of EtOH compared to water.*®

Comparing the different structural modifications made on the aryl nitrogen, revealed a
positive relationship between ®r1 and ring size of the phenyl N-heterocycle substituent for
both PAP and mPAP derivatives (Figure S4). This suggests that TICT can be impeded
sterically, and furthermore that molecular rotor behaviour may contribute to the emission
properties of the PAP dyes. Despite this, ThT and mPAP derivatives had excited state
lifetimes faster than the instrument response function (IRF, Figure S5A,B) in PBS,
characteristic of molecular rotors.*® The PAP dyes showed longer lifetimes (~1 ns, Figure
S5C), in accordance with their greater @1 and further supporting their minimal rotor

behaviour.*®

All the dyes displayed altered photophysical properties in response to amyloid incorporation.
It is important to note that the amyloid bound bulk photophysical quantities are not absolute
values as the sample contained an unknown ratio of bound and unbound dye molecules.
However, the experimental conditions, such as aggregation samples and protein

concentrations, were carefully maintained across all dyes. Therefore, the determined



parameters are able to be compared between the different probes and can therefore be

used to inform on the impacts of modifications to the probe structure.

Table 3. Table of photophysical and binding properties of the PAP dyes and ThT obtained from bulk UV-vis
absorption, excitation, fluorescence and SPR measurements of the dyes in the presence of 2 yM aSyn
aggregates (denoted by subscript 2). Determined properties include wavelengths of maximum absorption
(Aabs2), excitation (Aex2) and fluorescence emission (Aemz2); Stokes shift (Asm2-Aabs2); Molar extinction coefficient
(£2); fluorescence quantum yield (®rr); fluorescence lifetime (Ts2); brightness (B2, equal to €2 X ®f2) and

dissociation constant (Kp).

Aem2- €2

Aabs2  Aext Aem2 T2 B2 BzPAP Kb
Dye R group A2 (M'em™) (012} —
(nm) (nm) (nm) (ns) (M'em™) B, (M)
(nm) no?
/
ThT —N 414 447 483 69 29.52 0.24 0.14 7173.4 1.00 79.4
\
PAP_1 —N:j 367 336 425 58 4.84 0.01 0.24 53.3 0.01 0.10
PAP_2 — ) 330 338 425 95 2.79 0.08 0.36 227.8 0.03 0.22
PAP_3 — Q 373 324 427 54 3.26 0.04 - 140.1 0.02 0.36
PAP_4 —NQ 374 337 431 57 4.25 0.07 0.35 282.2 0.04 0.10
/
PAP_5 —N 305 353 429 124 2.06 0.08 0.53 1721 0.02 0.33
\
PAP_6 —N o) 320 334 427 107 1.02 0.04 0.43 42.0 0.01 0.18
_/

ThT and, in all cases, the PAP and mPAP derivatives showed small reductions in Stokes
shift upon aSyn incorporation resulting from a hypsochromic shift in Aem. This observation
may be indicative of inhibition of molecular rotation during amyloid binding and is in
agreement with current models that describe the origins of ®f increase of ThT upon amyloid
incorporation.?® mPAP_1 (ThX), exhibited several favourable properties upon binding to

aSyn aggregates which have previously been described in detail.*°

The 1r2 of ThT (Figure S6A), mPAP (Figure S6B) and PAP (Figure S6C) dyes were altered
in response to aSyn aggregate binding. The 1r2 of ThT and the mPAP dyes increased from
below the IRF to 0.06-0.36 ns likely resulting from suppression of the TICT state and
subsequent non-radiative decay. Interestingly, the PAP derivatives exhibited opposing
behaviour. Despite increasing in ® in response to aSyn aggregate binding, Tr decreased at

most, in the case of PAP_1, by a factor of 5. In combination these data suggest there are

10



multiple variables governing the photo-excited state behaviour and therefore optical

responses of these dyes upon amyloid incorporation.??

z—f or turn-on ratio, is a useful quantity that describes the ratio of fluorescence signal to

background that can be achieved in an aggregate fluorescence detection experiment. All the
dyes underwent an increase in brightness in response to aSyn incorporation (B2>B, Figure
S7A). All PAP derivatives improved as photon absorbers (€2>€1) and increased in ®g, both of
these properties lead to a small increase in B,. A lower aSyn aggregate Kp compared to the
Kb for self-association coupled with the increased hydrophobicity of the amyloid binding sites
relative to PBS may explain this turn-on response. On the contrary, there was a decrease in
€2 relative to €1 of all mMPAP dyes with the exception of mMPAP_1 (ThX). The primary
contributor to Bowas an increase in ®r of ~100x illustrative of TICT suppression, further
suggesting that N-5 methylation is required for the new ThT analogues to exhibit molecular-
rotor characteristics.** The mPAP derivatives showed significantly larger changes in
brightness (>25x) as a result of aggregate binding compared to their PAP congeners
(>1.1x). Among the new dyes, mPAP_1 (ThX) showed the largest fold increase in brightness
upon aggregate binding of 196 + 17.6, akin to ThT with a turn-on ratio of 200 £ 15.2. PAP
and mPAP dyes showed directly opposing behaviour when comparing turn-on ratios and

heterocyclic ring size (Figure S7B).

It is important to consider the impact that the strength of the interaction between the dyes
and aSyn aggregates has on their optical properties. SPR was used to measure the binding
affinities of PAP and mPAP derivatives towards aSyn aggregates as this method allows
comparison without bias from disparate emission characteristics (Figure S8). Examination of
the equilibrium resonance response as a function of dye concentration enabled the
calculation of Kp values for the different dyes (Table 3 and Table 4). Kp values for aSyn
aggregates were approximately 10-fold higher than those obtained via fluorescence,*
however the physical interactions in this surface-based method will differ from those in
solution. Moreover, fluorescence-based methods are limited to assess binding sites inducing
a fluorescence increase, whereas SPR is able to take additional interactions into account.
mPAP_5 and ThT showed the same Kp value (Ko (ThT) =79.4 £ 6.1 uM, Kp(mPAP_5) =
72.3 + 6.68 pM) suggesting that the dye—amyloid interaction is tolerant against the
benzothiazole methoxy substituent, further implying that the poorer photophysical properties
of mMPAP_5 compared to ThT do not originate from weaker binding. All PAP derivatives
outperformed ThT as well as their corresponding mPAP partners by more than an order of

magnitude, which was in agreement with the literature.3>%%°
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Table 4. Table of photophysical and binding properties of the mPAP dyes and ThT obtained from bulk UV-vis
absorption, excitation, fluorescence and SPR measurements of the dyes in the presence of 2 yM aSyn
aggregates (denoted by subscript 2).Determined properties include wavelengths of maximum absorption
(Aabs2), excitation (Aex2) and fluorescence emission (Aemz2); Stokes shift (Asm2-Aabs2); Molar extinction coefficient
(£2); fluorescence quantum yield (®rr); fluorescence lifetime (Ts2); brightness (B2, equal to €2 X ®f2) and

dissociation constant (Kp).

Aemz- €2
Aabs2 Aext Aem2 Tri2 B2 B'Z"PAP Ko
Dye R group A2 (M'em™) O —
(nm)  (nm)  (nm) (ns)  (M'cm™) B; (uM)
(nm) o3
/
ThT —N 414 447 483 69.0 29.52 0.24 0.14 7084.8 1.00 79.4
\
mPAP_1
—N<:| 421 452 490 69 39.99 0.81 0.06 32388.6 4.57 38.1
(ThX)
mPAP_2 — ) 404 436 493 89 15.90 0.15 0.29 2385.0 0.34 118.3
mPAP_3 — Q 424 451 495 71 25.34 0.61 - 15459.0 2.18 475
mPAP_4 —NQ 432  333/433 492 66 20.16 0.69 0.23 13908.0 1.96 64.2
/
mPAP_5 —N 420 450 483 63 15.45 0.26 0.23 4017.9 0.57 72.3
\
mPAP_6 —N o) 382 414 506 124 9.16 0.58 0.36 5311.95 0.75 78.7
__/

Intensive study of the probe responses to different environments will yield more complete
insights about biomolecules. The heterogeneity of aggregate mixtures, synthetic and

pathological, enforces the need for them to be studied at high resolution.

The photophysical properties of ThT (large Stokes shift, low B+, high B2) coupled with
sensitive instrumentation make it a useful tool to observe amyloid with single-aggregate
resolution.?°24285" Flyorescence emission of three PAP (PAP_1, PAP_2 and PAP_5) and
three mPAP (mPAP_1, mPAP_2 and mPAP_5) derivatives along-side ThT were used to
observe single, surface adsorbed aSyn aggregates. These particular dyes were chosen as
an interesting comparison between bulk and high-resolution fluorescence properties.

The bulk data showed that mPAP_1 and mPAP_2 were the best and worst performing dyes

respectively in terms of B2 and Kp, mPAP_5 is most closely structurally related to ThT.

In this single-aggregate imaging regime, the dyes were excited with 405 nm light in a total

internal reflection fluorescence (TIRF) geometry and fluorescence emission was collected at

12



a peak wavelength of either 434 nm (PAP) or 480 nm (mPAP and ThT) (Figure 3A). The
images show the emission of the dyes bound to late-stage (>96 hours) recombinant

aggregates of aSyn (Figure 3Bi-vii).
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Figure 3. A) Schematic of single-aggregate TIRF imaging experiment, all the dyes were excited with 405 nm

laser light, the midpoint wavelengths for emission collection of the PAP and mPAP dyes were 434 nm and 480

nm respectively. The example spectra for PAP, mPAP and ThT include absorption (blue), excitation (orange)
and emission (red). B) Single-aggregate TIRF images of 5 yM i) ThT, ii) PAP_1, iii) mPAP_1, iv) PAP_2, v)
mPAP_2, vi) PAP_5, vii) mPAP_5 bound to surface adsorbed aSyn aggregates (>96 hours). C) Histograms
illustrating the number of detected photons/s from i) ThT (u= 9481 + 180 photons/s), ii) PAP_1 (u=3412 + 58
photons/s) and mPAP_1 (u=12384 + 3437 photons/s), iii) PAP_2 (u=3838 + 91 photons/s) and mPAP_2
(M=9229 + 188 photons/s) iv) PAP_5 (u=3303 * 58 photons/s) and mPAP_5 (u=9731 + 215 photons/s). N = 800
aSyn aggregates from 3 cover-slides.
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Despite low ®f values (<0.1), single aSyn aggregates were visualised with PAP dyes.
Additionally, the dyes were excited with 405 nm light, red-shifted relative to their Aexo. ThT
and the mPAP dyes displayed minimal photobleaching, at worst decaying to 70% of their
maximum fluorescence intensity during the 10 s acquisition, due to rapid exchange of
molecules compared to the detector integration time (Figure S9A,B).?* The PAP derivatives
(Figure S9C) showed significantly greater photobleaching rates, decaying to approximately
50% of their initial intensity. These observations can be ascribed to the lower Kp of the PAP
dyes towards aSyn aggregates thus longer binding times, increasing the probability of dye

photobleaching.

The single-aggregate level brightness was characterised by extracting the mean number of
photons detected/s (Nget) across numerous (=800) single aSyn aggregates for each dye
during the 10 s acquisition time (Figure 3Ci-iv). Nget from ThT was 9481 photons/s, which
agrees well previous results.?* mPAP_5 and mPAP_2 emitted a similar number of photons
to ThT, Naet= 9731 and 9229 photons/s respectively, despite B> of mPAP_2 being 70% lower
than ThT. The photon counts produced by PAP derivatives were approximately a third of
those from their methylated counterparts. The Nget from PAP_1, PAP_2 and PAP_5 were
3412, 3838 and 3303 photons/s respectively. As well as having the highest ®r; of all the
dyes at the bulk level, N¢et was also higher for mPAP_1 (ThX) (12384 photons/s). The
photon distribution of mMPAP_1 (ThX) was much broader than ThT and other PAP dyes with
a FWHM of 8200 photons/s.

ThT and mPAP_1 (ThX) have previously been demonstrated as probes for single-molecule
localisation microscopy (SMLM) exploiting the transient nature of their binding to amyloid
proteins and their low solution ®g in a method termed transient amyloid binding (TAB).**%? It
is important to note that achieving TAB requires off-resonance excitation and emission
collection that is redshifted relative to single-aggregate imaging. Excitation was achieved at
488 nm and peak emission was collected at 587 nm (Figure 4A). Other mPAP derivatives,
mPAP_2, mPAP_5 and mPAP_6 also demonstrated capabilities for TAB, isolated molecules
of mPAP dyes binding to aSyn fibrils (Figure S10) were obtained over 10,000 frames (200 s,
Movie S1) and localised to generate super-resolved images (Figure 4B-F). Despite
disparities in bulk and single-aggregate level brightness and binding affinity, all four mPAP
dyes and ThT showed similar localisation precisions of ~16 nm (Figure S11), suggesting the
emit similar numbers of photons in this regime. This suggests that the population of
molecules detected in TAB experiments appear to be photophysically distinct from the mean

of the ensemble.
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Figure 4. A) Schematic of TAB experiment, all the dyes were excited with 488 nm laser light, the midpoint
wavelength for emission collection was 587 nm. The example spectra include absorption (blue), excitation
(orange) and emission (red). Diffraction-limited and super-resolved images of aSyn fibrils (>96 hours) obtained
by super-localising spatially isolated molecules of B) ThT, C) mPAP_1 (ThX), D) mPAP_2, E) mPAP_5 and F)
mPAP_6 transiently binding to surface adsorbed aSyn fibrils. All images are the same scale.

Temporal grouping of localisations revealed a ~5% probability of a TAB event across most of
the aggregate area (Figure S12), this is typical in order to maintain a spatial isolation of
individual emitters. Across the aggregation sample, mPAP_1 (ThX), mPAP_2 and mPAP_6
have regions that showed high activity ‘hot spots’ (= 30%, Figure S12 B, C, E). Conversely
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ThT and mPAP_5, which differ only in the benzothiazolium substituent, did not show the

same regions of high activity (Figure S12 A, D).

In a steady-state of collisional flux of probes with the aggregate surface, the ‘fluorescence
off-rate’ is a combination of the dissociation constant with the photobleaching rate. Assuming
complete dissociation of the probe from a binding site, the probability of additional binding
should be constant. This was explored through the metric of total binding site accessibility
which describes the length of the acquisition time that a site is available for binding during
the course of an imaging experiment (Figure S13). The majority of the aggregate surface
was available for TAB throughout the acquisition time (200 s), consistent with a steady-state
model. However, some aggregates showed lower accessibility times and heterogeneity
within single-aggregates, implying accumulation of probes in these regions. This was again
most prominent for ThT and mPAP_5 in which large amounts of the aggregate area showed
low and heterogeneous accessibility times (Figure S13A, D), 9.0% of binding sites were
accessible for <10 s, whereas for mPAP_1, mPAP_2 and mPAP_6, this was only true for
4.0, 5.5 and 6% of sites respectively. Taken together, these data all support the idea that on
the same sample, the different structural variants of the mPAP dyes give rise to distinct
kinetic behaviours at the single-molecule level, which could be used to probe structural

heterogeneity of amyloid.

This study has explored the relationship between structural modifications and photophysical
functions by a systematic comparison of the bulk, single-aggregate and single-molecule
level properties of a novel catalogue of ThT-inspired dyes, all of which demonstrated a
photophysical response to aSyn aggregate binding. In PBS, the PAP dyes had low B
resulting from low € and ®r, most likely caused by hydrophobic interactions between dye
molecules, lowering the dissolved concentration and increasing the rate of non-radiative
decay via quenching. mPAP dyes also had low B resulting from poor ®r; due to non-
radiative relaxation via a TICT state. Both dye classes exhibited a turn-on in response to
aSyn aggregate binding (B2>B1), the PAP dyes increased in both € and ®r whereas the
mPAP dyes generally increased only in ®f, suggesting that the increase may be attributed
to different mechanisms. In the case of the PAP dyes, the high affinity for amyloid and
increased hydrophobicity of the binding environment may be the dominant contributor to the
fluorescence turn-on, while suppression of TICT resulting from conformational restriction
likely drives the fluorescence turn-on of the mPAP dyes. The PAP and mPAP dyes were
able to be applied to image single aSyn aggregates, with the mPAP dyes showing
comparable photon counts to ThT. Furthermore, the mPAP derivatives were utilised in a

TAB mode to generate super-resolved images of aSyn aggregates, all achieving similar
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localisation precisions of 16 nm, despite differing bulk and single-aggregate level brightness.
The exact photophysical nature of this state used for TAB imaging remains unclear; however
given that: 1) this behaviour has been observed previously in benzothiazolium
derivatives,***? 2) the distributions of detected photons at the single-molecule level is
broadly similar across all mPAP dyes, (Figure S11) and 3) there is a ~13 fold differences in
the bulk brightness. It can be speculated that the probes are probably not evaluating an
ergodic state of the ensemble, but an alternative photophysical state. These results provide
insight into how changes of chemical structure affect the photophysical properties of aryl-
benzothiazoles for amyloid aggregate detection and can be used to further develop new
probes for different applications within this context. The N-5 methylation is key to achieve
high contrast, however, each of the classes of probes responded in a photophysically
distinct manner to amyloid incorporation. The potential of these dyes to study independent

binding sites and aggregate types at single-aggregate resolution should be further explored.

Supporting Information

Included within the Supporting Information (PDF); all experimental methods, chemical
characterisation, further bulk photophysical characterisations, fluorescence lifetime decay
curves, SPR response curves, further single-aggregate imaging and TAB characterisation,
supporting movie S1 (raw TAB imaging data). NMR spectra of the PAP and mPAP dyes can

be found in the appendix of the Supporting Information.
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