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ABSTRACT

Conventional in vitro aggregation assays often involve tagging with extrinsic fluorophores
which can interfere with aggregation. We propose the use of intrinsic amyloid fluorescence
lifetime probed using two-photon excitation and represented by model-free phasor plots, as a
label-free assay to characterise amyloid structure. Intrinsic amyloid fluorescence arises from
structured packing of B-sheets in amyloids and is independent of aromatic-based fluorescence.
We show that different amyloids (i.e., a-Synuclein (aS), p-Lactoglobulin and TasA) and
different polymorphic populations of aS (induced by aggregation in salt-free and salt buffers
mimicking the intra-/extracellular environments) can be differentiated by their unique
fluorescence lifetimes. Moreover, we observe that disaggregation of pre-formed fibrils of aS
and BLG leads to increased fluorescence lifetimes, distinct to those of their fibrillar counterpart.
Our assay presents a medium-throughput method for rapid classification of amyloids and their
polymorphs (the latter of which recent studies have shown lead to different disease pathology),

and for testing small molecule inhibitory compounds.
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INTRODUCTION

Amyloid proteins aggregates share common characteristics, including a fibrillar morphology
and cross-p sheet structure.! The majority of in vitro studies on the kinetics of amyloid
aggregation are fluorescence-based using extrinsic fluorophores with a fluorescence intensity
readout, yet this presents issues when investigating small molecule inhibitors or fibril
polymorphs (i.e., fibrils of different structures within the same amyloid species). Initially
developed for histological stains of amyloid plaques in autopsies, common extrinsic
fluorophores include Congo Red (CR) and Thioflavin T (ThT) which bind by intercalating
between B-sheets of the amyloid of interest.> Upon imaging in polarised light, CR-stained
amyloids are revealed by apple-green birefringence; whereas increases in fluorescence
intensity and quantum yield of ThT are observed with aggregation. However, the binding of
both CR and ThT are affected by pH and ionic concentrations, >* which must be strictly
controlled under laboratory conditions. ThT based fluorescence assays can be affected by the
binding of small inhibitory molecules; hence resulting in interference of fluorescence readings,
due to either quenching effects between the molecule and ThT, or competitive binding to active
sites on the amyloid protein.®> Furthermore, the presence of different disease-associated mutants
of the Parkinson’s disease-related protein a-Synuclein (aS) leads to different ThT binding sites
in its fibril polymorphs, and subsequently differences in ThT fluorescence intensity.’ Tagging
recombinant proteins with fluorescent proteins or small dye-labels are also popular methods to
study protein aggregation. Yet, the fluorescent protein tag can interfere with the excitation and
emission of the ThT fluorescence’ and large fluorescent proteins can disrupt intramolecular
bonding, sterically hinder interactions, and hence alter aggregation rates.® As shown in a recent
publication, even the presence of small dye molecules can influence the monomer

incorporation into growing amyloid fibrils, thereby yielding polymorphic structures.’
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Hence, there is motivation for the characterisation of amyloid protein fibrils in a label-
free manner, which can be used to investigate potential inhibitors of amyloid aggregation and

structural changes to the amyloids. In our previous work, we reported the phenomena of

5,10-12 13,14

intrinsic amyloid fluorescence, as corroborated by similar studies from others.
Characteristically, amyloid fibrils absorb light at wavelengths in the near UV range between
340 — 380 nm and emit fluorescence in the visible range between 400 — 450 nm. This
phenomenon is believed to be caused by electron delocalisation due to the rich hydrogen
bonding networks between and within the layers of -sheets comprising an amyloid protein,
along with the presence of short hydrogen bonds, resulting in the visible range emission upon
UV excitation.!®!! Tt is noted that this phenomena is independent of intrinsic aromatic
fluorescence as observed with aromatic amino acids (e.g., tyrosine and tryptophan) which
exhibit both excitation and emission in the 260 — 280 nm UV range. Amyloid fibrils devoid of
aromatic residues still show intrinsic non-aromatic fluorescence in the visible range upon UV

excitation.!%14

Here, we explore the use of intrinsic amyloid fluorescence lifetime as a potential read
out for aggregation states. We choose fluorescence lifetime over fluorescence intensity, as the
first is a ratiometric parameter that is independent of excitation intensity, laser scattering,
sample concentration and thickness.!> Several amyloids associated with neurodegenerative
diseases feature fluorescence lifetimes in the nanosecond range, with measurements that
dispute whether these are mono- or complex exponential in nature.!>!® Optimal excitation of

amyloids is around 350 — 370 nm,!?

wavelengths at which the power density of pulsed
supercontinuum sources are very low. The alternative use of two-photon (2P) excitation which
involves the absorption of two photons at twice the wavelength but half the energy,!” has

inherent advantages. In contrast to single photon excitation which occurs through a cone of

light down to the focal spot within a sample, 2P excitation (and hence any incurred
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photodamage) is primarily localised to the focal spot.!”!8 This allows for imaging without a
pinhole and is more suited for dimmer samples (e.g., intrinsic amyloid fluorescence) as no
photons would be rejected due to the lack of a pinhole. The low scattering property of 2P makes
it suitable for deeper penetration into samples. The most common implementation involves a
femtosecond titanium-sapphire (Ti:S) laser such as the one used in this work, thereby making
the technique proposed more accessible for researchers as the setup is commonly available on
existing 2P microscopes primarily used for deep tissue imaging.!*2? Hence, we perform time-
correlated single photon counting (TCSPC-) fluorescence lifetime imaging microscopy
(FLIM), using 2P excitation. Moreover, we represent 2P-FLIM data on phasor plots, a global
analysis approach that is efficient and parameter-free. 2~2° This involves the conversion time-
domain TCSPC data into the frequency domain via a Fourier transform, thereby giving
‘phasors’ on a polar plot. This avoids pixel-by-pixel fitting of exponential decays (i.e., a
requisite of conventional exponential fitting methods), therefore is highly efficiently and less
computationally expensive. Moreover, mono- and complex exponential decay lifetimes can

easily be distinguished based on their positions on the phasor plot.

To determine whether 2P-FLIM can differentiate between different amyloids, we used
three model amyloids, e.g., B-lactoglobulin (BLG, a globular whey protein) TasA (a functional
bacterial amyloid from Bacillus subtilis) and oS (the aggregation of which is a hallmark of
Parkinson’s disease). We observe that they each have unique intrinsic fluorescence lifetimes,
which can be used to distinguish between them. We validate our novel fluorescence lifetime
measurements using circular dichroism (CD, which permits the analysis of protein secondary
structure) and atomic force microscopy (AFM, which permits the characterisation of individual
fibrils). In the amyloid field, the discovery of different fibril strain polymorphs is associated to
different toxicity to cells,?® and potentially different disease outcomes. Hence, in order to better

elucidate the pathology of amyloid misfolding diseases, it is useful to efficiently identify
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different fibril polymorphs.2’-?® Currently, the best method to distinguish between these is
cryogenic electron microscopy (cryoEM) due to its high resolution, yet it is a technique that
not all researchers have access to and is expensive and low throughput. In the case of aS, we
show different distributions of fibril polymorphs are formed in ‘no salt’ and ‘salt’ (i.e.,
mimicking the physiological environment in cells) conditions, which can be distinguished
using 2P-FLIM measurements. We further show an increase fluorescence lifetime when the
amyloid proteins are disaggregated, indicating structural changes to the amyloids leads to
changes in fluorescence lifetime that can be tracked. We therefore provide a cheaper and

higher-throughput technique to identify different amyloid fibrils.

RESULTS

We initially performed structural and optical characterisation of the three fibrillar proteins of
interest (Figure 1). Firstly, we used CD to determine the secondary structure of proteins. The
method measures changes in the ellipticity of circularly polarised light when absorbed by
different secondary structures (e.g., B-sheet, a-helix) of the protein. We observe that aS (pink)
has the highest proportion of 3-sheets (i.e., lowest mean residue ellipticity ~ 220 nm) compared
to both BLG (blue) and TasA (magenta) (Figure 1a). Monomeric aS is intrinsically disordered,
but it undergoes structural alteration to 3-sheets upon fibrillisation.?? On the other hand, LG
and TasA both contain [3-sheets and a-helices in their monomeric form; both proteins have a
decrease in a-helices and an increase in inter-molecular [3-sheets upon aggregation.’**! In order
to perform physical characterisation on single fibrils we used AFM to analyse fibril
morphology (Figure 1b and Supplementary Figure 2). From comparing height profiles, TasA
fibrils are evidently shorter in height at 1.0+0.3 nm and without distinctive pitches, in

comparison to BLG and aS, with average height profiles of 9.5+3.6 nm and 9.0+3.2 nm,
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respectively. For BLG and aS, there is a relatively large spread in the height of fibrils formed,
which indicates the heterogeneity that exists within the same species sample. Single photon
spectrofluorometric measurements reveal that the intrinsic fluorescence for each different
amyloid has different optimal excitation and emissions wavelengths in the near UV and visible
range respectively (BLG — ex 360 nm, em 430 nm, TasA — ex 350 nm, em 435 nm, and aS -

380 nm, em 425 nm, Figure 1c¢) and this suggests that they can be excited by 2P.
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Figure 1. Different amyloid species can be differentiated by their spectral signatures. (a)
CD spectra, displayed as mean ellipticity per residue (®), show that aS (pink) has a higher -
sheet content than BLG (blue) and TasA (magenta). Displayed are the average of 10 scans from
three individual protein preparations. (b) Representative AFM images show the resulting
amyloid fibrils have different morphologies. A height quantification is given in (bi). (bii) BLG
fibrils in H>O are on average 9.5+3.6 nm in height (quoted as mean + SD). (biii) TasA fibrils
in 10 mM Tris pH 8 have no periodicity and are on average 1.0+0.3 nm in height. (biv) aS
fibrils in 10 mM Tris pH 7.4 have mixed polymorphs with some fibrils displaying periodicity
and others not. Their average height is 9.0+3.2 nm. The height profiles of a total of 33, 15 &

71 fibrils are analysed for BLG, TasA and aS respectively, based on 3 individual protein
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preparations. Additional AFM images are given in Supplementary Figure 2. (c) Excitation
and emission spectra are measured between 340 to 400 nm with the emission set at peak
emission, and emission spectra are measured between 400 to 460 nm with the excitation set at
peak excitation for each protein. Excitation and emission peaks for each protein are, fLG — ex
360 nm, em 430 nm, TasA — ex 350 nm, em 435 nm, and aS — 380 nm, em 425 nm. Displayed

are the average of three scans from three individual protein preparations.

We next investigated the intrinsic fluorescence lifetime signatures of the three amyloid
fibril samples using 2P-FLIM. We also image the sample topography with AFM, as the
diffraction limit on our 2P-FLIM system does not permit the visualisation of small fibrils. We
deposit fibrils washed in dH,O at 100 uM onto clean glass coverslips which are then dried
before imaging to provide a dense coverage of protein (Figure 2a, AFM). The lifetime of the
intrinsic fluorescence emission reveal that all amyloids possess complex exponential with
phasors that fall within the universal semicircle (i.e., which denotes mono-exponential
lifetimes) of the phasor plot (Figure 2b) and in distinct positions from one another. Moreover,
there are significant differences in their modulation (ty) and phase (t,) lifetimes; for
comparison of fluorescence lifetime, Ty will be quoted henceforth as it is more sensitive than
T4. (For an introduction to phasor plot analysis, see Supplementary pp9—10). We measure
that BLG has the highest fluorescence lifetime at 1.7+0.2 ns, in comparison to TasA (0.96+0.02
ns) and aS (1.120.1 ns) (Figure 2¢). We note that monomeric fluorescence is too weak to be

detected on our 2P-FLIM system.
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Figure 2. BLG, TasA and aS display different intrinsic fluorescent lifetime signatures. (a)
Fluorescence intensity, fluorescence lifetime (i.e., both modulation tv and phase 1) and AFM
representative images are shown. Their fluorescence lifetimes follow a multi-exponential
decay, as seen from the differences in calculated tv and 1, (denoting that these phasors lie
within the universal semicircle). Scale bars, 10 um (FLIM) and 400 nm (AFM). (b,c) Phasor
plots and average calculated fluorescence lifetimes which show that each amyloid has a
distinctive lifetime, but that of BLG is significantly higher. Analysis is based on 10-12 images
taken over 3 individual protein preparations. One-way ANOVA test (Holm-Sidak’s multiple

comparison) where n.s. is not significant, * is p<0.05, and **** is p<0.0001.

It has been suggested that structurally different aS fibril polymorphs can lead to
different synucleopathies, due to differences in membrane binding, seeding behaviour and
toxicity.?>34 Results in Figure 2 clearly show that different amyloids can be distinguished by
their fluorescence lifetime signatures. Hence, this encouraged us to investigate if fluorescence
lifetime is also responsive to more subtle structural changes, e.g., polymorphic variants that

emerge for the same protein when aggregated under different buffer conditions. It has
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previously been shown that ‘no salt’ and ‘salt’ aggregation buffer conditions induce the
formation of mixed populations of aS polymorphs, where fibrils formed in high salt conditions
have distinct periodic pitches instead of flat ribbon structures.* Our ‘no salt’ condition contains
10 mM Tris pH 7.4 (denoted as Tris) and two ‘salt’ conditions features the addition of 2 mM
CaCl, and 140 mM NaCl (CaCly/NaCl, i.e., extracellular-mimicking) and 140 mM KCI (KCl,
i.e., intracellular-mimicking). 2P-FLIM measurements show lowered fluorescence lifetimes for
aS fibrils formed in KCI (0.95+£0.09 ns) or CaCl,/NaCl salts (0.96+0.05 ns) compared to aS
when aggregated in just Tris buffer (1.1£0.1 ns) (Figure 3). Although the magnitude of
difference is slight compared to those between different amyloid species (Figure 2), this is as
expected as there are less structural and molecular packing differences between the a.S samples
than between differing proteins. Moreover, their fluorescence spectra (Supplementary Figure

3) also show similar optimal excitation and emission wavelength.

We then further characterise the three oS fibril samples to determine whether they are
truly structurally and/or morphologically different. 2D and 3D AFM images show several
different oS fibril polymorphs within each buffer condition (Figure 3d-e and Supplementary
Figure 4), these polymorphs can be classified as either smooth (pink arrows), periodic (green
arrows) or twisted periodic, likely arising from two fibrils twisting around each other (blue
arrows). We performed single fibril analysis based on AFM images, to classify the height
distribution and the prevalence of periodicity within each sample. As before, we observe a wide
range of heights from fibrils within the same sample, with an average height of 9.0+3.2 nm
(Tris), 9.6+2.9 nm (CaCly/NaCl), and 10.2+3.3 nm (KCI) (Figure 3fi). The addition of salts
promotes the formation of higher and intertwined fibrils, of which there is a greater proportion
of those being periodic (i.e., 72% & 76% for CaCl,/NaCl and KCl, respectively in comparison

to 70% for Tris, Figure 3fv). This is most apparent in the aS fibrils formed in KCI, where the
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fibril height distribution is more bimodal, showing single fibril height and double fibril height

(Figure 3fi).

CD measurements show that aS aggregated in salt buffers have a decreased [3-sheet
content compared to those in Tris (Figure 3g). Furthermore, differences in fibril proteolysis
profiles can be used to indicate a different fibril structure and core due to differences in
accessibility of the protease.*® Limited proteolysis of the aS fibrils in the three buffers with
proteinase K shows similar digestion profiles, but differing band intensity, indicating
similarities in core structure, but differences in fibril packing and accessibility of proteinase K
to the cleavage sites in the different fibril samples (Figure 3h, with a repeat shown in
Supplementary Figure 5). Therefore, our sample characterisation supports structural
differences in the fibrils formed under different salt conditions which we observe to possess

different fluorescence lifetimes.
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Figure 3. aS aggregated in salt buffers exhibit lower fluorescence lifetimes due to
variation in the distribution of their polymorphs. (a) Fluorescence intensity, fluorescence
lifetime (i.e., both modulation tv and phase 1,) and AFM representatives are shown for aS
fibrils formed in 20 mM Tris pH 7.4 (Tris), with 1 mM CaCl; and 140 mM NacCl (CaCly/NaCl),
and with 140 mM KCI (KCI). Scale bars, 10 pm (FLIM) and 400 nm (AFM). (b,c) Phasor plots
and average calculated fluorescence lifetimes which show that aS fibrils formed in salts have
a lower average fluorescence lifetime compared to those formed in Tris only buffer. Analysis
is based on 12 images taken over 3 individual protein preparations. One-way ANOVA test
(Holm-Sidak’s multiple comparison) where n.s. is not significant, * is p<0.05, * is p<0.001,
and **** i3 p<0.0001. (d) Shown are AFM images of individual fibrils in different buffers for
morphological analysis. (e) 3D representations are shown to highlight structural differences.
Different morphologies are indicated by coloured arrows, i.e., flat (pink), twisted periodic,
from intertwined fibrils (blue) and periodic (green). Additional AFM images are given in
Supplementary Figure 4. (f) Quantification of fibrils shows that there is great heterogeneity
within each sample. In general, fibrils aggregated in salt buffers are higher with a lower
frequency of pitches. The addition of salts slightly increases the chance of periodic fibrils over
flat ones. The height profiles of a total of 71, 97 & 47 fibrils are analysed for aS aggregated in
Tris, CaCly/NaCl and KClI, respectively, based on 3 protein preparations. One-way ANOVA
test (Holm-Sidak’s multiple comparison) where ns is not significant, * is p<0.05, * is p<0.001,
and **** 15 p<<0.0001. (g) CD of 2.5 uM of each protein fibrils show that aS in Tris has a higher
B-sheet content compared to aS in 140 mM KCI and 140 mM NaCl and CaCl,. 10 scans of
each sample were taken, and the average is shown for three protein sample preparations, with
buffer only signals subtracted (h) 100 uM of aS in each buffer condition was incubated in
proteinase K for 0, 1, 5 and 15 mins. Monomeric aS has a molecular weight of ~14.4 kDa,

degradation patterns of the three samples show a similar band profile, but the intensities differ,
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indicating differences in cleavage rates. A second repeat is shown in Supplementary Figure

5, with similar proteolysis profiles.

Lastly, to validate the use of intrinsic fluorescence lifetime as an in vitro label-free
aggregation assay, we disaggregate fibrillar aS and PLG by mixing the samples with
hexafluoro-2-propanol (HFIP), a solvent typically used to monomerise proteins before
aggregation. We observe the formation of shortened fibrils and oligomers in aS and PLG,
respectively, in AFM images (Figure 4a, AFM). Correspondingly, these disaggregated
structures lead to significantly increased fluorescence lifetimes, especially in the case of
oligomeric BLG (2.620.1 ns from 1.7+0.2 ns) and less so for aS (1.240.06 ns from 1.1£0.1 ns)
(Figure 4b-c). As the intrinsic amyloid fluorescence could still be detected from both samples,
this insinuates there is still 3-sheet stacking present in the disaggregated structures of LG and
aS, yet a change in the stacking or arrangement during partial disaggregation has led to a

change in intrinsic fluorescence lifetime.

(b) Phasor plot

0.5

BLGHFIP

oSHAP

Fibrils

H[nm] 34002

(C) Fluorescence lifetimes

" 35 2.0
[0}
i)
(©
q°J° 25 )
ED : | =
%) — } 10 o
© 2 5
g ERERTNE N .
e A L . & A e
o B B o 0.5 i
0.2 tlns] 3.5 Hnm] 528 02 Tylns] 3.5 Hinm] 49.6 05 4FP @G uEW?

Figure 4. The fluorescence lifetime change of different amyloid proteins upon aggregation

is reversible with disaggregated structures of aS and BLG having higher fluorescence
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lifetimes than their fibrillar counterparts. (a) Fluorescence lifetimes and AFM images
comparing aS and BLG fibrils before and after disaggregation by HFIP. Scale bars, 10 um
(FLIM) and 400 nm (AFM). (b,c,) Phasor plot and average fluorescence lifetimes show a
significant decrease in fluorescence lifetime after the addition of HFIP to disaggregate the
fibrils for both aS and BLG. One-way ANOVA test (Holm-Sidak’s multiple comparison) where

n.s. is not significant, * is p<0.05, and **** is p<0.0001.

DISCUSSION

There is a need for label-free techniques to identify and monitor aggregation of amyloid
proteins that is currently unmet. Here, we use a combination of structural and morphological
techniques to validate the use of 2P-FLIM in identifying different amyloid protein fibrils, their
polymorphs and their disaggregated states using fluorescence lifetime imaging. We investigate
three amyloid proteins: LG, a milk whey protein which is commonly used as a model amyloid
protein, as it is inexpensive and readily available; TasA, a functional amyloid of B. subtilis
involved in adherence and formation of the extracellular scaffold of biofilms; and a.S, whose
aggregation is a hallmark of synucleinopathies, such as Parkinson’s Disease. The fluorescence
lifetime of conventional fluorophores, e.g., GFP, are influenced by the surrounding
environment.’’*® The field of intrinsic non-aromatic fluorescence is comparatively young,
therefore studies into differences in amyloid structures and interaction with the local
environment have not yet been fully conducted yet may well be influenced by fibril packing
and environmental interactions, which can lead to unique lifetimes for different proteins and
polymorphs. Here, we efficiently represent the unique intrinsic fluorescence lifetime signatures

of different amyloids, using model-free phasor plot analysis.
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We then investigated whether 2P-FLIM could be used to identify fibril polymorphs of
the same protein. The fibril formation of aS is implicated with several neuropathological
diseases, including but not limited to, Parkinson’s disease, dementia with Lewy bodies, and
multiple system atrophy.® As aforementioned, cryoEM which boasts of a 3.7 A resolution 274
is currently the gold standard technique for distinguishing and classifying amyloid (including
aS) polymorphs, yet is an expensive technique that requires skilled users.! Moreover, cryoEM
has low throughput, hence it is unsuited for small molecule screening and cannot be used to
investigate changes in protein states as they aggregate or change under different environmental
conditions. Here, we use 2P-FLIM and show that aS fibrils formed in salt buffers mimicking
the intracellular and extracellular have a slightly quenched fluorescence lifetime compared to
the polymorphs formed without salt. From a structural perspective, noting that the fibrils are
washed in H,O prior to 2P-FLIM imaging to remove salt ions, this quenching effect could be
attributed to differences in the fibril packing (from limited proteolysis) or 3-sheet structure
(from CD) leading to the formation of different fibril polymorphs, that appear to have higher
fibrils and less frequent pitches (from AFM). While we identify bigger differences between the
‘no salt’ Tris sample and the salt samples, there is a slight, but insignificant difference in the
fluorescence lifetimes which is lower for aS fibrils formed in KCl than in CaCl,/NaCl. The
two salt conditions were chosen to mimic intracellular and extracellular conditions, where in
the latter calcium concentrations are higher. We, along with others, have previously shown that
aS specifically binds calcium at its negatively charged C-terminus, this leads to altered
monomeric structures and fibril polymorphs which may be important in cases of a.S spreading
from neuron to neuron.*'#? It is not known whether the structures formed in vitro are those that
are formed in vivo,* in addition to whether different structures arise when aggregated in the

intracellular and extracellular space. Further structural analysis using mutants and
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computational simulations may be able to pin-point the mechanisms that derive differences in

fluorescence lifetime.

To quantify structural differences, we show that disaggregating pre-formed fibrils of
oS and BLG result in an increase to their measured fluorescence lifetimes. We believe this
stems from the looser packing and reduction [(3-sheets in within the disaggregated structures

(i.e., smaller fibrils for aS and oligomers for fLG).*

CONCLUSION

We validate that intrinsic amyloid fluorescence lifetime can be used as a label-free method to
characterise different amyloid proteins, as well as the distribution within polymorphic
populations of aS and disaggregated structures. Our current work comprises of observations
on intrinsic amyloid fluorescence, which we find is affected by several different factors, e.g.,
[-sheet content and molecular packing. 2P-FLIM and efficient phasor plot analysis of
fluorescence lifetimes maybe useful if applied to drug screening for amyloid protein targeting
compounds, as 2P-FLIM can circumvent issues with small molecule interference with
fluorescence intensity-based assays. To complement our findings, we believe that
computational studies on the molecular structure of these amyloids at an atomistic scale that
permit the study of electron transitions would be needed to establish causative links between
structure and the unique fluorescence lifetime signatures amyloid possess. In general, intrinsic
amyloid fluorescence lifetime in conjunction with fit-free phasor plot analysis provides a
medium-throughput, efficient and label-free method to distinguish between different amyloids

and their polymorphs.
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