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ARTICLE INFO ABSTRACT
Double PHD fingers 3 (DPF3) protein exists as two splicing variants, DPF3b and DPF3a, the involvement of which
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in human cancer and neurodegeneration is beginning to be increasingly recognised. Both isoforms have recently

Double PHD fingers 3 (DPF3) been identified as intrinsically disordered proteins able to undergo amyloid fibrillation. Upon their aggregation,

Amyloid fibril
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pH condition, the two isoforms were revealed to display several autofluorescence modes that were defined as
violet, deep-blue, and blue-green according to their emission range. Complementarily, analysis of excitation

spectra and red edge shift plots allowed to better decipher their photoselection mechanism and to highlight
isoform-specific excitation-emission features. Furthermore, the observed violation to Kasha-Vavilov’s rule was
attributed to red edge excitation shift effects, which were impacted by pH-mediated H-bond disruption, leading
to changes in intramolecular charge and proton transfer, or n-electrons delocalisation. Finally, emergence of
different autofluorescence emitters was likely related to structurally distinct fibrillar assemblies between iso-
forms, as well as to discrepancies in the amino acid composition of their aggregation prone regions.

1. Introduction

Amongst the leading causes of age-related dementia and disability
worldwide, Alzheimer’s (AD) and Parkinson’s diseases (PD) occupy the
two top places [1,2]. These two lethal neurodegenerative disorders
belong to the class of proteinopathies, characterised by the misfolding
and subsequent aggregation of specific proteins, especially within the
specific parts of the brain [3,4]. Indeed, while AD pathogenicity relates
to the formation of amyloid plaques and neurofibrillary tangles,
resulting from the aggregation and accumulation of amyloid p (Ap)
peptide and tau fibers, outside and inside of the neurons, respectively
[5], PD mainly arises from the oligomerisation and fibrillation of
a-synuclein into proteinaceous inclusions, known as Lewy bodies and
Lewy neurites [6]. All these proteins share the ability to conformation-
ally rearrange their intrinsically disordered structure into B-sheets that
stack and interact with each other to form the typical cross B-sheet
pattern seen in amyloid fibrils [7]. Protein amyloidogenicity is exten-
sively explored in vitro by using an array of spectroscopic (e.g. circular
dichroism, infrared, and amyloid dye absorption-emission spectros-
copy) and microscopic techniques (e.g. confocal, transmission electron,
cryogenic electron, and atomic force microscopy) [4], allowing the
detection of amyloid-like properties in prone-to-aggregate proteins,
which are not necessarily associated with neurodegeneration, such as
human insulin, lysozyme, or serum albumin [8-13].

Interestingly, several studies conducted in the last twenty years have
highlighted the emergence of a novel intrinsic fluorescence, which
seemingly appeared to be related to amyloid fibrillogenesis. By being
excited in the UVB to UVA range (280-400 nm), numerous well-
described amyloidogenic proteins have shown to exhibit auto-
fluorescence properties, characterised by an emission in the visible
range, usually observed between 400 and 490 nm [14-17]. Because of
such spectrum, this phenomenon is now more commonly referred to as
blue or deep-blue autofluorescence (dbAF). For example, a-synuclein
displays, upon its fibrillation, autofluorescence signatures at 425 and
460 nm when respectively excited at 380 and 405 nm [18,19]. The
origin of dbAF in fibrillar structures is not substantially studied, and
therefore remains poorly understood. Nevertheless, reports have
demonstrated that dipolar coupling between excited states of aromatic
amino acids [20-22], hydrogen bonds permissive to proton transfer
[23-25], change in amide groups communication and geometry through
hydrogen bonding [26], charge transport and recombination between
charged residues and termini of amyloid proteins [27-31], supramo-
lecular packing and assemblies [32-34], UV- and heat-induced chemical
modification of lateral chains such as tyrosine oxidation [15,35-37], as
well as quantum confinement effects [21] significantly contribute to the
advent of autofluorescence.

Regarding the amyloidogenic proteins, the currently most widely
accepted hypothesis proposes that dbAF arises from low-energy elec-
tronic transitions due to the delocalisation of peptide =-electrons
through the network of hydrogen bonds interconnecting f-strands and
-sheets constituting the amyloid cores [15,16,27,38-42]. Such amyloid
ordering stabilises n-n* states and hampers non-radiative relaxation
thanks to a stiffened network of hydrogen bonding.

It can be pointed out that this type of fluorescence does not essen-
tially require aromatic residues nor multiple bond conjugated systems to

occur, and is not exclusive to amyloid material. Indeed, dbAF can be
detected, although with lower quantum yields, in non-aggregated and
non-amyloid peptides, as well as in standard proteinogenic amino acids
and several monomeric proteins, suggesting the further contribution of
carbonyl moieties and amide groups to the fluorescence
[25,26,28,31,33,42,43]. Furthermore, dbAF is a parameter-dependent
phenomenon, as variations of experimental conditions, such as pH
[23,44,45], temperature [15,46,47], ionic strength [34], metallic cat-
ions [19,37,48,49], solvent and solvation [26,50], or buffer composition
[19,20], impact the autofluorescence properties of fibrillated peptides
and proteins. Due to the variety of hitherto known autofluorescent
proteins, displaying peculiar and distinctive dbAF excitation-emission
properties, it is most certain that interactions and structural features
being unique to each protein are at work. Indeed, formation of the dbAF-
emitting fluorophores and corresponding peculiarities of dbAF are likely
protein-specific features. Furthermore, different structural trans-
formations upon aggregation may further tune the optical behaviour of
such dbAF emitters.

In the framework of autofluorescent amyloid proteins, we are
interested in the double plant homeodomain (PHD) fingers 3 (DPF3)
protein, a nuclear zinc finger protein found within the BRM/BRG1-
associated factor (BAF) complex, which acts as a chromatin remod-
eller. Physiopathologically, DPF3 is notably involved in cardiac hyper-
trophies [51,52], as well as in several cancer types, such as kidney,
breast, lung, blood, or brain cancer [53]. Studies suggest that it may also
contribute to the development and progression of AD and PD [54-57].
DPF3 exists as two splicing variants, designated as DPF3b and DPF3a.
While the two isoforms share a high sequence identity (83%), as well as
the same domains organisation up to the 292nd residue, they have
distinct C-termini, sequence lengths, and molecular masses. DPF3b and
DPF3a are 378 and 357 residues long, and have a molecular mass of
43.08 and 40.24 kDa, respectively. DPF3b sequence ends with a pair of
PHD zinc fingers, folded through the coordination of four Zn?* cations.
Such PHD tandem is characteristic of the DPF (D4) protein family and
recognises acetylated and/or methylated lysine residues on histone tails.
On the contrary, the isoform DPF3a has a truncated PHD tandem, as well
as a disordered C-terminal end. Despite such primary structure dis-
crepancies, both DPF3b and DPF3a have proved to be intrinsically
disordered proteins (IDPs) presenting a propensity to aggregate [58,59].

In our previous studies, we have indeed unveiled the amyloidogenic
nature of the two DPF3 isoforms and their respective C-terminal region
[49,58,59]. Amongst the spectral fingerprints standardly observed for
amyloidogenic proteins, DPF3 isoforms and C-termini have most
remarkably revealed to exhibit unique dbAF signatures upon amyloid
fibrillation. Strikingly, increase in autofluorescence emission intensity
correlates with more efficient thioflavin T (ThT) binding and follows the
typical three-phase sigmoid-like kinetic profile of fibril growth. Sup-
ported by transmission electron microscopy (TEM) micrographs, these
results allowed us to assert that, in the case of the DPF3 proteins, the
emergence of dbAF is amyloid-related. Intriguingly, autofluorescence
bands also appear on intrinsic tryptophan (ITF) and tyrosine fluores-
cence (ITyrF) spectra. Comparison of ITF and ITyrF with dbAF excitation
spectra, the latter disclosing a contribution in the 260-290 nm vicinity,
evidenced that aromatic residues are most likely involved in the DPF3
autofluorescence. More specifically, in our most recent research article,
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we have unveiled that DPF3 dbAF is dramatically affected by the pres-
ence of diverse divalent metal cations, such as Ccu®*' and Zn®** [49].
Notably, fibrils of DPF3a C-terminus had their dbAF emission band
significantly red-shifted. Cu>* and Zn* cations also altered the excita-
tion contributions to DPF3a autofluorescence.

In the present study, we investigate the pH-dependent sensitivity of
DPF3b and DPF3a amyloid fibrils dbAF to assess the effect of disrupting
the protons network and charge state on their fluorescence properties, as
well as to better decipher the origin of autofluorescence in DPF3
isoforms.

2. Materials and methods
2.1. Overexpression and purification of recombinant DPF3 isoforms

Human recombinant full-length DPF3 protein isoforms (DPF3b and
DPF3a) were tagged with GST at the N-terminus position using a pET-
like vector transformed in E. coli BL21 Rosetta (DE3) cells. Bacterial
strains were grown at 37 °C for approximately 16 h in 20 g/L lysogeny
Lennox broth (LB) containing 0.36 mM ampicillin. From the precultures,
bacteria were cultured in 20 g/L LB with 0.14 mM ampicillin at 37 °C
until the optical density at 600 nm reached a value ranging from 0.5 to
0.8. DPF3 expression was induced at 37 °C for 4 h by adding 0.5 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). Cultures were centri-
fuged, pelleted, and stored at —20 °C. Upstream from the purification,
pellets were thawed at room temperature, suspended in lysis buffer
(phosphate-buffered saline (PBS) pH 7.3, 0.5% Triton X-100, 200 mM
KCl, 200 uM phenylmethylsulphonyl fluoride), and sonicated in an ice-
water bath (6 times 30 s with 30 s pauses). Resulting lysates were
centrifuged, supernatants were retrieved and purified using an Akta
Purifier fast protein liquid chromatography. GST-fused DPF3 proteins
were bound to a 5 mL GSTrap FF pre-packed column (Cytiva) with the
binding buffer (PBS pH 7.3, 200 mM KCl) before being cleaved on col-
umn for 2 h at 30 °C in the presence of 20 uL of TEV protease solution
(Sigma) in Tris-buffered saline (TBS; 50 mM Tris-HCl pH 8.0, 150 mM
NaCl). Cleaved DPF3 proteins were eluted and collected in TBS. The
purity and composition of obtained samples were assessed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis and mass
spectrometry.

2.2. Protein concentration determination

After purification, DPF3 isoforms were further concentrated in TBS
through a 6-8 kDa cut-off dialysis membrane wrapped in water-
absorbent PEG-20000. UV-visible spectra were recorded between 200
and 400 nm by 1.0 nm increment with a UV-63000PC spectrophotom-
eter (VWR), using a 10 mm optical pathlength quartz QS cell (Hellma).
On the basis of the method described by Kuipers B. and Gruppen H. [60],
the molar extinction coefficient at 214 nm of each isoform was calcu-
lated (eppp3p = 763132 M’l.cm’l, €ppr3a = 622615 M’l.cm’l), and the
protein concentration was determined with the absorbance value at 214
nm extracted from obtained spectra.

2.3. Amyloid fibril formation and protein sample preparation

DPF3b and DPF3a amyloid fibrils were prepared by incubating 5 uM
of purified and concentrated protein material in TBS at ~20 °C for 168 h.
Formation of fibrils was monitored and confirmed by far-UV circular
dichroism spectroscopy (CD), ThT fluorescence, dbAF, as well as TEM.
For each isoform, the stock suspension of fibrils was divided into six
samples, three of which were acidified from pH 8 to pH 2, 4, and 6 with
1 M and 1 mM HCI solutions, while two were basified to pH 10 and 12
with 1 M and 1 mM NaOH solutions.
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2.4. Assessment of amyloid fibril integrity

To evaluate the integrity and amyloid character of acidified and
basified fibrils, far-UV CD and ThT binding assay were carried out for
each DPF3 isoform at ~20 °C in TBS. Far-UV CD spectra were recorded
with a MOS-500 spectropolarimeter, using a 1 mm optical pathlength
quartz Suprasil cell (Hellma) and the following parameters: 60 nm/min
scanning rate, 2 nm bandwidth, 0.5 nm data pitch, and 0.5 s digital
integration time. Four scans were averaged, buffer baselines were sub-
tracted, and resulting corrected spectra were smoothed. Regarding the
ThT binding assay, ThT working solution (80 uM) was prepared in TBS
and filtered on polyether sulfone 0.2 ym. After mixing 75 uL of ThT
working solution with 75 pL of fibrils (final ThT concentration of 40
uM), fluorescence spectra were recorded with an Agilent Cary Eclipse
fluorescence spectrophotometer, using a 10 mm optical pathlength
quartz QS cell (Hellma) and the following parameters: 1.0 nm data pitch,
0.1 s averaging time, a photomultiplier tube (PMT) voltage of 600 V, and
600 nm/min scanning rate. Excitation and emission slit widths (sw)
were both set to 10 nm. Presented spectra were smoothed.

2.5. Intrinsic fluorescence spectroscopy

After pH adjustment, intrinsic phenylalanine fluorescence (IPF),
ItyrF, ITF, and autofluorescence signatures were recorded for each DPF3
isoform with an Agilent Cary Eclipse fluorescence spectrophotometer at
~20 °C in TBS, using a 10 mm optical pathlength quartz QS cell
(Hellma) and the following parameters: 1.0 nm data pitch, 0.1 s aver-
aging time, 10 nm excitation-emission sw, 600 V PMT voltage, and 600
nm/min scanning rate. For the fluorescence of aromatic residues,
emission scans were performed from the excitation wavelength (260,
275, and 295 nm for IPF, ITyrF, and ITF, respectively) up to 600 nm.
Acquisition of autofluorescence spectra was carried out from the exci-
tation wavelength, ranging from 310 to 450 nm by increment of 10 nm,
up to 600 nm. Complementarily to emission scans, autofluorescence
excitation spectra were also recorded from 200 nm up to the selected
maximum emission wavelength ranging, by increment of 10 nm, from
400 to 500 nm. Raman scattering of water was removed through the use
of excitation and emission filters and the recording of the blank buffer
spectra. Presented spectra were smoothed.

2.6. Time-resolved room temperature phosphorescence

After pH adjustment, time-resolved room temperature phosphores-
cence (RTP) decay profiles were recorded for each DPF3 isoform with an
Agilent Cary Eclipse fluorescence spectrophotometer at ~20 °C in TBS,
using a 10 mm optical pathlength QS cell (Hellma). For phosphores-
cence detection, a high sensitivity PMT voltage of 800 V was applied,
excitation-emission sw were set to 20 nm, and the following parameters
were used: O ps delay time, 1 ps gate time, 5 flashes prior to emission
recording, and 1 ms total decay time. Five cycles were averaged and the
resulting mean decay curves, after the excitation pulse, were each fitted
to a single exponential decay function implemented in the OriginPro
(Origin Lab) software and of equation: I = I + Aelt T), where I is the RTP
intensity, A is the amplitude, t is time, and 7 is the lifetime. RTP lifetimes
(1) were extracted from the exponential fits.

2.7. Bioinformatics analyses and predictions

Sequence-based analyses and predictions were performed from the
amino acid sequence of each full-length human DPF3 isoform: DPF3b
(Uniprot ID: Q92784-1) and DPF3a (Uniprot ID: Q92784-2). Models of
the tertiary structure of DPF3 isoforms were generated through the
combined approach of MMseqs2-AlphaFold2 available on the ColabFold
platform [61,62]. In each case, the first ranked relaxed model was
selected for further structural representation and electrostatics
calculation.
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To examine the effect of pH on the overall charged state of DPF3, pK,
of ionisable groups and isoelectric point (pI) values of DPF3 isoforms
were first calculated with PROPKA 3.2 [63,64]; pI varies from 6.09
(folded state) to 6.43 (unfolded state), and 6.58 to 6.73 for DPF3b and
DPF3a, respectively. Afterwards, PDB files of selected DPF3 MMseqs2-
AlphaFold2 models were prepared for continuum solvation calcula-
tions at each pH condition in AMBER force field with the PDB2PQR
software [65,66]. Finally, the Adaptive Poisson-Boltzmann Solver
(APBS) software suite [66,67] was used for solving the equations of
continuum electrostatics at 293.15 K and in the presence of 150 mM
NaCl to better emulate the experimental conditions. The radii for Na*
and Cl~ ions were set to 1.1 and 1.7 A, respectively. All calculation steps
were achieved via the APBS/PDB2PQR website [68]. The resulting
Poisson-Boltzmann electrostatic potentials were mapped on the van der
Waals surface of DPF3 isoforms model, using a potential scale ranging
from —3 kgT/e to +3 kgT/e.

Residues involved in aggregation prone regions (APRs) and in the
formation of amyloid cores, that is, amyloid prone regions (AmylPRs),
were defined by combining the sequence-based predictions from
FuzPred [69] and FuzDrop [70], and using a selection criterion of a
window of at least 5 successive amino acids. Based on these predictions,
APRs and AmylPRs were numbered and highlighted for each DPF3
isoform on the corresponding primary structure and MDMseqs2-
AlphaFold2 model. Furthermore, composition of each APR and
AmylPR in negatively (aspartate and glutamate) and positively charged
(Iysine and arginine), polar (serine, threonine, cysteine, histidine,
asparagine, and glutamine) and aromatic residues (phenylalanine,
tyrosine, and tryptophan) was plotted with respect to their relative
abundance in such regions.

3. Results and discussion
3.1. Effect of pH on the amyloid integrity of DPF3b and DPF3a fibrils

Priorly to the investigation of their autofluorescence signatures, the
effect of acidic and alkaline pH on the amyloid character of the fibrils of
both DPF3 isoforms was monitored by far-UV CD (Fig. S1) and ThT
binding assay (Fig. S2). Upon fibrillation, DPF3b (Fig. S1A) and DPF3a
(Fig. S1B) typically exhibit fingerprints of twisted and antiparallel
f-sheets with a minimum at 224-226 nm. While the negative band re-
mains centred towards 225 nm, slight changes in shape and intensity can
be seen between the different pH conditions. Interestingly, the most
noticeable difference manifests at the level of the positive band, the
position of which is also characteristic of structured f-sheet elements.
The global same trend is observed for the two isoforms. The band is
shifted to shorter or longer wavelengths at low or high pH values,
respectively; in both cases, the band intensity is also decreased. Subtle
variations in the negative and positive bands argue towards subtle local
modifications in the B-sheets network, which, however, do not lead to a
destabilisation of and loss in p-sheets. Overall, far-UV CD results indicate
that the p-sheeted core of DPF3b and DPF3a amyloid fibrils is preserved
upon pH variation.

Regarding ThT fluorescence, pH does not significantly impact the
emission properties of ThT alone (Fig. S2A). More discrepancies are
detected in the presence of DPF3b (Fig. S2B) and DPF3a fibrils
(Fig. S2C), which nonetheless display an amyloid positive response to
ThT at around 485 nm, regardless of the condition. With the exception of
pH 4, pH values below 8 induce a net increase in ThT fluorescence in-
tensity for DPF3b. Regarding DPF3a, alkaline pH slightly increases the
ThT emission intensity, while it is decreased at acidic pH. These dif-
ferences in intensity may be informative on isoform-specific morpho-
logical features, as well as on the modulation of ThT binding sites on the
surface of the fibrils, the accessibility of which would be influenced by
pH, rather than the disassembly of the amyloid cores. Coherently with
far-UV CD, the amyloid integrity of the two DPF3 isoforms is confirmed
to be maintained, as ThT still binds to their acidified and basified fibrils.
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3.2. Autofluorescence properties of DPF3b fibrils at pH 8

To identify pH-dependent variations in the optical behaviour of
DPF3b amyloid fibrils, autofluorescence emission was scanned with
respect to the excitation wavelength in the range from 310 to 450 nm
(Fig. 1). As fibrils were formed and grown under pH 8, the corresponding
spectra were selected as reference for comparison with the spectra
measured at other tested pH values. At the initial fibrillation conditions,
striking spectral changes are already observed (Fig. 1D). By increasing
the excitation wavelength from 310 to 400 nm, the dbAF band pro-
gressively increases in intensity and shifts to the red, from 420 to 460
nm, with the maximum reached at a Aex of 390-400 nm. Such bath-
ochromic transition is even more noticeable on normalised emission
spectra (Fig. 2D). Contrary to the intensity changes, the displacement in
band position is discontinuous. While no shift happens when emission is
excited between 310 and 330 nm, the moderate shift in the position of
emission spectra begins at excitation at 340 nm before becoming more
pronounced at excitation from 350 nm to 380 nm. There is no further
displacement of the band in the range where the emission maximum
(460 nm) is located, that is, between Aex of 390 and 420 nm. At longer
excitation wavelengths, the intensity rapidly decreases, leading to the
disappearance of well-defined emission bands beyond excitation at 430
nm.

The bathochromic shift upon increasing the excitation wavelength is
a singular event as it disobeys the Kasha’s rule. The latter states, to cite
M. Kasha himself, that “the emitting level of a given multiplicity is the
lowest excited level of that multiplicity” [71]. In other words, a fluo-
rescence photon can only be emitted from the vibrational ground state of
the lowest-energy excited singlet electronic level, irrespectively to the
initial excitation level, due to nonradiative processes such as internal
conversion and vibrational relaxation [71,72]. However, exceptions to
Kasha’s rule are not that uncommon, especially in the field of protein
fluorescence. Indeed, it has been shown that ITF can distinguish the
solvent exposure state of Trp residues upon varying the excitation
wavelength from 280 nm to 305 nm. Emission of buried Trp residues
protected from bulk water molecules was found to progressively shift to
the red by increasing the excitation wavelength [73,74]. Such red edge
shifts have also been used as a means to characterise the conformational
ensemble of proteins, helping to discriminate folded from molten
globule and unfolded states [75].

More interestingly, several studies dealing with the aggregation-
mediated dbAF of proteins, peptides, as well as amino acids have re-
ported similar bathochromic effects, which do not comply with the
Kasha’s rule [20,31,33,50,76,77]. Furthermore, it can be pointed out
that dbAF spectra of DPF3b fibrils do not obey the Vavilov’s rule either,
describing that the quantum yield of fluorescence is independent of the
excitation wavelength [78]. Intensity of dbAF indeed varies for each A
(Fig. 1D), which has already been detected for other amyloid(-like)
aggregates and is often accompanied by anti-Kasha emission, thus
breaking the Kasha-Vavilov’s rule by extension [33,50,76,77,79,80].

Violation of Kasha’s law in such protein systems and assemblies has
mainly been attributed to the red edge excitation shift (REES) phe-
nomenon. REES is defined as the shift to higher wavelengths of the
emission maximum, induced by a displacement of the excitation
wavelength towards the long-wavelength or red edge of the absorption
spectrum. Fluorophore excitation is characterised by changes in the
dipole moment, followed by the reorganisation of solvent (e.g. water)
molecules surrounding the excited fluorophore. In a fully solvated me-
dium, the solvent dipolar relaxation occurs within the time-frame of the
excited state life-time (or emission life-time). Conversely, in a rigidified
environment, such as in folded or aggregated proteins, water molecules
interacting with the fluorophore, i.e. the protein, lose mobility and their
dipole moment relaxes at a slower rate than the life-time of the excited
state. By exciting at lower energy, namely to the red edge of spectrum, a
fluorophore population, around which water dipoles are reoriented to
decrease the energy gap between the ground (at a higher energy) and the
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Fig. 1. Autofluorescence emission spectra of full-length DPF3b amyloid fibrils formed in TBS at ~20 °C (Cpprsp = 5 pM) and adjusted to pH values of (A) 2, (B) 4, (C)
6, (D) 8, (E) 10, and (F) 12 upon excitation ranging from 310 to 450 nm (310 < A¢, < 450 nm, sw = 10 nm); 310 (magenta), 320 (purple), 330 (dark blue), 340 (blue),
350 (light blue), 360 (turquoise), 370 (green), 380 (khaki), 390 (lime), 400 (ochre), 410 (orange), 420 (red), 430 (scarlet), 440 (crimson), and 450 nm (merlot).

excited (at a lower energy) states, can be photoselected. Photoselection
of fluorophores in such a solvent-relaxed environment hence leads to a
red-shifted emission [73,75,81,82]. Occurrence of REES is coherent with
water molecules trapped in the cross p-sheet structure of aggregates, as
amyloid fibrils are sometimes depicted as ‘water-filled nanotubes’, and
water plays crucial roles in the amyloid formation [83,84]. In that
respect, DPF3b fibrils at pH 8 observe an anti-Kasha-Vavilov dbAF
emission with respect to the excitation wavelength due to REES, which

likely originates from the water molecules interacting at the fibril sur-
face and/or entrapped in the amyloid core.

Giving the position of the emission wavelength in the 310-350 nm
Aex range, dbAF nomenclature needs to be refined. Indeed, A, between
420 and 440 nm do not localise in the deep blue/blue segment
(440-480 nm) of the visible electromagnetic spectrum and correspond
instead to violet light. As such, it is more appropriate to refer to the
intrinsic fluorescence in this Aen range (380-440 nm) as violet
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Fig. 2. Normalised autofluorescence emission spectra of full-length DPF3b amyloid fibrils formed in TBS at ~20 °C (Cpprsp = 5 uM) and adjusted to pH values of (A)
2, (B) 4, (C) 6, (D) 8, (E) 10, and (F) 12 upon excitation ranging from 310 to 450 nm (310 < Aex < 450 nm, sw = 10 nm); 310 (magenta), 320 (purple), 330 (dark
blue), 340 (blue), 350 (light blue), 360 (turquoise), 370 (green), 380 (khaki), 390 (lime), 400 (ochre), 410 (orange), 420 (red), 430 (scarlet), 440 (crimson), and 450

nm (merlot).

autofluorescence (vAF). Therefore, DPF3b fibrils display two major
autofluorescence modes upon varying their excitation wavelength: vAF
(hex 310-350 nm) and dbAF (Aex 360-420 nm). Because the maximum
Aem is reached at a Ay of 390-400 nm, in this case, dbAF dominates over
VAF. Existence of such dual emission mode most likely arises from
specific structural features and interactions (e.g. dipolar coupling,
hydrogen bonding, electron delocalisation, proton and charge transfer,

or supramolecular packing) within DPF3b fibrils allowing the emer-
gence of peculiar optical properties, such as red edge shifts.

Apart from REES, the observed autofluorescence Aex-Aem dependency
can also be attributed to multiple photoinduced intramolecular charge
transfer (ICT) and recombination between charged amino acids,
consequently impacted by (de)protonation of the amyloid core upon pH
variation [31,85]. This is not only in good agreement with the
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composition of predicted amyloid prone regions (AmylPRs) of DPF3b
enriched in polar and charged residues (Fig. S7), but also with the
recorded autofluorescence spectra of fibrillated DPF3b at the acidic and
basic conditions.

3.3. Effect of acidic pH on the autofluorescence properties of DPF3b fibrils

By lowering the pH to 2, 4, and 6, remarkable and comparable
spectral changes are noticed (Figs. 1A-C). The overall emission intensity
decreases with pH and the maximum Ay, is blue-shifted from 460 to 415
nm. The excitation leading to the emission maximum (415 nm) is found
at 330 nm (as well as 340 nm at pH 6). Such a large hypsochromic shift
in excitation and emission wavelengths indicates that DPF3b fibrils
placed in a more acidic environment preferentially exhibit a more en-
ergetic autofluorescence mode and transition from dbAF to a prevalent
VAF. After reaching the emission maximum, the autofluorescence in-
tensity rapidly tumbles, so much so that excitation beyond 380 nm only
leads to weakly fluorescent populations with barely distinguishable
bands. Furthermore, a second autofluorescence band of low quantum
yield appears from excitation at 350-360 nm and is even more evident
on the normalised spectra (Figs. 2A—C). The latter reveal that, contrary
to pH 8, Kasha’s rule is obeyed over a wider range of Aex (310-360 nm),
resulting in fixed emission at 415 nm. From 370 up to 450 nm, the
maximum Aep, is continuously shifted towards 525-527 nm.

Once more, regarding the Aoy values obtained at high excitation
wavelengths for acidified DPF3b fibrils, a novel autofluorescence mode
should be defined. Whilst vAF and dbAF are observed below 410 nm of
excitation, emission occurring between 480 and 530 nm rather corre-
sponds to blue-green autofluorescence (bgAF). Therefore, DPF3Db fibrils
in acidic conditions are characterised by a triple vVAF-dbAF-bgAF auto-
fluorescence mode, for which more energetic anti-Vavilov vAF-emitting
excited states coexist with a much weaker population of anti-Kasha-
Vavilov dbAF- and bgAF-emitting fluorophores.

Major vAF mode obeying Kasha’s rule suggests both (de)stabilisation
of REES-resistant ground and excited states, involving the release of
enclosed and/or interacting water molecules, as well as hindering of ICT
due to a modified charged state of the amyloid core, supported by the
variation of Poisson-Boltzmann electrostatic potential at the surface of
DPF3b (Figs. 4 and S4). By lowering the pH, DPF3b progressively be-
comes positively charged, especially towards the N-terminal region,
where most AmylPRs are found (Fig. S6). Amongst them, AmylPR-3 and
-4 are particularly enriched in Asp and Glu residues (Fig. S7). A similar
enrichment is observed in AmylPR-6, located in the C-terminal segment,
the protonation of which could also make DPF3b less permeable to
proton and charge transfer. Although little difference is observed be-
tween pH 6 and 8, this is consistent with DPF3b pl in its folded state
(6.09) close to pH 6. Nonetheless, the overall protein charge changes
from —9 at pH 8 to +4 at pH 6, which may be sufficient to alter the
optical properties of DPF3b fibrils. Furthermore, subtle changes in
lateral chain pKa accompanying the formation of the amyloid core, not
described by our DPF3b model, could also be at work. The steady
decrease of the autofluorescence emission with pH (Figs. 1A-C) appears
to be exacerbated by further gain in positive charge, increasing to +45
and +68 at pH 4 and 2, respectively. Consequently, increased proton-
ation of DPF3b AmylPRs seems to impair REES, ICT, and proton transfer
phenomena, hence enhancing vAF-emitting fluorophores at the expense
of dbAF and bgAF ones.

3.4. Effect of basic pH on the autofluorescence properties of DPF3b fibrils

Through the alkalinisation of the fibrillated DPF3b, the auto-
fluorescence fingerprints are once more substantially transformed
(Figs. 1E-F). The overall emission intensity is reduced and there is no
significant intensity difference between pH 10 and 12. Compared to the
other pH conditions, two majority bands of maximum A, appear at
around 375 and 425 nm upon excitation at 310 and 340 nm,
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respectively. The band at 375 nm also presents a shoulder near 420 nm.
Giving its less intense and red-shifted associated emission, excitation at
320 seems to act in the transition from the first to the second emission
maximum. Indeed, as better illustrated on normalised spectra, such
consistent bathochromic shift between the two maxima occurs within a
relatively short window of Aex (Figs. 2E-F). Furthermore, from the sec-
ond emission maximum, the intensity progressively decreases at higher
excitation wavelengths, with a brief pause for pH 10 at 370 and 380 nm
of excitation (Fig. 1E). Such decrease goes along with a continuous red-
shift against the Kasha’s rule up to an excitation of 430 nm, after which a
second ‘jump’ in the emission wavelength happens (Figs. 2E-F). The
latter corresponds to a change from a dbAF to a bgAF mode, as the
fluorescence is shifted to 508 and 520 nm after excitation at 440 and
450 nm, respectively. The extent of the bathochromic shift is also
significantly reduced in the dbAF region (Aex 380 to 430 nm).

One can appreciate that both emission maxima of DPF3D fibrils are
associated to VAF, the first one even existing at the limit of the violet
region. Albeit the dominant autofluorescence mode is also shifted to vAF
at low pH, the spectral behaviour at pH 10 and 12 can be distinguished
on the basis of its Aex-Aem dependency. In acidic conditions, VAF emis-
sions obey the Kasha’s rule, while it is infringed at basic pH. Basified
DPF3b fibrils thus display a triple anti-Kasha vAF-dbAF-bgAF regime
presenting a VAF prevalence, where emission maxima are localised, as
well as dbAF, because some dbAF-emitting populations are as fluores-
cent as VAF ones. Similarly to acidic pH, the fraction of bgAF fluo-
rophores is characterised by the lowest quantum yield. Overall, every
autofluorescence modes identified for fibrillated DPF3b in an alkaline
environment are also anti-Vavilov.

As evidenced by the Poisson-Boltzmann electrostatic potential map
of DPF3D, the protein becomes more negatively charged at pH 10 and 12
with a total charge of —26 and —80, respectively (Figs. 4 and S4). The
electrostatic potential of both N- and C-terminal regions containing
AmylPRs (Fig. S6) is impacted by raising pH, which is consistent with
their content of polar and positively charged residues. AmylPR-2 and 5
notably denote as to their depletion in negatively charged amino acids
(Fig. S7), likely relating to the spectral properties of DPF3b fibrils at
basic pH. Breaking of Kasha'’s rule is facilitated by REES, ICT, as well as
proton transfer reactions that can be hindered through changes in amino
acid charge state, as highlighted in acidic conditions.

However, Arg residues that are still protonated in the vicinity of
deprotonated Lys and/or Cys residues can probably also promote ITC
and excited state intramolecular proton transfer (ESIPT), manifested in
the form of the observed anti-Kasha behaviour, as well as emission
enhancement in the vAF mode. Nevertheless, lower autofluorescence
intensities could be attributed to some extent to the partial disruption of
H-bond networks between p-sheets and f-strands, resulting in a loss of
electron delocalisation. Furthermore, emission on IPF and ITF spectra
observed at pH 10 and 12 in the UVA-near-violet region (Figs. S3A and
S3E) can be provided by the major autofluorescence observed at Aex of
310 nm in such pH conditions. In this context, Trp-vAF emission over-
lapping is more than conceivable, which is supported by the relative
abundance of Trp, Lys, and Arg amino acids in AmylPR-2 and 7 (Fig. S7).

3.5. Excitation contributions to the autofluorescence of DPF3b fibrils at
pHS8

Contributions to DPF3Db fibrils autofluorescence were further inves-
tigated by scanning the emission wavelengths from 400 to 500 nm and
analysing the resulting excitation spectra. At the corresponding emission
maximum (460 nm), three main bands are uncovered at pH 8 (Fig. 3D).
The first one, displaying the highest intensity, is located at 232 nm and
has been assigned to peptide bond absorption [43,86]. The second
excitation band is detected at 285 nm, falling into the absorption region
of aromatic residues. The third one, corresponding to the main auto-
fluorescence component, appears at 398-400 nm, which is coherent
with the emission data (Fig. 1D). By transitioning from one
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Fig. 3. Autofluorescence excitation spectra of full-length DPF3b amyloid fibrils formed in TBS at ~20 °C (Cpprsp = 5 pM) and adjusted to pH values of (A) 2, (B) 4,
(C) 6, (D) 8, (E) 10, and (F) 12 upon emission ranging from 400 to 500 nm (400 < Aey, < 500 nm, sw = 10 nm); 400 (magenta), 410 (purple), 420 (dark blue), 430
(blue), 440 (light blue), 450 (turquoise), 460 (green), 470 (khaki), 480 (lime), 490 (ochre), and 500 nm (orange).

autofluorescence mode to another, excitation spectra undergo substan-
tial modifications. In the VAF region, fixing the emission at 400 nm, the
Aex of the peptide bond is slightly blue-shifted to 228 nm with respect to
the emission maximum, and its intensity is decreased. While the band
associated to aromatic residues is red-shifted to 293 nm, indicating that
VAF fluorophores more selectively excite Trp amino acids, that of
autofluorescence is blue-shifted towards 334 nm, confirming that vAF
emission requires higher activation energy.

As we enter the dbAF range, the most remarkable feature is the

emergence of a second autofluorescence band at 384 nm, which rapidly
becomes the dominating one up to Aep of 470 nm. What remains of the
VAF excitation component manifests in the form of a spectral shoulder at
higher emission wavelengths. Such transformation comes with the
further enhancement of the peptide absorption, as well as the hyp-
sochromic shift of the aromatic band, the latter suggesting a higher
contribution of Tyr residues to dbAF.

In addition, absorption of Phe residues in dbAF mode is difficult to
discern because of the spread of the peptide band. Nevertheless, band
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Negative
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Positive
+3 kgT/e)

Fig. 4. Mapping of the Poisson-Boltzmann electrostatic potential on the van der Waals surface of full-length DPF3b (MMsegs2-AlphaFold2 model) at pH values of 2,
4, 6 (up row, left to right), 8, 10, and 12 (bottom row, left to right). The electrostatic potential ranges from —3 kgT/e (red) to +3 kpT/e (blue). N- and C-termini of the

protein are indicated.

bulging near 250-260 nm can be related to the Phe excitation, which is
absent at VAF short-wavelength emission. The existence of a dual vAF-
dbAF mode, neatly distinguishable on emission spectra (Figs. 1D and
2D), of DPF3b fibrils at pH 8 is corroborated by the signature discrep-
ancies discussed in the section on the excitation spectra (Fig. 3D). On the
contrary, lower intensities and absence of spectral shifts at emissions
between 480 and 500 nm account for the absence of bgAF, which is
completely engulfed by the prevalent dbAF mode.

3.6. Effect of acidic pH on the excitation contributions of DPF3b fibrils
autofluorescence

As expected from the emission spectra (Figs. 1A-C), the auto-
fluorescence excitation associated with the VAF emission maximum
(415 nm) is shifted to lower wavelength, which is located at around 329
nm at pH 2 and 334-336 nm at pH 4 and 6 (Figs. 3A-C). The excitation
value is maintained until Ae, of 450 nm, after which the auto-
fluorescence band slowly shifts to the red up to a maximum Aey of
345-349 nm at the emission at 500 nm. Compared to pH 8, the bath-
ochromic shift appears relatively small with respect to the emission
range scanned.

Permanence of more energetic excited states in a short Ay window is
in good agreement with the prevalence of Kasha-obedient vAF mode for
acidified fibrils (Figs. 2A—-C), as well as the rapid decline of fluorescence
intensity beyond 340 nm excitation (Figs. 1A-C). While the position of
the autofluorescence band remains essentially unaffected, long-
wavelength emission is characterised by a marked decrease of the
band intensity, which partially accounts for the weakly dbAF- and bgAF-
emitting populations. Furthermore, bgAF minority mode arises from the
small spectral humps emerging at long-wavelength excitation from 480
nm of emission.

Interestingly, the peptide bond band is the component that is the
most impacted by acidification of DPF3D fibrils. Indeed, while a band is

clearly identified at 224 nm by fixing the emission at 400 nm, it becomes
more blurred as the emission wavelength is increased. This is particu-
larly true at pH 2, raising the noisiest far-UV signatures. At pH 4 and 6,
short-wavelength excitation features are more recognisable with the
band position progressively red-shifting from 215 to 217 nm to 236-240
nm by increasing the ey from 410 nm to 500 nm, along with an in-
tensity decrease. Such changes are arguably involved in the transition
from one autofluorescence mode to another, as well as in the observed
anti-Vavilov effects.

Regarding the aromatic band, a low absorption between 260 and
280 nm, identifiable by a local spectral depression, explains why auto-
fluorescence is barely detected on IPF and ITyrF spectra in acidic con-
ditions (Figs. S3A and S3C). In such context, engagement of Phe and Tyr
residues in autofluorescence is limited. However, the Trp excitation
band is detected at 294 nm with an appreciable intensity, especially in
VAF emission range, but is gradually extinguished by switching to dbAF
and bgAF modes. Conservation of Trp contribution nonetheless corre-
lates with the autofluorescence-mediated bimodal emission on ITF
spectra (Fig. S3E).

3.7. Effect of basic pH on the excitation contributions of DPF3b fibrils
autofluorescence

At the second emission maximum (425 nm), position of the auto-
fluorescence excitation band at 340 nm (Figs. 3E-F) is in good agree-
ment with the emission spectra (Figs. 1E-F). Such vAF emission is
associated with a spectral hump at 295 nm, corresponding to the ab-
sorption of Trp residues, as well as to a peptide bond excitation band at
233 nm of high intensity. Further examination of the peptide bond band
reveals a shoulder at 245 nm, the intensity of which raises by increasing
the Aem from 420 to 450 nm, so much so that it becomes the majority
band. Beyond emission at 460 nm, while remaining at 245 nm, the ab-
sorption of the peptide bond decreases, following the same trend as the
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autofluorescence band.

Such red-shift in the peptide bond band, being all the more
perceivable at pH 12 (Fig. 3F), is unique to alkaline conditions, and is
really coherent with the continuous anti-Kasha behaviour described for
emission spectra (Figs. 2E-F). Consequently, progressive transition from
VAF to dbAF (and bgAF) mode is predominantly triggered by the com-
bined and concomitant bathochromic shift of peptide bond and auto-
fluorescence excitation bands, the latter also progressively broadening

A

500
400
300
200

100

Fluorescence intensity (a.u.)

0
330 360 390 420 450 480 510 540 570 600
Wavelength (nm)
800 —310
—320
-~ —330
= 640 —340
< —350
= —360
Z —370
5 480
2 —380
A 390
S . 400
2 320
g —410
) —420
3 —430
= 160 —440
—450
0
330 360 390 420 450 480 510 540 570 600
Wavelength (nm)
700 —310
5560
§4ZO
= 280
g
g
2140
[
0
330 360 390 420 450 480 510 540 570 600

Wavelength (nm)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 313 (2024) 124156

to the red. Furthermore, their reasonably high intensity over an
extended range of Aey also allows for the coexistence of strong-emission
VAF and dbAF populations.

The contribution of the intrinsic fluorescence of aromatic residues is
mingled with the autofluorescence band at 400 nm of emission, which
likely explains the fluorescence enhancement, as well as the band
broadening observed on IPF and ITF spectra (Figs. S3A and S3E). The
shoulder-like feature of the autofluorescence band on these spectra also
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Fig. 5. Autofluorescence emission spectra of full-length DPF3a amyloid fibrils formed in TBS at ~20 °C (Cpprza = 5 uM) and adjusted to pH values of (A) 2, (B) 4, (C)
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originates from such aromatic absorption on excitation spectra. In the (Fig. S3C). The same applies to Phe residues, the contribution of which
dbAF-bgAF emission range, the aromatic band is more discernable at increased in dbAF and bgAF modes with the displacement of the peptide
283-285 nm, but decreases in intensity when Ap, increases from 460 to bond band position, accounting for the bathochromic shift of the second
500 nm. Whilst lower absorption intensity is coherent with weaker Tyr emission band observed on IPF spectra (Fig. S3A).

contribution compared to pH 8, the hypsochromic shift and reduction of
the spectral groove at 275 nm in long-wavelength emission are
responsible for the bimodal emission on ITyrF spectra at pH 10 and 12
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Fig. 6. Normalised autofluorescence emission spectra of full-length DPF3a amyloid fibrils formed in TBS at ~20 °C (Cpprsa = 5 uM) and adjusted to pH values of (A)
2, (B) 4, (C) 6, (D) 8, (E) 10, and (F) 12 upon excitation ranging from 310 to 450 nm (310 < Aex < 450 nm, sw = 10 nm); 310 (magenta), 320 (purple), 330 (dark
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3.8. Autofluorescence properties of DPF3a fibrils at pH 8

Similarly to DPF3b, the effect of pH on the autofluorescence of
DPF3a amyloid fibrils was assessed through the examination of the pe-
culiarities of its emission (Figs. 5-6). At pH 8, the fluorescence intensity
rapidly increases from Aex of 310 nm until it reaches an emission
maximum centred at 415 nm after illumination at 340 nm (Fig. 5D). At
longer excitation wavelengths (at higher Aey), the band intensity pro-
gressively decreases. As better evidenced in normalised spectra, such
intensity variation is accompanied by a relatively gradual and contin-
uous bathochromic shift of the emission band position (Fig. 6D). Indeed,
while some Kasha character is conserved between Ay of 310-330 nm,
DPF3a fibrils exhibit a progressively shifting triple vAF-dbAF-bgAF anti-
Kasha-Vavilov autofluorescence mode over the selected excitation
range. They switch from a dominant vAF (Aex 310-370 nm) to a weakly
fluorescent bgAF mode (Aex 430-450 nm) via an intermediary dbAF
population (Aex 380-420 nm).

Interestingly, the emission maximum of DPF3a fibrils is more blue-
shifted compared to that of DPF3b under the same fibrillation condi-
tions, going squarely from dbAF to vAF. Unlike DPF3b, DPF3a exhibits
detectable bgAF emissions in the long-wavelength range. Such differ-
ences indicate that the structurally distinct amyloid fluorophores were
formed during the course of fibrillation. Furthermore, these specific
structural features can explain not only the existence of the bgAF
emitters, but also the prevalence of DPF3a vAF at pH 8, accounting for a
larger fraction of high-energy fluorophores, in which, nevertheless, ICT,
ESIPT, and/or electron delocalisation are to some extent occurring
because of the Kasha’s rule violation observed at short wavelengths. The
overall anti-Kasha behaviour is also indicative of the photoselection of a
wide diversity of REES-generated fluorophores.

3.9. Effect of acidic pH on the autofluorescence properties of DPF3a
fibrils

Starting from Aex of 310 nm, the band intensity progressively in-
creases up to a maximum at Aep, of 413 and 410 nm (Aex 340 nm) for pH
2-4 and 6, respectively (Figs. 5SA-C). Illumination between 350 and 380
nm results in a steep decrease in the emission intensity, which is fol-
lowed by a strong extinction of autofluorescence signals in the 390-450
nm )\ range. Compared to pH 8, short-wavelength excitation leads here
to a slightly blue-shifted emission, corresponding to vAF, which does not
violate the Kasha’s rule over a broader excitation range, from 310 to
360 nm (Figs. 6A-C). Giving the maximum emission, impediment of
proton and charge transfer and recombination seems to be very
consistent with the formation of VAF populations resistant to REES,
similar to the DPF3b fibrils at low pH. Along with the emergence of
Kasha-obedient VAF emitters, one can appreciate that the overall spectra
intensity is decreased at further acidification of the DPF3a fibrils.

Such fluorescence extinction is likely associated with the
protonation-driven quenching of autofluorescence fluorophores also
due to the hindering of REES, ICT, ESIPT, and electron delocalisation
phenomena. Indeed, AmylPRs of DPF3a are particularly enriched in
charged residues (Fig. S8) and localise in the protein regions, for which
the computed Poisson-Boltzmann electrostatic potential shows the
greatest variability with pH, namely towards the N- and C-termini
(Figs. 8 and S5). From pH 6, there is an outright gain in positive charge,
rising from —6 (at pH 8) to +6, which is consistent with the calculated pI
of DPF3a in both its folded (6.58) and unfolded state (6.73). Further
acidification to pH 4 and pH 2 leads to a substantial total charge increase
to +48 and +72, respectively, exemplified by local and global enrich-
ment in positive charge on the Poisson-Boltzmann potential surface.
Given their relative contents of the Asp and/or Glu residues, as well as
their positions in the DPF3a sequence, AmylPR-1, 3, 4, and 6 might
therefore be involved in the formation of the photoselected fluo-
rophores, the further protonation of which results in the described
autofluorescence alterations. The same could be applied to the highly
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negatively charged APR-1, 2, and 7, if they were to be found in the
fluorescent core.

Strikingly, excitation at 390 nm leads to the broad emission band
overlapping the dbAF and bgAF regions (Figs. 6A-C). It seems to serve as
a switching point between autofluorescence modes of DPF3a, which is
especially true at pH 2 and 4, as this is the only occurrence of dbAF
emission over the scanned excitation wavelengths. This short-windowed
VvAF-to-bgAF transition manifests even more at pH 6, with a discernable
double emission band presenting two maxima at Ae of 449 (dbAF) and
482 nm (bgAF), respectively (Fig. 6C).

With respect to the bgAF fluorophores observed at acidic pH, they all
display an anti-Kasha-Vavilov spectral behaviour regardless of the pH
value. Their associated quantum yield is also significantly lowered
compared to pH 8, thus remaining the weakest-emitting population. In
that sense, it appears that REES-resilient vAF emitters are favoured upon
acidification, resulting in the abrogation of dbAF and reduction of bgAF
mode intensity. Consequently, the optical signatures of DPF3a fibrils
mediated by acidic pH present a dual vAF-bgAF mode characterised by a
short bimodal dbAF-bgAF transition of weak emission. While acidified
DPF3b fibrils also display a major vAF mode (Figs. 1A-C), they are
differentiated from DPF3a by the coexistence of several dbAF pop-
ulations (Figs. 2A-C).

3.10. Effect of basic pH on the autofluorescence properties of DPF3a
fibrils

Interestingly, alkalinisation of DPF3a fibrils leads to the less
distinctive spectral transformations than those of DPF3b (Figs. 5E-F).
Emission intensity progressively increases by illuminating from 310 to
340 nm up to an emission maximum centred at 420 nm (Aex of 340 nm).
Beyond such maximum, the fluorescence intensity progressively de-
creases with the excitation wavelength. In that sense, the overall trend,
being similar to that of pH 8, reveals that, compared to DPF3b, DPF3a
fibrils present some resistance towards alkaline conditions due to the
less base-sensitive structural features. Nevertheless, an overall decrease
in autofluorescence emission is observed on the spectra, irrespectively to
the alkaline pH. Such quantum yield reduction likely arises from charge
state modification, as well as some disruption of H-bond network within
DPF3a B-sheeted fibrils, thus partially impairing ICT, ESIPT, and/or
n-electron delocalisation. This tendency is better exemplified by the
relative abundance and distribution of positively charged amino acids in
DPF3a APRs and AmylPRs (Figs. S6 and S8), as well as by the Poisson-
Boltzmann electrostatic potential maps (Figs. 8 and S5), showing a
noticeable gain in negative charged residues for an overall protein
charge of —26 and —84 at pH 10 and 12, respectively.

Additionally, another difference compared to the initial growing
conditions is observed at short-wavelength excitation. Whilst Kasha-
obedient vAF populations were obtained at pH 8 after excitation in
the 310-330 nm range (Fig. 5D), basified DPF3a fibrils straightfor-
wardly display a continuous anti-Kasha behaviour (Figs. 6E-F), sug-
gesting the formation of new REES-permissive vAF fluorophores through
water-protein interactions and/or charge or proton transfer. Arg resi-
dues with still available protons in the vicinity of negatively charged
amino acids (Asp, Glu, and Cys) and Lys in DPF3a APRs/AmylPRs
(Fig. S6) could be the driving force of these more energetic anti-Kasha
populations. The same tendency was also shown for the DPF3b fibrils
in alkaline medium.

Furthermore, the shoulder at short-wavelength excitation becomes
more apparent near 380-390 nm (Figs. 5E-F), which is coherent with the
band broadening observed on DPF3a IPF and ITF spectra under the same
conditions (Figs. S3B and S3F). Trp-vAF emission presumably occurs due
to the spectral overlapping, as it is abolished at longer Aey, and further
supports the involvement of AmylPR-2 and 4, as well as APR-7 in the
DPF3a amyloid core given their closeness in the content of the Phe and
Trp residues (Figs. S6 and S8). Although leading to comparable effects,
such Trp-vAF fluorescence is dominant in DPF3b, which is not the case
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for DPF3a. This difference could originate from the compositionally
different APRs/AmylPRs and amyloid cores of the two DPF3 isoforms.
Indeed, DPF3a is more depleted in Trp residues than DPF3b, which
respectively contain two and five of them. DPF3b-associated AmylPRs
are also more enriched in aromatic amino acids, suggesting a greater
implication of Trp and Phe residues sensitive to alkalinisation in amyloid
autofluorescence, which consequently leads to the more prominent
contribution detected for basified DPF3b fibrils at 375 nm.

In a nutshell, by submitting DPF3a fibrils to basic pH, they exhibit a
triple anti-Kasha-Vavilov vAF-dbAF-bgAF mode, with the emission
maximum located at 420 nm after excitation at 340 nm. Populations
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emitting in the vAF region are favoured, REES-permissive, and partially
overlap with Trp-Phe fluorescence at short A.x. Whereas the quantum
yield of dbAF fluorophores is slightly enhanced with appreciable spectra
intensities, bgAF emitters remain the weakest in the long-wavelength
range.

3.11. Excitation contributions to the autofluorescence of DPF3a fibrils at
pH S8

Excitation spectra of DPF3a fibrils were also recorded at emission
wavelengths varying from 400 to 500 nm (Fig. 7). At the initial
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Fig. 7. Autofluorescence excitation spectra of full-length DPF3a amyloid fibrils formed in TBS at ~20 °C (Cpprsa = 5 pM) and adjusted to pH values of (A) 2, (B) 4,
(C) 6, (D) 8, (E) 10, and (F) 12 upon emission ranging from 400 to 500 nm (400 < Aep < 500 nm, sw = 10 nm); 400 (magenta), 410 (purple), 420 (dark blue), 430
(blue), 440 (light blue), 450 (turquoise), 460 (green), 470 (khaki), 480 (lime), 490 (ochre), and 500 nm (orange).
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Negative
(-3 kgT/e)

Positive
(+3 kgT/e)

Fig. 8. Mapping of the Poisson-Boltzmann electrostatic potential on the van der Waals surface of full-length DPF3a (MMseqs2-AlphaFold2 model) at pH values of 2,
4, 6 (up row, left to right), 8, 10, and 12 (bottom row, left to right). The electrostatic potential ranges from —3 kgT/e (red) to +3 kpT/e (blue). N- and C-termini of the

protein are indicated.

conditions, the major spectral component, corresponding to the
amyloid-related fluorescence, localises at 340 nm for a Aep of 410-420
nm (Fig. 7D), consistent with the emission scans (Fig. 5D). On the same
spectra, three other excitation bands can be seen. Two of them, found in
the UVC region (200-280 nm) at 227 and 245 nm, are associated with
the absorption of the peptide bond. The third band appears at 290 nm
and is assigned to the excitation of aromatic amino acids, particularly
Tyr and Trp. Existence of a bimodal peptide absorption could be indic-
ative of geometrically peculiar amide bonds forming over the course of
DPF3a fibrillation and persisting within its aggregated structure [26].

Switching from one autofluorescence mode to another is accompa-
nied by subtle changes in the obtained signatures. Transition from vAF
to dbAF results in the decrease of the band at 227 nm, the increase of the
second UVC band, red-shifting to 248 nm, as well as in the emergence of
a shoulder near 410 nm of Ae. In addition, the autofluorescence exci-
tation band gradually red-shifts to 350 nm and decreases in intensity.
Whilst the absorption at the aromatic band happens to be also reduced,
on the contrary, it undergoes a hypsochromic shift to 285 nm. By
emitting to higher wavelengths, up to bgAF, the second peptide-related
contribution and the autofluorescence shoulder towards 410 nm become
concomitantly more pronounced at the expense of the first peptide ab-
sorption and autofluorescence bands, progressively decreasing. The
band intensity of aromatic residues is further decreased, while remain-
ing at 285 nm. In good agreement with emission spectra (Fig. 5D),
overall high intensity of excitation spectra accounts for the prevalence of
VAF populations.

In addition, it appears that dbAF and bgAF modes are not only sus-
tained by photoselecting new emitters at 410 nm, but they also favour
Tyr excitation over Trp, which is coherent with the position of the
autofluorescence band on DPF3a ITyrF spectrum at pH 8 (Fig. S3D).
Although the bathochromic shift of the peptide absorption band also
participates in the transition from vAF to dbAF and bgAF, its lower
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intensity is notably responsible for the limited emission of the two latter
modes, which is especially true for bgAF fluorophores. The same applies
to the other aromatic and autofluorescence contributions, yielding
weakly intense excitation bands in the long-wavelength emission range.
Continuous variations in band position and intensity are also coherent
with the anti-Kasha-Vavilov behaviour on emission spectra (Fig. 5D).

3.12. Effect of acidic pH on the excitation contributions of DPF3a fibrils
autofluorescence

As for the acidified DPF3Db fibrils (Figs. 3A-C), excitation spectra are
mostly impacted at the level of the peptide bond and autofluorescence
contributions (Figs. 7A-C). Whereas the peptide bond band is blue-
shifted towards 212-217 nm between 400 and 470 nm of emission, it
decreases in intensity and becomes less and less discernable as the
emission wavelength increases. Such hypsochromic shift likely origi-
nates from the protonation-driven disruption of the amide bond geom-
etry, and participates in the enhancing of Kasha-obedient vAF mode
(Figs. 5A-C and 6A-C). It can be pointed out that, over the same range of
hem, @ small excitation shoulder is visible at approximately 233 nm at pH
6, which may be one of the reasons why the bimodal dbAF-bgAF tran-
sition is more clearly defined on the associated emission spectra
(Fig. 6C). Furthermore, bgAF emissions (Aey 480-500 nm) manifest
through the steady bathochromic shift of the peptide bond band up to
250 nm.

As expected from the extension of emissions obeying the Kasha’s
rule, the main autofluorescence contribution is not characterised by any
significant shift in band position over the range of scanned Aem
(400-500 nm) and is maintained between 338 and 340 nm at pH 2, 4,
and 6, showing that protonation causes persistence of more energetic
excited states predominantly associated to VAF emission. The steep
decrease observed in emission intensity past 340 nm of excitation, as
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well as the absence of the defined dbAF mode in acidified DPF3a fibrils
can be explained by such conservative behaviour of a vAF-related
excitation band position over an extensive range of Aep. On the other
hand, the apparition of bgAF populations, observed from A¢x of 390 nm
on emission spectra, is most notably a corollary of the tenuous second
autofluorescence contribution at 415-420 nm, exclusively occurring in
the long-wavelength emission range. Along with the changes in the
peptide bond absorption, such spectral hump is responsible for the short-
windowed vAF-to-bgAF transition (Figs. 6A-C).

With respect to the absorption band of aromatic residues, it presents
a hypochromic effect and a slight bathochromic shift from 289 to 293
nm the higher the emission wavelength, indicating that weakly emitting
dbAF and bgAF fluorophores more selectively excite Trp residues.
Nonetheless, Trp also participates prevalently in vAF emission, as evi-
denced in both excitation (Figs. 7A-C) and ITF spectra (Fig. S3F). Higher
Trp contribution compared to Phe and Tyr residues is further supported
by the large spectral groove observed between 260 and 280 nm,
corroborating the overall extinction of the vAF band on IPF and ITyrF
spectra at acidic pH (Figs. S3B and S3D). Coherently with emission
spectra (Figs. 5A-C), the lower the pH, the weaker the excitation signals.
Overall decrease in fluorescence intensity beyond the emission
maximum mainly accounts for the observed anti-Vavilov effect on
emission spectra.

3.13. Effect of basic pH on the excitation contributions of DPF3a fibrils
autofluorescence

At the emission maximum (420 nm), the excitation spectra of basi-
fied DPF3a fibrils exhibit four bands (Figs. 7E-F) the positions of which
are comparable to that at pH 8 (Fig. 7D). The band of the peptide bond
possesses a maximal intensity at 230 nm, as well as a noticeable shoulder
at 248 nm. The aromatic band is located at 290 nm, whereas the auto-
fluorescence one reaches its maximum at a Aey of 343 nm, which cor-
relates well with the emission data (Figs. 5E-F). At lower Agp, in the VAF
region, the shoulder is reduced in favour of the first peptide bond
contribution, and the intensity of the autofluorescence band is
decreased; with the exception of the aromatic band, all the contributions
are also slightly blue-shifted. This appears to be coherent with the for-
mation of more energetic fluorophores at short-wavelength excitation-
emission, which is characteristic of the vAF emitters.

Starting from the emission maximum, increase in Aey results in a
gradual bathochromic shift of the peptide bond and autofluorescence
excitation bands. Remarkably, transition from vAF to dbAF mode at 440
nm is triggered by the switch in the majority peptide bond contribution,
that is, from 230 to 248 nm. Compared to pH 8, alkalinisation enhances
the second peptide bond contribution in long-wavelength emission,
which is presumably due to changes in the amide group geometry of
dbAF and bgAF fluorophores. Regarding autofluorescence, its associated
band undergoes a red-shift up to 366 nm along with a steady spectral
broadening to higher excitation wavelengths, as well as an intensity
decrease. In contrast to acidic conditions, such base-mediated band shift
and broadening towards the long-wavelength excitation range reflects
the coexistence of the dbAF and bgAF modes of appreciable intensity
with the vAF mode in emission spectra (Figs. S5E-F). This mechanism is
concomitantly promoted by the switch in peptide bond absorption.

The absorption of aromatic residues of fibrillated DPF3a is also
subject to modifications at pH 10 and 12. By progressing from vAF to
dbAF and bgAF, the aromatic band is blue-shifted from 290 to 282 nm.
Interestingly, the same tendency was observed for basified DPF3D fibrils
and is indicative of a higher contribution of Tyr over Trp residues.
Furthermore, reduction of the spectral depression at 270-275 nm en-
hances Tyr-promoted dbAF, hence manifesting as the red-shifted
bimodal emission on ITyrF spectra in basic conditions (Fig. S3D). Such
optical behaviour has also been detected in IPF spectra (Fig. S3B), which
particularly arises from the increased Phe involvement in dbAF and
bgAF emissions due to the bathochromic shift of the peptide bond band.
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Therefore, the continuous violation of Kasha’s rule described in emis-
sion spectra (Figs. 6E-F) finds its origin in such changes in the peptide,
aromatic, and autofluorescence components, while fluctuations in the
fluorescence intensity amongst the various excitation bands account for
the anti-Vavilov effect.

Amide bond deformation, as well as change in its geometry and
communication have been proposed as an influencing factor of protein
and peptide aggregate autofluorescence [26]. Therefore, spectral
transformations occurring in the far-UV range on excitation spectra, in
other words alteration of the peptide bond absorption, are in all likeli-
hood an indicator of the peptide/amide bond geometrical distortions,
induced here by modification of the hydrogen bond network due to pH.
Such variations possess a non-negligible impact on the mode and
quantum yield of autofluorescence populations, as evidenced on exci-
tation spectra of DPF3b fibrils in diverse pH conditions (Fig. 3), hence
helping to some extent to the overall intensity decrease of auto-
fluorescence excitation, as well as to the shift in autofluorescence mode.

In the case of DPF3a fibrils, the importance of the far-UV range ab-
sorption of the peptide bond is emphasised once again by the definition
of their optical properties (Fig. 7). (De)protonation-driven perturbation
of the amide bond geometry along with photoselection of aromatic
residues are determinant for the mode and quantum yield of auto-
fluorescence. Strikingly, DPF3a excitation spectra unveil that, regardless
of the pH condition, the autofluorescence band at the emission
maximum remains the dominant contribution with respect to the pep-
tide bond absorption, which was not the case of DPF3b fibrils. Such
discrepancy in spectral response is informative about the components
establishing the optical activity of DPF3 fibrils, as well as isoform-
specific structural features in their respective amyloid core.

3.14. Contribution of room temperature phosphorescence to DPF3b and
DPF3a fibrils autofluorescence

Along with its unique fluorescence properties, Trp amino acid has
also been reported to emit persistent luminescence in the visible range,
which is remarkably measurable even in the dissolved liquid phase at
room temperature [87]. Such phenomenon is commonly referred to as
room temperature phosphorescence (RTP) and manifests in proteins
after illumination with both UVB and UVA, as well as with blue light
from the micro- to the second timescale [88]. Therefore, RTP of Trp in
the UVB (Aex of 295 nm) and longer wavelength excitation range (Aex of
400 and 450 nm) has been investigated to determine if their intrinsic
phosphorescence can to some extent account for the autofluorescence
signatures, especially bgAF emission, which have been described and
detailed so far.

In each tested pH condition and regardless of the autofluorescence
mode, DPF3b and DPF3a amyloid fibrils both exhibit very short-lived
Trp RTP (Figs. S9 and S10), with lifetimes in the (sub)microsecond
range (Table S1), which relates to very weak phosphorescence emission.
Such lifetime shortening is due to the rapid depopulation of the triplet
excited state through nonradiative relaxation and quenching effects. Trp
RTP is notably known to be significantly quenched by oxygen in air-
exposed water concentration and several amino acid side chains, such
as Cys, Tyr, and His. In addition, long-lived Trp RTP has been shown to
correlate with the burial state of Trp residues in proteins [89,90].

Therefore, it is most likely that the strong extinction of Trp RTP
observed for DPF3b and DPF3a fibrils is not only induced by the partial
exposure of their Trp residues to the air-oxygenated solvent, as evi-
denced by ITF spectra (Figs. S3E and S3F), but also by Cys, Tyr, and/or
His amino acids proximal to Trp residues in their primary structure
(Fig. S6). Although detected, RTP associated to Trp and long-wavelength
excitation thus do not contribute to DPF3 amyloid autofluorescence, and
more particularly to the emergence of weak bgAF emitters, because of
the very short RTP lifetime and intensity.
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3.15. pH-dependent autofluorescence red edge shift plots of DPF3b and
DPF3a fibrils

In-depth description of the optical properties of the two fibrillated
DPF3 isoforms in the UV-visible range, as well as their response to pH
variation has allowed to refine the autofluorescence nomenclature into
different modes and to highlight REES-mediated anti-Kasha behaviours.
Deeper understanding of such unique spectral signatures can be ach-
ieved through the construction of red edge shift plots, consisting in the
evolution of the maximum autofluorescence emission wavelength,
determined from the emission data (Figs. 1, 2, 5, and 6) as a function of
the excitation wavelength (Fig. 9).

Red edge shift trends are visually evocative between isoforms and
further exemplify how they differently react spectroscopically to
changes in the medium conditions. At the initial aggregating conditions,
DPF3b amyloid fibrils display a discontinuous dual vAF-dbAF auto-
fluorescence mode (Fig. 9A). Albeit some blue-green emission was
recorded at long-wavelength excitation, its very weak and noisy signal
proved insufficient to discriminate a true bgAF population (Figs. 1D and
2D). The aforementioned discontinuity is marked by the existence of two
plateaux, the first one in the VAF region at short-wavelength excitation,
the other over a more extended Aex range during dbAF emission. Such
plateaux are indicative of the photoselection of emitters obeying the
Kasha’s law over a defined excitation range, which particularly char-
acterises most of the dbAF fluorophores.

In comparison, DPF3a fibrils at pH 8 harbour a discontinuous triple
VvAF-dbAF-bgAF autofluorescence mode, presenting a single and short
Kasha plateau at short-wavelength excitation in VAF (Fig. 9B). Apart
from displaying a proper bgAF mode in the long-wavelength excitation,
they further differentiate themselves from DPF3b aggregates by their
entirely anti-Kasha dbAF population. DPF3a is also characterised by the
photoselection of VAF fluorophores over a wider range of excitation
wavelengths compared to DPF3b.

At acidic pH, DPF3b exhibits a discontinuous triple vAF-dbAF-bgAF
autofluorescence mode with a single but longer plateau obeying the
Kasha’s rule at the low-wavelength excitation in the VvAF region
(Fig. 9A). While the extent of REES is significantly reduced for vAF
emitters, it is on the contrary enhanced over the course of the vAF-to-
dbAF transition, as well as in the dbAF mode, the evolution of which
is almost linear. Such REES promotion subsequently results in the gen-
eration of bgAF populations with the long-wavelength excitation, which
was not observed at pH 8 due to the dominance of the dbAF fluorophores
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obeying the Kasha’s rule.

Interestingly, a comparable tendency is unveiled on the red edge
shift plots of DPF3a in acidic conditions (Fig. 9B). Obedience of Kasha’s
law is indeed extended to longer excitation wavelengths in vAF mode
due to the protonation-mediated impairment of REES, charge and/or
proton transfer. This reveals that acidification promotes the formation of
the optically similar vAF fluorophores between isoforms, which are not
only found at the same emission values, but they are also much alike in
terms of Kasha-obeying behaviour. However, at longer excitation
wavelengths, the fluorescence response noticeably differs. Whilst tran-
sition from dbAF to bgAF mode adopted some linearity for DPF3b, acidic
conditions not only abrogate the formation of dbAF emitters, but also
generate VAF and bgAF modes that are well separated. Whereas REES
could be at play, photoselection of two distinct optically active pop-
ulations seems more probable. In that sense, protonation of DPF3a ap-
pears more restrictive in terms of fluorophore modulation, as well as
more efficient in REES suppression thanks to a compositionally different
amyloid core.

Upon alkalinisation, the red edge shift trends undergo less pro-
nounced transformations for the two isoforms. In both cases, they
display an overall anti-Kasha triple vAF-dbAF-bgAF autofluorescence
mode, the evolution of which is relatively close to pH 8. Lower emission
maxima (Aex of 310-320 nm) at the limit of the violet spectral range
originate from Trp-vAF overlapping fluorescence. Furthermore, dbAF
fluorophores deviate from Kasha’s rule the more basic the pH, hence
allowing the formation of a detectable bgAF mode. REES is also pro-
moted for DPF3a at pH 10 and 12, as evidenced by the dotted curves
slightly shifted to longer Aemy (Fig. 9B).

Once more, such autofluorescence fingerprints are particularly
revealing about the fibril identity of each DPF3 isoform. Although the
discrepancy in emission values and fluorophores populating each active
autofluorescence mode is remarkable because of the structurally and/or
compositionally distinct amyloid cores, comparable REES enhancement
most likely arises from the similar alkalinisation-mediated effects due to
the conservation of amino acids presenting identical physico-chemical
properties in the fibrillar assembly. The same reasoning can be applied
to the acid-generated vAF fluorophores of DPF3b and DPF3a aggregates.

Complementarily, the autofluorescence excitation band can be
extracted from the excitation spectra (Figs. 3 and 7) with respect to the
scanned emission wavelength in order to better appreciate their pho-
toselectivity, as well as REES permittivity. These excitation red edge
shift plots, corresponding to the evolution of the maximum
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Fig. 9. Red edge shift plot of the maximum autofluorescence emission wavelength (Aem, max) as a function of the excitation wavelength (Aex) of full-length (A) DPF3b
and (B) DPF3a amyloid fibrils formed in TBS at ~20 °C (Cpprz = 5 uM) and adjusted to pH values of 2 (black), 4 (blue), 6 (red), 8 (green), 10 (purple), and 12
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autofluorescence-related excitation wavelength as a function of the
autofluorescence emission wavelength, also reveal evocative pH de-
pendency and isoform specificity (Fig. 10). At the initial growing con-
ditions, the excitation wavelength of DPF3b fibrils remains relatively
constant in the VAF region before consequently increasing upon
switching to dbAF (Fig. 10A). Throughout dbAF and bgAF modes, less
variation is observed, and the excitation position appears rather steady.
Regarding DPF3a at pH 8, the vAF-to-dbAF transition is contrarily
characterised by a progressive increase in the maximum Ay, the leap of
which only occurs by entering the bgAF region (Fig. 10B). Such ten-
dencies further advocate for the emergence of distinct autofluorescence
emitters from structurally different isoform-specific fibrils.

For the two fibrillated isoforms, lowering the pH results in a sub-
stantial decrease of their excitation maximum, as well as in hindering of
the excitation red-shift. Considering DPF3b, the excitation maximum
position is not displaced in vAF mode, whereas it slightly and gradually
increases during the transition to the dbAF and bgAF regions. Such A
restriction is even more extensive for acidified DPF3a fibrils, the exci-
tation maximum of which remains overall constant irrespectively to the
selected autofluorescence emitter. In that respect, the suppression effect
of the DPF3a acidification on REES is really consistent with the imper-
turbability of the excitation maximum throughout all the emission scan,
supporting that other contributions, such as peptide bond absorption
(Figs. 7A-C), are responsible for the change in autofluorescence mode.

Alkalinisation of DPF3b fibrils singularly impacts their excitation red
edge shift plots (Fig. 10A). While illumination of vAF emitters occurs
according to a progressive increase in the Aex for the two basic condi-
tions, the profile of the latter diverges within the dbAF region. Indeed, at
pH 10, the tendency is much alike to that of pH 8, with an important
increase in the excitation maximum, followed by a plateau from dbAF to
bgAF transition. Comparatively, the excitation maximum pursues its
gradual increase throughout the dbAF range at pH 12 and only reaches
an excitation plateau in the bgAF mode. Because these variations are far
less reflected in the emission data, they may be partially levelled by
other excitation contributions, particularly the major bathochromic
shifts noticed for the peptide bond excitation band at both pH 10 and 12
(Figs. 3A-B).

For DPF3a, excitation red edge shift plots at basic pH (Fig. 10B) agree
well with the corresponding emission plots (Fig. 9B). Indeed, their trend
is fairly similar to that of pH 8, and the anti-Kasha behaviour is coherent
with the steady increase in Aex with a bigger gap towards the dbAF-to-
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bgAF transition. An overall red-shift of the maximum excitation wave-
length is also observed throughout the scanned emission range, ascer-
taining the REES-enhancer effect of deprotonation on DPF3a fibrils.

4. Conclusions

The two isoforms of the zinc finger protein DPF3, known as DPF3b
and DPF3a, have recently been identified as new amyloidogenic IDPs.
Amongst their typical amyloid spectroscopic fingerprints, they both
exhibit a new intrinsic fluorescence in the visible range over the course
of their fibrillation. Such phenomenon is mainly referred to as blue or
deep-blue autofluorescence in the literature and has been reported for
various (non)-amyloid protein and peptide species. Although several
factors have been suggested to alter and contribute to deep-blue auto-
fluorescence, its referential use is still overlooked and the elucidation of
its genesis in fibrillar assemblies remains elusive, which is especially
true for DPF3. In the present study we sought out therefore to enhance
our comprehension of the physico-chemical origins of autofluorescence
in DPF3 isoform fibrils, as well as to assess their pH-dependent optical
modulation and sensitivity towards a better appreciation of such unique
intrinsic fluorescence for the characterisation of amyloid aggregates.

Based on our results, we first and foremost proposed to redefine the
nomenclature of the autofluorescence phenomenon by classifying it
according to the wavelength ranges of the visible electromagnetic
spectrum in which it occurs, as well as by assigning new auto-
fluorescence modes and transitions through a complete description and
cross-check of emission and excitation data. Upon illumination in the
UV-visible range and in a pH-dependent manner, we have unravelled
that fibrillated DPF3 isoforms can either exhibit violet (VAF, Aem
380-440 nm), deep-blue (dbAF, Ay 440-480 nm), or blue-green auto-
fluorescence (bgAF, Aem 480-530 nm). Behaviour within modes could be
described as anti-Kasha-Vavilov depending on the existence of fluores-
cence populations obeying or not the Kasha’s and Vavilov’s rules.
Through spectroscopy characterisation and the use of this new nomen-
clature, we were able to discriminate the spectral response of DPF3b and
DPF3a fibrils towards pH variation, further suggesting that the two
mostly aggregate into structurally distinct fibrils.

Discrimination of isoform-specific optical features was deepened by
the construction of emission and excitation red edge shift plots. Such
representations not only helped to the visualisation of autofluorescence
modes and transitions, but also to the highlighting of spectral tendencies
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(green), 10 (purple), and 12 (yellow). Red edge shift trends are represented as dotted lines in the pH-associated colour. On each plot, the range of identified
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which are unique to each DPF3 isoform. It allows a more complete
description of their autofluorescence populations and a better under-
standing of their photoselection mechanism. Our results thus advocate
for the emergence of distinct autofluorescence emitters from structurally
isoform-specific fibrils, which can be photoselectively illuminated
thanks to their unique excitation-emission properties.

Throughout this research work and by drawing on the literature,
several phenomena were suggested for explaining such pH variations.
Anti-Kasha response was mainly attributed to REES arising from the
slow dipolar relaxation of water molecules enclosed within the fibril
structure, and the extent of which can be reduced through the pH-
mediated release of water molecules. Complementarily, REES permit-
tivity and violation of Kasha’s rule are likely heavily impacted by ICT,
ESIPT, and charge recombination within the amyloid core. Indeed, such
electronic mechanisms can be either enhanced or impaired by the (de)
protonation of charged and polar amino acids constituting the fibrillar
structure, which have been found to be enriched in predicted AmylPRs
and APRs of the two DPF3 isoforms.

As remarkably evidenced at the level of the peptide bond absorption
band on excitation spectra, deformation of the amide bond geometry
and change in its H-bond communication contribute to the observed
anti-Vavilov effect and to transition between autofluorescence pop-
ulations. Disruption of H-bond-aided n-electrons delocalisation through
the p-strands and B-sheets interaction network are also much likely to
intervene in the (de)stabilisation of ground and excited states, leading to
the various pH-dependent Kasha-Vavilov behaviours. Charge transfer
from N- to C-termini can also contribute to autofluorescence and should
not be excluded in our picture, as it is presumably altered with respect to
the pH. Although specific DPF3b and DPF3a autofluorescence-relevant
AmylPRs and APRs have been emphasised due to their compositional
bias and position with respect to the electrostatic potential maps, their
contribution, as well as that of other predicted AmylPRs and/or APRs
need to be experimentally verified and explored by carrying out ag-
gregation autofluorescence assays on selected DPF3 segments.

Because amyloid fibrils are highly subject to polymorphism, which is
still poorly characterised by spectroscopic meanings, investigation
needs to be carried out, notably by assessing the influence of several
physico-chemical parameters on the aggregation mechanism of the two
DPF3 isoforms. Thus, one can expect the advent of factor-driven
morphological diversity, which will also be reflected in the auto-
fluorescence fingerprints. For instance, we have already proved by
combining spectroscopic and microscopic techniques that the optical
activity of DPF3 fibrils is intimately linked to its amyloid structure, and
that divalent metallic cations were capable of altering both in a corre-
lating manner. This question of fibrillar polymorphism could also be
further addressed in other better known amyloidogenic proteins by the
use of our fluorescence methodology.

In a nutshell, this study showed that fibril optical properties can be
modulated through pH variation to reveal (de)protonation-driven
modifications of amyloid cores, which may be structurally relevant and
informing about the factors that actively participate in such fluores-
cence. Whilst the photophysics of amyloid aggregates is likely hetero-
geneous and intricate, there is still much to learn from their intrinsic
optics. Therefore, we particularly think that amyloid-related auto-
fluorescence phenomena observed in diverse amyloidogenic protein and
peptide systems should be further investigated by the combined and
cross-checked analysis of the emission-excitation spectra, auto-
fluorescence modes and transitions, as well as red edge shift plots in
selected conditions. = Complementarily, time-resolved photo-
luminescence studies could also prove to be very insightful. This will not
only help discriminating distinct fibrillar aggregates based on their
optical-structural property relationships, but also deciphering the ori-
gins of autofluorescence in such pathologically-significant macromo-
lecular assemblies.
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