Blue autofluorescence in protein aggregates “lighted on” by UV induced oxidation.
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Abstract

Oxidation of amino acid side chains in protein structure can be induced by UV irradiation leading

to critical changes in molecular structure possibly modifying protein stability and bioactivity.

Here we show, by using a combination of multiple spectroscopic techniques and Fluorescence
Lifetime Imaging, that UV-light exposure induces irreversible oxidation processes in Ubiquitin
structure. In particular, the growth of a new autofluorescence peak in the blue region is detected,
that we attribute to tyrosine oxidation products. Blue autofluorescence intensity is found to
progressively increase also during aggregation processes leading to the formation of aggregates of

non-amyloid nature.

Significantly, analogous spectral modifications are found in amyloids fibrils from human insulin
and Amyloid-B peptide grown under UV exposure. Experimental results reveal a substantial
overlap between the fluorescence signal here attributed to tyrosine oxidation and the one
referred in literature as “Amyloid autofluorescence”. These findings clearly represent a caveat
about the specificity of the blue fluorescence peak measured for amyloids, especially when grown

in conditions in which tyrosine residues may be oxidized.

Moreover, our results once again highlight the close link between the formation of amyloid
aggregates and protein damages resulting from oxidative stress, as these neurotoxic aggregate

species are found to contain damaged residues.



Introduction

During their biological lifetime, proteins are frequently subjected to oxidation processes which
may result in native structure damages, from backbone cleavage or protein crosslinking to subtler
modifications such as side chain oxidations:. These modifications are involved in many aspects of
cellular functions and result in the diversification of protein conformation, stability and protein-
protein interactions 2. Oxidation processes have been related to aging and to other pathologies
being involved as a pathogenic mechanisms in neurodegenerative disorders like Alzheimer’s and
Parkinson’s disease? and in many chronic diseases such as cancer, arthritis, cardiovascular
diseases, diabetes3* .0On the other hand, these modifications have also found to be implicated in
regular function of cells as for example in cell signalingss.

Protein oxidation is known to be promoted by several factors: reactive oxygen species (ROS);
ionizing radiations (X-rays, y-rays, ultraviolet-light); activation of neutrophils and macrophages;
oxidase-catalyzed reactions; lipid peroxidation and glycation/glycoxidation reactions’s>.

Among effectors inducing oxidation, ultraviolet (UV) light deserves special consideration as most
living systems are continuously exposed to sun-light. The solar UV radiation spectrum
(wavelengths 100-400 nm) includes UVC (<280 nm), UVB (280-320 nm) and UVA (320-400 nm).
Interestingly, it was shown that UVA radiation may interact with photosensitive molecules in
cellular environment e.g. DNA, lipids and proteins and it is also responsible for generating ROS
species®. The interest on the effects of UV-induced oxidation on the structure and function of
proteins has increased in recent years, both for its pharmaceutical implications, as many protein-
based drugs were found to be damaged from light, and for its medical consequences, as for
example the exposure to UV component of solar radiation may cause physiological damages to
skin. Direct photo-oxidation arising from the absorption of light by protein chromophores or

complex phenomena mediated by UV- light may occur* which have to be elucidated together with
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their consequences. Knowledge on molecular mechanisms involved in tissues responses to UV
irradiation may provide useful insights on understanding skin-aging and provide new tools to
develop therapeutic strategies against it.

Photochemical reactions induced by UV irradiation on proteins have as main target the aromatic
(tryptophan, tyrosine, phenylalanine) and cysteine residues2. UV irradiation may induce
tryptophan oxidation to form N-formylkynurenine, tyrosine oxidation to form 3,4-
dihydroxyphenylalanine (DOPA), oxidation of leucine resulting in the formation of various
hydroxyleucines, histidine oxidation to form aspartate or asparagine, and methionine oxidation to
form methionine sulfoxide. These residues can be modified in different rates and in dependence
on protein structure and this may lead to changes in secondary and tertiary structure of proteins,
in their stability, bioactivity, and immunogenicity?21213,

Oxidation reactions can also mediate both intramolecular and intermolecular cross-linking of
peptides and proteins, as it is in the case of dityrosine formation, which has been proposed as an
important marker of oxidative stress 41516, Dityrosine is formed by covalent photochemical linkage
between two proximal tyrosine residues; its formation leads to the appearance of a characteristic
fluorescence band, not observed in standard tyrosine samples, with excitation/emission maxima
at around 320/400 nm7, Moreover, the oxidation of tyrosine to DOPA, leads to the appearance
of another peak in UV region with excitation/emission maxima at around 370/450 nm 181,
Functional consequences of these modification have been observed and interestingly the
formation of dityrosine was suggested to play an important role in assembly and toxicity of a-
synuclein in PD2,

Recent studies on Human Insulin samples have shown that UV light irradiation induces significant
changes in protein conformation which affects the hormone’s structure and bioactivity?:. Observed

damages include tyrosine oxidation, insulin dimerization, disulphide bond disruption, secondary



and tertiary structure changes, and loss of biological function2:. Interestingly, it was found that UV-
light readily induces dityrosine formation in a-synuclein strongly affecting its amyloid formation
mechanisms?.

We report here an experimental study focused on the effects induced by UV radiation on proteins,
in particular focusing on the UV- induced reactions in Ubiquitin (UBQ). We observed changes
induced by UV stress on UBQ during its aggregation process highlighting light induced

modifications.

UBQ is a small protein that plays a central role in intracellular proteolysis in eukaryotesz. It
consists of a single polypeptide chain of 76 amino acid residues. This protein is ubiquitous in
eukaryotes and highly conserved among species?. UBQ has been widely used as a model protein in
the field of protein chemistry, for its unique physicochemical and biological properties.
Importantly, for this study, its sequence is characterized by the presence of a unique Tyr residue,
and by the absence of tryptophans and of disulphide bonds thus constituting a perfect system to
single out, among the different processes brought about by UV irradiation on proteins, the
oxidative effects on tyrosines2,

UBQ targets damaged proteins destined for degradation through the multi-enzymatic complex of
the proteasome, the dysfunction of degradation mechanisms has been reported in the
pathogenesis of some diseases, certain malignancies, neurodegenerative disorders, and
pathologies of the inflammatory immune response??. Interestingly, a relation between structural
and stability modifications»2 due to oxidative damages was suggested to be involved in these
disorders even if a clear picture has not been reached yet.

In this experimental study, we achieved UV irradiation of UBQ sample in solution by using the

Xenon lamp of a spectrofluorometer during kinetic measurements. This allows to select specific



wavelength, to control exposure time and to simultaneously monitor the occurring changes.
Modifications were observed in conditions promoting the aggregation of the protein.

In the presented conditions UV-irradiation leads to a change in the fluorescence signal, in
particular the formation of a new band in the range 350-550 nm was observed, consistently with
data reported in literature for the oxidation products of tyrosine residues?.22,

Interestingly, we observed analogous oxidative effects following UV exposure for other proteins
and peptides, such as human insulin, and AB (1-40) peptide, but not for Bovine Serum Albumin
(BSA). UBQ, insulin and AR peptide sizably differ in structure and conformation, but they are all
characterized by the absence in their sequence of Tryptophan residues, which, as known, absorb
UV light in the same region of tyrosines and are able to quench tyrosine fluorescence. Therefore,
the similarity of the effects observed for these different proteins and their absence in BSA, which
has two tryptophans, strongly indicate a specific role of Tyrosine residues in the observed
phenomenon. Moreover, the spectral features of the newly “lighted on” blue autofluorescence in
UBQ amorphous aggregates formed and in amyloid aggregates from insulin and AB (1-40) peptide,
substantially overlap (both in terms of spectral range and lifetime distribution) with the one that

was recently attributed to intrinsic fluorescence of amyloid structures.



Results and discussion

In this study we report spectroscopic analysis of modification of UBQ under UV exposure induced
by excitation light from a standard fluorimeter during kinetic measurements.

In figure 1 a) the time evolution of fluorescence emission spectra of 0.5 mg/ml UBQ incubated at
60°C, for 24 hours, is reported. Spectra were acquired every 20 minutes with continuous excitation
at 275 nm. Figure 1b) reports UBQ fluorescence emission spectra measured at room temperature
before and after 24 hours. This highlights critical changes in fluorescence spectrum profile. The
observed changes are irreversible and do not occur if the sample is not subjected to continuous
UV irradiation. Figure 1 c) shows UBQ absorption spectra before and after incubation at 60°C for
24 hours, under continuous UV exposure induced by excitation light at 275 nm during the kinetic
measurements in fig.1la) together (panel d) with the difference spectrum between treated and
untreated sample which better highlights the occurrence of two new absorption peaks. CD spectra
in the far UV region of the freshly prepared and of the treated samples are reported in panel e)

show minimal changes at the secondary structure level induced by the described treatment.

As can be seen in fig. 1 a) decrease in fluorescence emission intensity at around 350 nm and an
increase at around 450 nm occur, as indicated by arrows. The main peak at lower wavelength is
attributable to the emission of the unique tyrosine residue of the protein3323, This residue® in
position 59 plays an important role in UBQ function and is the main responsible of intrinsic
fluorescence of UBQ due to the lack of tryptophans in the protein sequence. The steady state
fluorescence signal of tyrosine is known to be poorly sensitive to the polarity of environments3s
although it has been used in some instances to monitor protein conformational changes during
unfolding and aggregation32%*, In the case of UBQ, time resolved fluorescence studies in the ps

range have suggested that changes in Tyr quantum yield, which occur by varying pH, are due to



the interaction with other residues in the surroundings and to the formation tyrosine-carboxylate

hydrogen-bonded complex and tyrosinate3:?.
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Figurel: (a) Time evolution of fluorescence emission spectra of 0.5 mg/ml UBQ in 20mM sodium phosphate buffer, pH
6.5, incubated at 60°C for 24h. Fluorescence spectra were acquired every 20 minutes with continuous excitation at
A...=275 nm. The arrows indicate the changes of the signals as a function of time. (b) Fluorescence emission spectra
measured at room temperature of 0.5 mg/mL UBQ in 20mM sodium phosphate buffer, pH 6.5, before (blue line, blue
axis) and after (purple line, purple axis) incubation at 60°C for 24h under continuous UV exposure. UBQ absorption
spectra before and after thermal treatment at 60°C under UV exposure. c¢) Absorption Spectra of 0.5 mg/ml UBQ
sample before (blue line) and after (purple line) incubation at 60°C for 24h, under continuous UV-exposure at UV-light
at excitation wavelength at A..=275 nm. d) Differential Absorption spectrum due to the continuous UV exposure. e)

Circular Dichroism spectra of 0.5 mg/mL UBQ sample before (blue line) and after (purple line) treatment.



Measurements represented in figure 1a) reveal a progressive reduction of fluorescence intensity
of tyrosine signal which occurs almost in parallel with the growth of a new peak centered at about
470 nm. Data do not show the presence of an isosbestic point thus indicating that the observed
changes are not due to a simple conversion between two species. Multiple phenomena probably
concur in the modification of the optical properties of the sample. Most likely, the observed
spectral changes arise from the formation of tyrosine oxidation products ¥, involving cyclization,
decarboxylation and so on 3. The oxidation of tyrosine residues results in the formation of
different products, which are known to have optical activity *, such as dityrosine 334 ,
Dihydroxyphenylalanine (DOPA) and some hydroxycinnamoyls . Dityrosine formation upon UV
irradiation, in particular, is widely discussed in the literature, associated with spectral changes
similar to those reported in figure 124, As an example, in the case of alpha-synuclein the growth
of a fluorescence signal in this region occurring in parallel with the decrease of tyrosine
fluorescence peak in the UV region was attributed to the formation of dityrosine 2 and specifically

also to UV induced formation of di-tyrosine.

Modifications in absorption spectrum of the treated sample are evident as shown in fig 1c):
incubation at 60 degrees brings about an overall increase of turbidity, attributable to an increased
scattering of the solution, due to aggregation #2. Most interestingly, following irradiation, changes
are observed also in the absorption spectrum. In fact, as better shown in panel d), UV exposure
leads to the growth of two new significant components, one centered at about 300 nm and one,
more evident, centered at 350 nm. These findings are in line with the formation of tyrosine
oxidation products. In particular, similar modifications in the absorption spectrum are considered,
together with the appearance of a fluorescence peak in the blue range as the one reported in fig. 1
a) and b), as a marker of di-tyrosine formation, which have been associated to aging processes or

exposure to UV-light*. Notably, analogous measurements performed in the same conditions on
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Bovine Serum Albumin, whose structure presents 2 tryptophan residues, do not lead to the
growth of new fluorescence or absorbance peaks, like those shown in Figs. 1 a-d). The lack of
these phenomena in the presence of tryptophan residues, which absorb light in the same region
clearly confirms the specific role, in the case of UBQ, of its single tyrosine residue. Moreover, SDS
PAGE on an analogous UBQ sample before and after the treatment confirms that aggregation

occurs (data not shown).

To confirm the role of UV-irradiation in the observed spectral changes, we performed a series of

experiments with different degrees of UV-exposure.
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Figure 2: Fluorescence emission intensity as a function of time measured at 350 nm a) and at 470 nm b) for 0.5 mg/ml
UBQ in 20mM sodium phosphate, pH 6.5, incubated at 60°C for 22 hours; Ubiquitin was exposed to UV light (A..=275
nm), continues UV-exposure (dark red circles), for 3 minutes (time of spectrum measurement) every 6 minutes (red

circles), and for 2 minutes every 30 minutes (pink circles)

We report in Fig. 2 the kinetics of fluorescence spectral changes for three identical UBQ samples,

incubated in the same conditions as before, but subjected to three different protocols of

10



excitation/irradiation during the fluorescence measurements: continuous excitation (dark red
circles), excitation only for the duration of spectrum acquisition every 6 minutes (red circles) and
every 30 minutes (pink circles). The time evolution of fluorescence intensity measured at 350 nm
and at 470 nm are reported in figure 2a) and 2b) respectively. The reported data clearly show that
the effects observed on UBQ fluorescence properties strongly depend on the extent of UV-
exposure, being faster and more pronounced at increasing irradiation levels. Interestingly, the
growth of signal at 470 nm (Fig. 2b) keeps going at longer times with respect to the decay of the

tyrosine intrinsic fluorescence peak (Fig. 2a).

We recall again that in our experimental conditions the effects of UV-irradiation on UBQ spectral
properties shown in Figs. 1 and 2 are entangled with protein supramolecular assembly which may
favor tyrosine’s exposure and modification. We report in the following measurements aimed at
clarifying whether or not intermolecular interaction and supramolecular assembly are critically

involved in tyrosine oxidation.
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Figure 3: a) Rayleigh scattering intensity measured at 275 nm (corresponding to the excitation light in fluorescence
measurements) as function of time, for three different UBQ concentrations. Measurements are acquired in the same
experimental conditions as in fig 1 during kinetic fluorescence measurements under continuous illumination by

excitation light. b) and c) Normalized fluorescence emission intensity as a function of time measured respectively at

350 nm (b) and at 470 nm (c), at different protein concentrations.

UBQ samples at three different protein concentrations were incubated at 60°C, under continuous

exposure to UV-light for 24 hours during kinetic fluorescence measurements.
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Fig. 3 shows the time evolution of Rayleigh scattering (a) and of fluorescence intensity measured
at 350 nm (b) and at 470 nm (c) respectively. For the sake of comparison, fluorescence signals
have been normalized to the first measurement intensity value. Fig. 3a) shows that after a lag-
phase lasting about 5 hours, the Rayleigh scattering intensity starts to increase as function of time.
The observed growth depends on protein concentration and leads to larger intensity values at
higher concentrations and it is certainly related to aggregates growth in solution. The detailed
analysis of UBQ aggregation mechanisms in these conditions is clearly out of the scopes of this
study. We report data in fig. 4a) to note, that while Rayleigh scattering (fig. 4a), here used as a
measure of aggregation in solution, starts to increase only after few hours of incubation,
fluorescence spectral changes are observed since the very beginning of the kinetics (Fig. 4b, c),
strongly suggesting a disentanglement between the two processes.

To further confirm this statement, we performed analogous experiments in conditions in which no
massive supramolecular aggregation is observed.

Figure 4 shows a comparison between data obtained at high temperature (60°C, as for the
experiment up to now discussed) and at 25°C. Rayleigh scattering indicates that no aggregation
occurs at 25°C (Fig. 4a), while spectral modifications can still be observed (Fig. 4b), even if with a
lower rate than at 60°C.

It is not possible to directly compare the absolute fluorescence values because of the intrinsic
dependence of fluorescence signal on temperature; however, in both conditions significant
changes are observed whose rate depends on temperature. In figure 4 c) the variations of
fluorescence emission intensity at 470 nm are reported, dashed grey lines are used as eye guide to
highlight the different slopes of the two kinetics and to elicit the change of slope occurring at
higher temperature which is not observed in the sample at 25°C within the experimental

observation time. Measures in fig. 4 highlight that the effect of temperature and UV-light cannot
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be easily disentangled but the variation of signal attributed to the formation of tyrosine oxidation
products occurs both at 60°C i.e. in conditions were aggregation occurs and at 25°C i.e. in
conditions were aggregation is not observed. Quite plausibly, high temperature facilitates the

oxidative processes induced in tyrosine by UV-irradiation.
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Figure 4: Rayleigh scattering intensity at 275 nm (corresponding to the excitation light in fluorescence measurements)
as function of time a). Fluorescence emission intensity as a function of time, measured at 350 nm b) at 470 nm c) for
UBQ at a concentration of 1.8 mg/ml UBQ, incubated at 60°C and at 25°C. In panel ¢, dashed grey lines are guide to
the eye, to highlight the different rates in the increase of the fluorescence intensity measured at 470 nm.
Measurements are acquired during kinetic fluorescence measurements under continuous illumination by excitation

light.

Furthermore, UBQ aggregation can be induced also at low temperature by subjecting the sample
to stirring (see Fig. 5a). The comparison between the fluorescence data observed with or without
stirring (Fig. 5 b and c) again confirms that the concomitance of aggregation has no effect at all on
the kinetics of the spectral changes occurring in tyrosine fluorescence. For the sample under

stirring the monotonic decrease of fluorescence intensity at 350 nm is observed from the initial
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stage during the lag phase of aggregation. Fluorescent spectra modifications overlap, within the

experimental error, both in stirring and quiescent conditions.
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Figure 5: Rayleigh scattering intensity at 275 nm (i..e corresponding to the excitation light in fluorescence
measurements) a) and Fluorescence emission intensity measured at 350 nm b), and at 470 nm c) as a function of time.
1.8 mg/ml UBQ samples in 20mM sodium phosphate, pH 6.5, for 48h were incubated at 25°C, stirring at 500 rpm
(green symbols) and in quiescent conditions (orange symbol). Measurements are acquired during kinetic fluorescence

measurements under continuous illumination by excitation light.

In sum, all data reported indicate that UV exposure induce modifications in UBQ UV-Visible
absorption and in its fluorescence signal that can be ascribed to the formation of tyrosine
oxidation products. This process is facilitated by high temperature (Fig. 4) but occurs both in
aggregation conditions and in conditions were massive supramolecular association is not observed

(Figs. 4 and 5).

The spectral changes induced in tyrosine fluorescence by UV-exposure are reported in details in
Fig. 6a), which reports in a contour plot the fluorescence emission intensity in the 350-700 nm
region as a function of excitation wavelength light in the range 280- 450 nm for an analogous UBQ

sample, after incubation at 60°C for 72 hours under continuous UV light exposure. Different
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emission profiles for selected excitation wavelengths are shown in Fig. 6b), while the differential

absorption spectrum is reported as a reference in fig. 6c).

Fig. 6 shows that the fluorescence emission peak can be excited not only at wavelengths typically
attributed to tyrosine residues (<290nm), but at higher wavelengths, which correspond to the new
absorption bands observed after treatment and allow to isolate the newly formed fluorescence
band from the typical tyrosine fluorescence peak. Specifically, we note that the fluorescence signal
in the blue range (i.e. above ~450 nm) can be detected also at excitation wavelengths above 350

nm.
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Figure 6: 3D fluorescence spectra/contour maps acquired at room temperature for UBQ (1.8 mg/ml) sample, after
incubation at 60°C for 72 hours, under continuous excitation at 275 nm. a) Horizontal lines indicate the excitation
wavelengths relative to representative emission spectra, which are reported in panel b. c) Differential adsorption

spectrum between treated and native sample, showing the variations in absorption profile due to the treatment.
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3D-fluorescence spectra reported in Fig. 6a) reveal the complex nature of the newly formed
species.

It can be inferred that the fluorescence signal of the treated sample arises from at least two
energetic levels which correspond to different species, induced by UV-exposure. These changes
can be attributed to the formation of tyrosine oxidation products such as Tyrosinate (emission
maximum at 430 nm) and di-tyrosine (maximum peak at 410nm) , which can be formed under our
experimental conditions?7.19,

We believe important to note that all the UBQ samples analyzed in this work, where aggregation
occurred, were found to be negative to Thioflavin T (ThT) test. As very well known, this dye is
widely used to specifically detect and characterize amyloid fibrils*#+ and, with some precautions
%647 jts fluorescence signal can be used as a good indicator of the amount of fibrillar aggregates in
the sample. The absence of ThT fluorescence exclude the amyloid nature of the aggregates formed
in our samples, as also confirmed by Circular Dichroism in fig. 1 d) and FTIR measurements on the
sample obtained at higher concentration with longer exposure (reported in supplementary
materials fig. S1), in which no evidence was observed for a transitions to beta-sheet structure
typical of amyloid fibrils. The above observations rule out any possible contribution in all the

above reported measurements of the so called Amyloid autofluorescence.

Interesting results on the properties of the new fluorescence bands induced by UV-exposure in
UBQ can be obtained by Fluorescence Lifetime Imaging, also in comparison with analogous
measurements performed on Insulin and Amyloid 3 samples, which, under suitable conditions,

easily forms amyloid fibrils.
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Figure 7: Fluorescence intensity images (60um x 60um) of 1.8 mg/ml UBQ after incubation at 60°C for 72 h, under
continuous UV-exposure during fluorescence measurements using at A..=275 nm. Panel a) shows a region of the
sample with species under resolution and panel b) an area with large aggregates. c) and d) Selection maps of UBQ,
corresponding to the fluorescence images a) and b), respectively. Pixel are colored depending on their lifetime values.
e) Phasor plot, showing the distribution of UBQ lifetimes after treatment. Red and green cursors select two different
lifetime distributions. The size of the images is 60 um (a and b). Excitation wavelength for two photon imaging was A.,.:
780nm; Detection range: 430-700 nm.

In figure 7 fluorescence lifetime imaging microscopy (FLIM) measurements on aliquots of the 1.8
mg/ml UBQ after incubation at 60°C for 72 h are shown. We report representative intensity
images of two region of the sample, one where a uniform distribution of fluorescence is measured
attributable to the presence of species with size under instrumental spatial resolution (a) and one
where, together with diffuse fluorescence signal, a micrometric size aggregate is present,
characterized by higher intensity (b). Images are acquired under two photon excitation at 780 nm
i.e. at an excitation wavelength corresponding to the larger intensity of the fluorescence emission

band centered at 430 nm.
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FLIM measurements were analyzed by means the so called phasor approach#5 and the
corresponding maps (Fig. 7c),d)) and phasor plot (Fig. 7e)) are reported. The output of phasor
analysis gives a graphical view of all the measured fluorescence decays at each pixel in the images.
In the phasor plot each point represents the fluorescence lifetime at each image pixel. Single
exponential lifetimes are represented as points laying on the so called “universal circle”. Longer
lifetimes are mapped near the origin and shorter lifetimes are mapped on the circumference
toward the bottom right intersection with the x axis. Lifetime values are determined by the
position of the phasor in the universal circle, after system calibration (see methods for details).
The clouds of points representing the fluorescence lifetime distribution over the two images are
selected using a colored cursor and the corresponding pixels are mapped back with the selected

color to the image.

In phasor plot (figure 7e)) the distribution of fluorescence lifetimes values is reported. As can be
seen, the measured lifetime distribution presents two almost overlapping components. Red and
green cursors were used to select in the image pixels with corresponding lifetimes in the selection
maps (figures 7c), d)). Interestingly, pixels selected by red cursor (where the faster component is
dominant) are in regions were only sub-resolution species are located and where lower intensity is
measured. On the contrary, pixels selected by the green cursor (slower component) are on bright
macroscopic aggregates. The complexity of the measured lifetime distribution may obviously arise
from the micro environmental properties of the fluorophore surroundings. The properties of the
fluorescence signal from the same chromophore(s) may change due to different environment
experienced in small structures or in large aggregates and/or may originate from different tyrosine

oxidation products.

We performed analogous experiments also on insulin and AB(1-40) peptide, following prolonged

UV exposure during aggregation process. Insulin and AB(1-40) peptide were selected for their
19



ability to form amyloid fibrils and for the lack in their sequence of tryptophan residues. An
additional element of interest can arise from the evidences reported in literature, indicating that
oxidative stress can be a deleterious factor in neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease®?, and could also induce insulin resistance involved in Type Il diabetes®, being a
link between these pathologies®s4. Further, the formation of dityrosine and DOPA has been widely

reported in a number of diseases2»s,

Both insulin and AR easily undergo the same spectral modifications above reported for UBQ,
following incubation under UV light excitation at 275 nm (see Supplementary materials fig S2 and
S3) FLIM measurements (Fig. 8) clearly show the presence of newly formed fluorescent species
whit analogous properties as the ones reported in fig. 7. Fig. 8 in particular shows a comparison
between FLIM measurements on UBQ, Insulin and AB(1-40) aggregates. No fluorescence signal is
observed on native protein samples in these conditions. We recall again that both AB and insulin
are able to easily form amyloid fibrils. Actually, we incubated these proteins in conditions favoring
their amyloid aggregation, in both cases, clearly, always under continuous UV-exposure (A..=275
nm). As a consequence, at difference from UBQ, these samples resulted strongly positive to ThT,

confirming the formation of amyloid fibrils (Fig. S2 and S3).

Representative images of UBQ, Human Insulin and AB(1-40) samples are reported in fig. 8 a), b)
and c) respectively. In panel g) the phasor plot relative to all the images is reported. The red cursor
is used to select pixels with the same lifetime distribution, highlighted in red in panel e) for UBQ, f)

for Insulin and g) for AB (1-40).
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Figure 8: Fluorescence intensity images of UBQ a), Human Insulin b) and AB(1-40) c); d), e) and f): Selection maps
corresponding to the same regions. g) Phasor plot representing the distribution of lifetimes in every pixel in the
presented images. Red cursor is used to select pixels with the same lifetime. All proteins were incubated under
continuous irradiation at A.,.=275 nm. Two-photon excitation wavelength was A..=780 nm; Detection range: 430-700

nm.

In the selection maps (fig. 8 d-f) red pixels corresponding to the same lifetime in the phasor plot
(fig.10 d) are picked. Interestingly, all the presented aggregates reveal an analogous lifetime
distribution, strongly suggesting the same origin for the blue autofluorescence signal observed in

all samples.

A common structural property of the samples analyzed in this work is the lack of tryptophan
residues in their sequence. In fact, the extinction coefficient of tryptophan residues is €, 5540 M+
cm? higher than g, 1480 M cm for tyrosine residues, this may reduce the effect of incident light
on tyrosiness. Moreover, as well known, tryptophans are able to quench tyrosine fluorescence by

resonance transfer mechanisms. Quite reasonably, this process can protect tyrosine residues
21



against UV-irradiation induced oxidation, by limiting the time spent by the fluorophore in the
excited state>. As a control, analogous experiments were performed on Bovine Serum albumin in

sodium phosphate buffer, pH 6.5 at 60°C and no significant spectral modifications were observed.

For all three samples reported in Fig. 8, after prolonged UV exposure we observed, under two
photon excitation at 780 nm, an intrinsic blue fluorescence in the region 430-700 nm with the
same lifetime distribution. Specifically, this intrinsic fluorescence was detected with identical
properties in UBQ amorphous aggregates, not positive to ThT, and Insulin and AB fibrils, resulted
to be positive to ThT. We have also shown for UBQ sample that the observed spectral
modifications are independent on the aggregation state of the sample. We attributed these
changes to the formation of oxidation products of tyrosine and in particular to dityrosine and

DOPA.

As previously reported, the occurrence of a blue fluorescence in the same region has been
observed for dityrosine formation in a-synuclein sampless, and in AB (1-42) fibrils grown under
oxidative stress conditions® in vitro. Moreover, it has been reported that UV-light illumination is
able to induce visible fluorescence in the blue range in Amyloid beta deposits from human braine.
In addition, amyloid aggregates fluorescence, referred to as “amyloid intrinsic fluorescence”, has
been reported with excitation and emission profile in the same regions as the ones here reported,
and with analogous lifetimes, between 2 and 3 ns. The fibrils investigated in these studies were
grown in conditions where tyrosine modifications could occur. Therefore, it is possible to infer
that, among other factors, also tyrosine oxidation phenomena may contribute to the origin of this
signal. As a further control we report in fig. S4 measurements on polyaniline amyloid fibrils which
do not present in our experimental conditions any fluorescence signal in the UV visible range using

Aee = 275 nm and 350 nm.
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This result is in line with recent findings from Shirshin and coworkers who have shown, that
fluorescence signal in the deep blue region can be related to formation of oxidation products, by
ultrahigh resolution mass spectroscopy experiments on amyloid forming Lysozime, Insulin samples
and single amino acids. In the selected experimental conditions, these authors have highlighted
the role of high temperature as oxidation effectoré:. Together with the data presented here, these
findings challenge the simple attribution of “amyloid intrinsic autofluorescence” and point the
finger at the need for attention to details of sample preparation and to control experiments
especially with the development of extremely sensitive instrumentation and automated methods

and when aromatic residues are present in the sample.

The above observation can be of great interest, also because such processes may constitute a link
between oxidative stress and amyloid related pathology. It clearly claims for further investigations

and control experiments.

Conclusions

In this work we presented experimental data illustrating how UV light exposure induces the
irreversible oxidation of the single tyrosine residue in UBQ structure. We have used spectroscopic
techniques to study the effects induced by exposure to UV, that could cause changes in the
structure of the protein and affect its biological function. The obtained results show that UV
exposure causes dramatic changes in the spectral properties of UBQ, giving rise to fluorescence
products in the blue range. Modifications in different extent depend on UV exposure time and on
temperature and are evident both in aggregation promoting conditions and in conditions where

macroscopic aggregation is not observed.

We analyzed the spectral properties of the newly formed fluorescence peak which are assigned to

tyrosines oxidation products. In particular, we infer that this signal, in our experimental conditions,
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mostly arises from dityrosine and tyrosinate formed under UV exposure. These molecules can be
used as a spectral markers of oxidative stress both in vitro and in vivo %471 and can be identified
by simple fluorescence measurements. We highlight the possibility of using FLIM and “phasor
approach” as an important analysis tool in multiple applications in biotechnologies. In this
instance, it enables to locate fluorescent aggregates with specific lifetime distributions, and easily

compare them.

Moreover, we also report UV-light induced oxidation of tyrosine residues in two amyloidogenic
proteins: AB (1-40) peptide, whose role in Alzheimer’s disease is widely accepted 4% and human
insulin, which constitute a prototype for amyloid formation studies and has well known
applications has drugs. UBQ, Human insulin and AB (1-40) aggregates were analyzed by means of
FLIM under the same measurement conditions. In spite of the fact that the aggregates formed by
these proteins are different (amorphous for UBQ and amyloidal for AR and insulin), their
characteristic blue autofluorescence presents analogous spectral properties and lifetime

distribution, as shown by the “phasor approach”.

Moreover, we wish to note that these results were obtained in standard measurements
conditions, by using a commercial fluorimeter. Although modifications of protein samples using
standard instrumentation has been reported before, for example using light with wavelength 220
nm from a Circular Dichroism instrumentation 62 our results underline again the need of control
experiments when analyzing processes involving proteins, if protein structures are particularly
sensitive to oxidation. Indeed, measurements themselves may cause structural modifications in
proteins, probably even under slightly destabilizing conditions, and more easily in the absence of
tryptophanil residues in the protein chain. The results here reported are relevant as they give a
warning for pharmaceutical applications and in particular reveal that UV-light exposure during

biopharmaceuticals production and analysis steps may induce damages in proteins. Light exposure
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may also occur during bulk storage of the proteins#¢, Presented results not only highlight the
relevant role in these processes of tyrosine aromatic residues and of the environmental
conditions, but also suggest a simple and low cost method to check and quantify possible damages

via steady state and time resolved fluorescence measurements.

Importantly, FLIM data reveal the substantial overlap between the new autofluorescence peak
and the signal referred in literature as “Amyloid intrinsic fluorescence”. The signal here attributed
to tyrosine oxidation exists in the same spectral range with analogous feature so that it may
represent a significant hindrance in the specific detection of amyloid intrinsic fluorescence. It is
also possible to infer that the electronic levels that become available when tyrosine is oxidized
both in vivo and in vitro may be at least one component of the dim blue signal which make fibrils

observable in the visible range with standard laser scanning confocal or two photon microscopes.

Methods

Sample preparation

Ubiquitin from bovine erythrocytes, recombinant Human Insulin and Thioflavin T were purchased
from Sigma Aldrich and used without further purification. AB(1-40) was purchased from

Biopeptide and pre-treated as previously reporteds-.

All experiments on UBQ samples were performed in 20 mM sodium phosphate buffer, pH 6.5. The
sample was freshly prepared and filtered through 0.20 um filters (17761, Sartorious), just before
the measurements. Different protein concentrations had been used: 0.5 mg/ml, 0.7 mg/ml and 1.8
mg/ml. Protein concentration was spectrophotometrically determined using a molar extinction
coefficient of 1254 dm3molicm at 280 nm3t. Human Insulin powder (Sigma-Aldrich) and AB(1-40)

peptide (prepared as described int), were dissolved in 20mM sodium phosphate buffer, pH 6.5.
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Protein concentration of Human insulin and AB(1-40) peptide were estimated by means of
absorbance measurements using a molar extinction of 1.067 cm* (mg/ml)* at 276 nms, and of

1390 M-t cm- at 276nm, respectively®.

In order to obtain aggregates, 0.2 mg/ml Human insulin in 20 mM sodium phosphate buffer, pH
6.5, was incubated at 60°C stirring at500 rpm for 24 hours, and 0.2 uM AB(1-40) in 20 mM sodium
phosphate buffer, pH 6.5, was incubated at 37 degrees with stirring 500 rpm for 24 hours.

Resulting aggregates were found to be positive to Thioflavin T test.

UV-absorption:

Absorption measurements were carried out on a Jasco V-760 Spectrophotometer. Before and
after each experiment samples were placed in 1 cm path quartz cuvette and absorption spectra
were recorded. Absorption spectra were acquired from 200 to 600 nm, using a scan speed of 100

nm/ min, 1 nm bandwidth, data intervals of 0.5 nm and response of 0.96 s.

Circular Dichroism measurements

Circular dichroism (CD) measurements in the Far-UV region were performed using a Jasco J-715
spectropolarimeter equipped with a Jasco PCT 348WI temperature controller. Spectra were
recorded from 270 to 190 nm, before and after treatment, using a scan speed of 50 nm/min, a 1
nm bandwidth and a data pitch of 0.1 nm. Each spectrum is the result of the average of 5

accumulations.

Fluorescence and Rayleigh scattering:

Fluorescence and Rayleigh scattering measurements were carried out on Jasco FP-8500

spectrofluorimeter equipped with a Jasco ETC-815 peltier as temperature controller.
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Kinetic measurements:

Modifications in protein structures and aggregation kinetics were analyzed by in situ kinetic

measurements.

All samples were placed in a 1 cm path quartz cuvette and spectra were recorded at 0.5 nm
wavelength intervals, with excitation and emission bandwidth of 5 nm, scan-speed of 100 nm/min
and integration time of 1 s. Intrinsic fluorescence emission spectra were acquired in the range
270-700 nm with excitation at 275 nm. Simultaneously, Rayleigh scattering was also measured as
the maximum of the elastic peaks of excitation light at 275 nm. Measurements are performed by
opening the shutter at defined temporal interval. This allows to control e modify sample exposure
to UV light. Measurements either on samples continuously exposed to irradiation or stored in the

dark are also performed for comparison.

To compare the effects of different irradiation protocols, emission spectra of 0.5 mg/ml UBQ at 60
°C were obtained with excitation at 275 nm wavelength, under continuous irradiation, and under

irradiation every 6 minutes or every 30 minutes, for the duration of spectrum acquisition.

UBQ sample aggregation was induced at 25°C by 500rpm stirring under continuous irradiation. For
each sample, emission spectra at 25°C, before and after kinetics, were measured to monitor

significant variations of the emission band profile.

3D Fluorescence spectra

In order to better characterize the features of steady state fluorescence spectrum of oxidized
protein, measurements on 1.8 mg/ml UBQ after incubation at 60 degrees under continuous UV
exposure were performed. 85 individual emission spectra (360-700 nm) at sequential 2 nm

increments of excitation wavelength between 280 and 450 nm, were acquired, using the
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bandwidths for excitation and emission of 5 nm, scan-speed of 100 nm/min and integration time

of1s.

Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM data of UBQ, Human Insulin and A-B(1-40) peptide were acquired in the time domain by
means a Leica TCS SP5 inverted microscope with a 63x oil objective (Leica Microsystems) equipped
with picoHarp 300 standalone TCSPC module (Picoquant). Thus 256 x 256 images were acquired at
a scanning frequency of 200 Hz under two-photon excitation at 780 nm (Spectra-Physics Mai-Tai
Ti:Sa ultra-fast laser).

FLIM data were processed by the SimFCS software developed at the Laboratory of Fluorescence
Dynamics, University of California at Irvine. FLIM calibration of the system is performed by
measuring the known lifetime of the fluorescein that is a single exponential of 4.0 ns. Every pixel
of the FLIM image is transformed to a point in the phasor plot, the coordinates g and s (sine and
cosine transforms, respectively) of each point in the phasor plot were calculated from the
fluorescence-intensity decay in the corresponding pixel in the FLIM image as described by Digman
et al., 2008% Details of the analysis are reported elsewhere*sss, Briefly: every possible lifetime is

4

mapped in a phasor plot. All possible single exponential lifetimes lie on the “universal circle,”
defined as the semicircle going from point (0, 0) to point (1, 0), with radius 1/2. Point (1, 0)
corresponds to T = 0, and point (0, 0) to t = o=. Longer lifetimes are mapped near the origin and
shorter lifetimes are mapped on the circumference toward the bottom right intersection with the
x axis. In the phasor coordinates the single lifetime components add directly because the phasor
follows the vector algebra. The clouds of points representing the fluorescence lifetime distribution

over the two images are selected using a colored cursor the corresponding pixels are mapped back with

selected color to the image pixels. 45058
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