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Singlet molecular oxygen ('0,) contributes to protein damage triggering biophysical and biochemical
changes that can be related with aging and oxidative stress. Serum albumins, such as bovine serum
albumin (BSA), are abundant proteins in blood plasma with different biological functions. This paper
presents a kinetic and spectroscopic study of the '0,-mediated oxidation of BSA using the tris(2,2'-
bipyridine)ruthenium(ll) cation [Ru(bpy)s]** as sensitizer. BSA quenches efficiently '0, with a total
(chemical + physical interaction) rate constant k5*=7.3(+0.4)x105M~'s~'!, where the chemical
pathway represented 37% of the interaction. This efficient quenching by BSA indicates the participation of
several reactive residues. MALDI-TOF MS analysis of intact BSA confirmed that after oxidation by '0,, the
mass protein increased the equivalent of 13 oxygen atoms. Time-resolved emission spectra analysis of
BSA established that Trp residues were oxidized to N’-formylkynurenine, being the solvent-accessible
W134 preferentially oxidized by '0, as compared with the buried W213. MS confirmed oxidation of at
least two Tyr residues to form dihydroxyphenylalanine, with a global reactivity towards '0, six-times
lower than for Trp residues. Despite the lack of MS evidences, kinetic and chemical analysis also sug-
gested that residues other than Trp and Tyr, e.g. Met, must react with '0,. Modeling of the 3D-structure
of BSA indicated that the oxidation pattern involves a random distribution of 10, into BSA; allowing also
the interaction of '0, with buried residues by its diffusion from the bulk solvent through interconnected
internal hydrophilic and hydrophobic grooves.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

10, is a non-radical, non-polar and neutral excited state species of
ground state molecular oxygen 30, produced in biological systems

The harmful effects of reactive oxygen species (ROS) in cellular
targets such as DNA, lipids, and proteins, have been linked to aging
and degenerative diseases [1,2]. Proteins are by far the main
components in cells and tissues, and are also the most reactive
biological components against ROS [3], turning them into major
targets of oxidative stress processes. Among ROS, singlet oxygen

Abbreviations: AA, amino acid residue; ADPA, anthracene-9,10-dipropionic acid
disodium salt; BSA, bovine serum albumin; 0., singlet molecular oxygen; DAS,
decay associated spectra; DOPA, dihydroxyphenylalanine; HSA, human serum al-
bumin; MLCT, metal-to-ligand charge-transfer; ROS, reactive oxygen species; SA,
serum albumins; [Ru(bpy);]**, tris(2,2’-bipyridine), ruthenium(Il) cation
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by chemical, enzymatic, and photosensitized reactions [4-6]. The
interaction of '0, with amino acid side-chains can occur by both
physical quenching and chemical reaction [7,8]. The former pro-
cess results in nonradioactive relaxation of '0, without chemical
change in the amino acid residue. In contrast, the chemical path-
way implies the addition of electrophilic !0, to electron-rich
amino acid residues such as Trp, Tyr, Cys, Met, and His with re-
action rate constants =~ 10%-10’ M~!s~! [8]. Consequently, the
biophysical and biochemical properties of oxidized proteins by 10,
are significantly altered, causing several adverse effects such as
increased susceptibility to proteolytic enzymes, conformational
and structural changes (altered light scattering, optical rotation,
and ligand binding properties, unfolding, aggregation, etc),
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crosslinking, and loss of enzymatic activity [9,10].

Serum albumins (SA) are the most abundant circulating pro-
teins in blood plasma ( ~ 600 pM) playing several roles such as in
intravascular and interstitial colloid pressure, modulation of ca-
pillary permeability, neutrophil adhesion, binding and transport of
both endogenous and exogenous molecules, such as fatty acids,
cholesterol, bile pigments, hormones, amino acids, peptides,
therapeutic drugs and metal ions [11,12]. The secondary structure
of SA is mainly a-helical (72-75%), comprising three homologous
domains I-III, which are divided in two distinct subdomains (A
and B) possessing common structural motifs [12,13].

Recent studies in vivo demonstrated the capability of the single
free C34 residue of subdomain IA of human serum albumin (HSA)
for free radical scavenging in extracellular body fluids, e.g. plasma,
cerebrospinal and synovial fluids [14-17]. HSA also binds cytotoxic
degradation metabolites, like homocysteine, oxysterols, iron
(thereby preventing the Fenton reaction with endogenous hydro-
gen peroxide), and antioxidant biomolecules like bilirubin, in-
hibiting lipid peroxidation [15,16,18]. Moreover, oxidized HSA is
considered as an oxidative stress biomarker for early diagnosis and
monitoring of chronic and degenerative diseases [18]. Altogether,
these functions make HSA (and SA in general) a multifunctional
protein with also a role in oxidative stress processes.

In the photosensitized oxidation of SA, it has been shown that
the sensitizer molecule localization in the protein plays a role in its
photophysical and photochemical properties, as well as in the
distribution of oxidation products, depending on the prevalence of
charge-transfer oxidation processes (Type I) or 'O,-mediated
oxidation (Type II) [19-23].

In this work we report a kinetic and spectroscopic study of the
oxidation of BSA by specifically '0, in neutral buffer solutions
using tris(2,2’-bipyridine)ruthenium(ll) cation [Ru(bpy)s]** as
photosensitizer. Kinetic, spectroscopic, chemical, and modeling
data were analyzed to explain both the BSA reactivity towards '0,
and the effect of the protein nano-heterogeneity on the oxidation
pattern of the protein.

2. Experimental
2.1. Materials

All chemicals were analytical purity grade products of Sigma-
Aldrich Argentina (Buenos Aires, Argentina), and were used as
received. All solutions were prepared in 50 mM sodium phosphate
pH 7.4 buffer solution using triply distilled water at 25 °C, except
for experiments of near-infrared luminescence detection of singlet
molecular oxygen, '0,, for which D,0 (pD 7.4 adjusted with DCI
using a recalibrated glass electrode [24]) was used as solvent to
improve the '0, signal detection. Compressed ultrapure argon
(99.99%) was purchased from Indura SRL (S.M. de Tucumdn,
Argentina).

2.2. Steady-state photolysis experiments

A home-made steady-state photolysis system was built by fo-
cusing a blue LED (443 + 21 nm, 1 W) as selective excitation source
of [Ru(bpy)s;]**. Simultaneously, the absorption spectral changes
of the solution were registered with the CCD-USB2000 UV-vis
spectrometer (OceanOptics, Dunedin, FL, USA), with the analyzing
UV-vis beam placed at right angle of the photolysis beam from the
blue LED. Soft mixing of the solution was done with a magnetic
stirring bar to avoid foam formation in the protein solutions.

Oxygen uptake kinetics were done with the same photolysis
set-up, but by placing into a sealed 1 cm quartz cuvette (Hellma,
Miillheim, Germany) either a micro-dissolved-O, electrode (DO-

166MT-1, LAZAR Research Laboratories, Los Angeles, CA), or a
FOXY-R-AF luminescent sensor tip coupled by fiber optic with a
CCD-USB2000 fluorometer (OceanOptics).

2.3. Steady-state spectroscopies

UV-vis absorption spectra were registered using either a
Hewlett Packard 8453 (Palo Alto, CA, USA) or the OceanOptics
USB2000 UV-vis spectrophotometer. Luminescence emission
measurements, in emission or excitation mode, were done with a
Hitachi F-2500 (Kyoto, Japan) spectrofluorometer, equipped with a
red-extended R-928 photomultiplier. All spectroscopic experi-
ments were performed by triplicate at 25( + 1) °C in optical fused
silica cuvettes of either 3 mm or 10 mm optical path (Hellma).

2.4. Time-resolved spectroscopies

Luminescence decays of [Ru(bpy)s]?>* were collected with the
Tempro-01 spectrofluorometer of Horiba (Glasgow, UK) operating
in the time-correlated single photon counting (TCSPC) mode. As
excitation source a 250 kHz Nanoled” emitting at 461( +27) nm
was used. Photon detection was done with a —30 °C cooled TBX-
07C PMT detector with < 10 dark counts placed in the output of
an f/4 emission monochromator calibrated at the emission max-
imum. A diluted Ludox” scatter solution was used to register the
instrumental response at the excitation wavelength and also to
verify that no excitation scattered light was acquired at the
emission wavelength. The luminescence intensity decays were
fitted with the Fluorescence Decay Analysis Software DAS6" from
Horiba by deconvolution of the pulse function using the multi-
exponential model function as follows:

I(t) = ), a;jexp( — t[z)
) M

where n is the number of single exponential decays, 7; and «; are
the decay time and the fluorescence intensity amplitude at t=0 of
each decay, respectively. Time-resolved emission spectra (TRES) of
native and oxidized BSA samples were also obtained with the
Tempro-01 apparatus with Nanoled®™ excitation at 295( + 14) nm
operating at 1 MHz. The sets of fluorescence decays as a function
of the emission wavelength, with steps of 5 nm, were adjusted
using the global fitting analysis option provided by the DAS6"
software, to obtain the wavelength-dependent pre-exponential
factor a;(A) associated with 7; decay time. Thus, the Decay Asso-
ciated Spectra (DAS) were calculated with

M[s )

L) =fD)sQ) =
@ =faki = 5105 o

where I (1) is the steady-state emission spectrum and fi(1) is the
fractional contribution of each decay time for a particular emission
wavelength.

Transient luminescence detection of '0, experiments in air-
saturated D,0 solutions were performed using a Minilite II Nd-YAG
laser (Continuum Inc., San Clara, CA, USA) generating 355 nm
pulses (fwhm 7ns) as excitation source of the sensitizer
[Ru(bpy)s]?>*. A Ge photodiode J16TE2-66G from Teledyne Judson
Technology (Montgomeryville, PA, USA) in combination with a
band path filter (Spectrogon BP-1260, Sweden) was used to collect
the weak luminescence of '0, with a Tektronix TDS3032B oscil-
loscope (Beaverton, OR, USA). The prompt spike in the luminescent
signal produced by spurious luminescence of the complex or
scattered laser light was subtracted with the residual signal ob-
tained with a solution of [Ru(bpy)s]>* containing NaNs in a con-
centration to totally quench the luminescence of 10, [23]. Up to 50
single transient signals were collected and averaged to improve
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signal-to-noise ratio before analysis. Since the rise time of '0, was
T <400 ns and almost two-order of magnitude shorter than its
decay time 7,4, the latter was obtained from single-exponential
fitting of the signal decay portion [4].

2.5. Protein analysis

The protein carbonyls and hydroperoxides quantification were
performed as previously described [20], with colorimetric meth-
ods by reaction with 2,4-dinitrophenylhydrazine (DNPH) [25] and
by ferrous oxidation-xylenol orange (FOX) [26], respectively. The
production of free H,0, was evaluated in photo-oxidized samples
of BSA by oxidative coupling with 4-aminophenazone and phenol
in the presence of peroxidase to yield a quinoneimine dye, a
chromogen with maximum absorption at 505 nm [27]. The re-
actants were obtained from the reaction kit Colestat (Weiner Lab,
Rosario, Argentina), and standard H,O, solutions were used for
calibration.

Polyacrylamide gel electrophoresis in the presence of sodium
dodecyl sulfate (SDS-PAGE) in 12% gels for BSA samples before and
after photo-oxidation by blue-LED excitation of [Ru(bpy)s;]**was
performed using a Mini-Protean Tetra cell apparatus (Biorad, CA,
USA), under reducing conditions and visualized with Coomassie
blue.

2.6. MALDI-TOF mass spectrometry

Matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF) experiments at the CEITEC—Central
European Institute of Technology, Brno, Czech Republic, were re-
corded on an Ultraflextreme instrument (Bruker, Germany) oper-
ated in the linear mode with detection of positive ions. Ferulic acid
(12.5 mg/ml in water:acetonitrile:formic acid, 50:33:17 v/v mix-
ture) was used as the MALDI matrix. The spectra of intact 14.2 uM
BSA, and of those containing 28.4 uM [Ru(bpy)s;]** before and
after 60 min of blue-light irradiation were obtained. These protein
samples were also digested with trypsin and analyzed by MALDI-
TOF-MS.

Further MS analysis of excised bands from native gels of
100 1M BSA with 20 pM [Ru(bpy)s]** before and after 60 min of
blue-light irradiation were performed at the Proteomics Core Fa-
cility CEQUIBIEM, at the University of Buenos Aires (UBA) in Ar-
gentina. a-Cyano-4-hydroxycinnamic acid (3 mg/ml in 50% acet-
onitrile-0.5% trifluoroacetic acid v/v) was used as the MALDI ma-
trix. MS data was collected in an Ultraflex II Buker Daltonic MALDI
TOF/TOF equipment. The data was acquired in Reflectron positive
mode using a detection mass range of 700-4000 Da, and 1250
laser shots were averaged for each mass spectrum. The equipment
was calibrated with Bruker calibrant mixture Pep Mix II. The peak
list was generated based on signal-to-noise filtering and an ex-
clusion list of contaminants. Peaks observed in the different MS
lists, were compared to the masses of the theoretical peptides
originated in silico digestion of the protein sequence.

3. Results and discussion
3.1. Interaction of [Ru(bpy)s?* with 30, and BSA

The interaction between the triplet excited metal-to-ligand
charge-transfer state of tris(2,2’-bipyridine) ruthenium(Il) cation
*[Ru(bpy)s]** and ground-state molecular oxygen 30, has been
extensively studied in several solvents [28-30]. Here, the
quenching process in sodium phosphate at pH 7.4 at room tem-
perature was revisited by steady-state and time-resolved fluores-
cence spectroscopy (data not shown), and a bimolecular

a) 2 -
i ——11MBSA
: ..-’.~;. — - =19 uM [Ru(bpy),I*
n H
8 L b 11 M BSA + 19 uM [Ru(bpy),*
\. o "t
0 /\Q"~:~—.--|" P W
300 400 500
Wavelength (nm)
b)
10° _ —0.1

— | - [BSA] =100 uM

g 300 ’/ \‘ 240 1, =383 ns «
; R / \.. S 107 . é
8 a°o. /" \\ 0 1 2 3 g
@ 150 k=% Time (us) O
o ".'..... o o0 g ° .0’00 . L2
3 o 7 TE R Y el 0.0 ¢
5 - J \\. <
S p; .

T ! L . :

600 700 800

Wavelength (nm)

Fig. 1. (a) UV-vis absorption spectra of 11 uM BSA and 19 uM [Ru(bpy)s]** single
and mixed solutions in 50 mM Na-phosphate buffer at pH 7.4. (b) Luminescence
emission and anisotropy spectra of 7 pM [Ru(bpy)s;]** in air-saturated 50 mM Na-
phosphate buffer at pH 7.4 in absence (dashed lines) and presence of 100 pM BSA
(dotted lines) obtained by excitation at 450 nm. Inset: luminescence decay of
[Ru(bpy)s]** collected at 610 nm with Nanoled™ excitation at 460 nm in presence
of 100 pM BSA.

quenching rate constant k,=3.5x 10°M~'s~! was obtained, a

similar value to that observed in neat water [30], indicating that
the phosphate buffer does not alter the quenching process by
neither environmental nor specific interaction effects.

Previous studies have demonstrated that the binding of sensi-
tizer molecules to SA can strongly affect the photophysical path-
ways of the sensitizer by self-interaction and/or environmental
effects as a consequence of compartmentalization of the sensitizer
into the protein [21,23]. Therefore, the potential interaction be-
tween [Ru(bpy)s]>* and BSA was evaluated. Fig. 1a shows that the
UV-vis absorption spectrum of a solution containing both
[Ru(bpy)s]*>* and BSA was almost identical to the sum of the in-
dividual spectra of each chromophore at the same concentration.
The lack of new absorbance band(s) suggests the absence of
ground state complex or adduct formed between [Ru(bpy)s]>* and
BSA. Additionally, the presence of 100 pM BSA in air-saturated
solutions of [Ru(bpy)s]>* did not alter neither the steady-state
luminescence spectrum nor decay time of the [Ru(bpy)s]** com-
plex (Fig. 1b), confirming that the albumin does not interact with
the excited state of the complex and hence it does not alter the
collisional quenching of *[Ru(bpy)s]>* by 30,. To confirm the lack
of interaction between the complex and the albumin, the steady-
state emission anisotropy of [Ru(bpy)s]>* was evaluated in the
presence of 100 pM BSA. The presence of protein did not change
the anisotropy of the complex, which was r~ 0 as expected for a
molecular emitter with emission lifetimes 7 much longer than its
rotational correlation time @ in fluid solution [31]. Assuming a
quantitative binding of the complex to BSA, i.e. binding constant
value Ky >10*M~", it can be expected that the depolarization
process of the bound complex is dominated by the rotation of the
whole protein, with 8~ 44 + 5 ns for BSA [23]. In such hypothe-
tical case, anisotropy increments of about 10% should be expected
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according to the classical Perrin equation ro/r=1+7/6. Never-
theless, this was not the case, and a tight binding of [Ru(bpy)s]**
to BSA can be ruled out, despite the fact that BSA bears an excess of
negative charges at neutral pH [13].

Altogether, the above results confirm that neither ground nor
excited state of the complex interacts with BSA under the present
experimental conditions. This result agrees with the fact that only
second-sphere modified Ru(ll) bipyridine complexes containing
hydrogen-bonding groups showed effective binding with BSA, but
not for the parent Ru(Il) complex [32].

3.2. Scavenging of '0, by BSA: Chemical reaction and physical
quenching pathways

The quenching of *[Ru(bpy)s]** by 30, in aqueous solutions
produces '0, with quantum yield @, values between 0.22 and
0.50, depending on the dissolved oxygen concentration [28,30]. To
confirm the @, value under our experimental conditions, the la-
ser-induced optoacoustic spectroscopy (LIOAS) technique was
used [32], and &,=0.29( + 0.03) was obtained in air-saturated
sodium phosphate buffer [33], in agreement with &,=0.22 ob-
tained in neat air-saturated water [28].

Fig. 2a shows the effect of BSA concentration on the 30,-uptake
kinetics observed during steady-state photolysis with blue-LED
light of air-saturated solutions of 20 uM [Ru(bpy)s]** placed in a
sealed quartz cell with a microelectrode for dissolved oxygen (see
Section 2). Control experiments of solutions containing 20 pM
[Ru(bpy)s]** and 50 M BSA (data not shown) demonstrated that
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30,-uptake was not produced neither under dark conditions nor
with large excess of sodium azide, a well-known physical
quencher of '0, [7], indicating that the depletion of dissolved
oxygen was only produced by reaction of '0, with BSA. Under
constant photosensitization conditions of [Ru(bpy)s]** (photon
flux, absorbance, temperature and irradiation geometry) and low
conversion regime ( < 10%) it can be assumed that the steady-state
concentration of 'O, is constant. Thus, the initial rate of
30,-uptake u(?? is only dependent on the initial concentration of
BSA, [BSA]o, by reaction of '0, with the protein. In fact, the double
log plot of y002 vs. [BSA]p was linear with slope ~ 1 (Fig. 2b), con-
firming the above-mentioned assumption and a first-order de-
pendence for the protein. Accordingly with the results of the
previous section, the [Ru(bpy)s]** complex does not interact with
BSA and '0, is generated in the bulk solvent upon blue-LED irra-
diation of [Ru(bpy)s;]** (Egs. (3) and (4)). After its formation, '0,
decays unimolecularly to triplet ground state oxygen 30, releasing
heat and emitting weak near-infrared phosphorescence at
1270 nm [4] (Eq. (5)), competing with the bimolecular processes
by interaction with BSA, i.e. chemical reaction pathway yielding
oxidized protein BSAox (Eq. (6)), and physical quenching pathway
deactivating '0, to 30, without modification of the protein (Eq.

(7).

[Ru(bpy)s [+ E>*[Ru(bpy)3]2+ 3
k
*[Ru(bpy)s J* + %0, — [Ru(bpy)s P+ +'0, “)

Slope = 1.1 (0.1)

20 16 42 08
log [BSA],

0 15

30 45

[BSA] (uM)

Fig. 2. (a) O,-uptake kinetic as function of BSA concentration under steady-state irradiation with blue-LED (462 nm) of 20 uM [Ru(bpy)s]** in 50 mM Na-phosphate buffer at
pH 7.4. (b) Double log plot of the initial rate of O,-uptake ué’z vs. initial BSA concentration [BSA]o. (c) Stern-Volmer plot for the total quenching of '0, by BSA in neutral D,0.
Inset: luminescence decay of '0, monitored at 1270 nm obtained after photosensitization of 40 uM [Ru(bpy)s]*>* with laser excitation at 352 nm (3 m]/pulse) in air-saturated

D,0.
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10

10, "f“_”AﬁOz + heat + hv(1270 nm) (5)
kBSA

10, + BSA s (BSA)y ®©

1 kESA3

0, + BSA-"-30,+ BSA @

As both parallel bimolecular deactivation channels of !0, are
plausible in presence of BSA, ie. (Egs. (6) and (7)), the total
quenching rate constant by BSA is given by kPS* = k3 4 kESA. The
30,-uptake kinetics by BSA were compared with those observed
for a well-known '0,-trap as the water soluble anthracene-9,10-
dipropionic acid disodium salt (ADPA), which exclusively reacts
with !0, to produce a stable endoperoxide at room temperature
[34]. The bimolecular rate constant for the reaction of '0, with
ADPA of kAPPA=74(+0.5)x10’M~'s~! was determined by
time-resolved luminescence quenching experiments of 10, in D0,
the suitable solvent to improve the transient detection of 10, with

our experimental set-up (Fig. S1 of Supplementary Information).

kADPA
10, + ADPA “—ADPAO, ®)

By considering the initial 30,-uptake rates under identical
photosensitization conditions, the k34 =2.7( +0.9) x 108 M~ 's~!
was calculated as follows [35]:

j(BSA ve>* _ [ADPAJo « kADPA
© VPR [BSAl T C €)

The total quenching rate constant by BSA was calculated with
Eq. (10), which accounts the shortening of the observed lifetime of
10, (z4) due to the competition of both physical and chemical
quenching by BSA with the unimolecular decay of '0,, (Egs. (5)-

(7).
@)1= @01 + kBA[BSA] (10

The inset of Fig. 2c shows the transient luminescence signal of
10, obtained by photosensitization of [Ru(bpy)s]*>* with laser
excitation at 355 nm in D,0 solutions. In the absence of protein, a
lifetime of 74°=64 + 2 ps was obtained by first-order fitting of the
decay tail of '0,, as expected in D,0 solvent [4]. By increasing the
concentration of BSA a shortening of 7, was produced, and a
kBSA=7.3(+0.4) x 108 M~ ! s~ ! was obtained by linear regression
with Eq. (10). This k. value was almost the same than that reported
for the quenching of '0, by HSA using the water soluble sensitizer
phenalen-1-one-2-sulfonic acid (PNS) [36], confirming that hu-
man and bovine serum albumins show similar quenching effi-
ciency of '0,, probably due to the large amino acid homology
between them [13].

Both calculated k25* and k25* values are one-order of magni-
tude larger than those observed for the interaction of '0, with free
amino acids in buffer solutions at similar pH conditions [7,37-39].
This result indicates that several amino acid residues per BSA
molecule contribute in parallel to both chemical and physical de-
activation of '0,, ie. k¥ =¥ k2 and kPSA = ¥ k{. The com-
parison between k.55 and k> indicates that the interaction of
10, with BSA is comprised of = 40% of chemical reaction and
~ 60% of physical quenching. The quenching of the electrophilic
10, by electron-rich amino acids (AA), such as Trp, Tyr, His, Met
and Cys, can be interpreted by formation of a singlet exciplex
’(026* .- -AA5+) [4,7,37], which can decay by intersystem cross-
ing to a triplet charge-transfer (CT) complex 3(0,- - -AA) dis-
sociating to the 30, and AA, without chemical degradation of the
amino acid, resulting in the physical quenching pathway (Eq. (7)).
Nevertheless, the l(026'- . -AAS*) exciplex can also form the

oxidation product AAO, consuming dissolved '0, (Eq. (6)). The
latter reaction in proteins can produce side-chain carbonyls, hy-
droperoxides, sulfones and sulfoxides depending on the reactive
AA [10,40].

The amino acid sequence of BSA contains besides the single
free C34 (the rest of Cys residues are forming 17 disulfide bridges
to keep tertiary structure) 2 Trp, 4 Met, 17 His, and 20 Tyr residues
[13], which hypothetically can react with '0, [10,40]. MALDI-TOF
tests of tryptic digests obtained after native PAGE of 100 uM BSA
and 20 pM [Ru(bpy)s]** before and after 60 min of blue-LED
photolysis showed a set of very low intensity peaks with m/z
suggesting peptides containing typical oxidations such as W (+4,
+16, +20 and +32); Yand H (+16); M (+16 and +32); and C
(+48) [41]. Nevertheless, due to sample treatment and the very
low signals it was impossible to confirm their sequence by MS/MS
experiments under the present experimental conditions.

However, independent MALDI-TOF experiments with larger
sensitizer/protein ratio to reach more aggressive photo-oxidation
conditions, e.g. 28.4 uM [Ru(bpy);]** and 14.2 uM BSA, showed
clear evidence of protein oxidation. Fig. 3a depicts that the mass
spectrum of the intact BSA without and with the addition of
[Ru(bpy)s]>* and handled under dark condition were practically
identical, with average mass MW =66,433 Da, indicating that the
metal complex does not modify the protein by undesirable ther-
mal reactions. In contrast, after 60 min of blue-light irradiation of
the solution containing both the protein and the complex, a mass
increment of about 208 Da was observed, suggesting that at least
13 oxygen atoms were incorporated into the oxidized BSA, in
perfect agreement with the kinetic data discussed above, i.e.
kB5A ~ 10k, After tryptic digestion, unequivocal evidence of
oxygen atom addition (+16) was found in two peptides containing
Y residues to form 3,4-dihydroxyphenylalanine (DOPA) with re-
lative low intensity: (i) L3*GEYGFQNALIVR*® (m/z 1495.788) and
(ii) D*23AFLGSFLYEYSR?3> (m/z 1583.730) (Fig. S2 of Supplemen-
tary Information). Two more peptides were also detected, (iii)
A22WSVAR?' (m/z 721.30) that would correspond to the oxida-
tion of W213 to N'-formylkynurenine (+32), and (iv)
R*36HPEYAVSVLLR?*¥ corresponding in this case, to the oxidation
of H337 and Y340 most likely. However, the signal for the latter
peptide was within the instrumental detection limit and therefore
should be considered with caution.

Chemical analysis of the oxidized protein indicated that car-
bonyl residues (R,C=0) on BSA were steadily formed during
photosensitization with [Ru(bpy)s;]?*, but not detectable amounts
of side-chain hydroperoxides and/or free H,O, were observed
(Fig. 3b). The non-formation of free H,0, is indicative of lack of
charge-transfer processes (Type I mechanism) between BSA and
the sensitizer [Ru(bpy)s]*>*, as could be expected for tightly bound
sensitizer to the albumin [20,42,43].

The observed initial rate of formation of carbonyls vy¢=° cor-
related linearly with that for 30,-uptake, i.e. v,°2 (Fig. 3c), with a
slope value suggesting that the formation of protein carbonyls
represents = 30% of the total '0,-mediated oxidation of BSA. Fi-
nally, the electrophoretic analysis by SDS-PAGE under denaturing
conditions did not show any evidence of large structural protein
alterations like fragmentation and/or cross-linking after photo-
oxidation treatment (Fig. 3d), confirming the absence of charge-
transfer processes between *[Ru(bpy)s;]** and some amino acid
residues. Lack of structural changes after 10,-mediated oxidation
of BSA using also [Ru(bpy)s]** as sensitizer was recently con-
firmed by label-free electrochemical measurements [44].

3.3. Role of Trp and Tyr residues on 0, scavenging

During the blue-LED irradiation of [Ru(bpy)s]>* in presence of
BSA in air-saturated solutions, a continuous absorbance increment
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Fig. 3. (a) MALDI-TOF MS of 30 uM BSA native (black line) and in the presence of 60 uM [Ru(bpy)s]** before (blue line) and after 60 min of blue-light irradiation (red line).
(b) Concentration of protein carbonyls and hydroperoxides, and free H,0, produced during photo-oxidation of 100 pM BSA under steady-state irradiation with blue-LED
(462 nm) of 20 uM [Ru(bpy);]** in 50 mM Na-phosphate buffer at pH 7.4. (c) Relationship between the initial rates of protein carbonyl formation and 30,-uptake. (d) SDS-
PAGE (12%) of 100 pM BSA under different irradiation conditions (MW BSA=66.4 kDa). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

in the region between 300 and 400 nm was produced without
bleaching of the metal-to-ligand charge-transfer band of
[Ru(bpy)s]?>* (Fig. 4a). This result confirms that neither direct nor
photosensitized degradation of the metal complex was produced.
Hence, the differential absorption spectrum after 30 min of stea-
dy-state photolysis indicates the formation of new protein chro-
mophore(s) with maximum absorption band at ~ 325 nm (inset of
Fig. 4a).

Fig. 4b and c compare the photo-oxidation kinetics under
identical photosensitization conditions of [Ru(bpy)s]?* solutions
with only ADPA and with the mixture of ADPA and BSA at the

same concentrations than in the individual solution of actinometer
and protein, respectively. For the irradiated solution containing
both ADPA and BSA, the absorbance increment at 300-350 nm was
simultaneous with the bleaching of the absorption band of ADPA
due to the breakdown of the aromatic conjugation of the anthra-
cene moiety to form the 9,10-endoperoxide derivative (Fig. S1 of
Supplementary Information) [34].

However, the observed first-order constant value monitored at
380 nm for the bleaching of ADPA was reduced in a similar amount
of the observed rate constant for the absorbance growth at
320 nm. This result indicates that BSA competed with ADPA to
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Fig. 4. Spectral changes produced during blue-LED continuous irradiation of 20
uM [Ru(bpy)s;]** air-saturated solutions containing: (a) 21 uM BSA; (b) 60 uM
ADPA, and (c) 21 pM BSA+60 uM ADPA. Insets: (a) differential absorption spectrum
of the photolyzed solution, and (a)-(c) kinetic profiles at 320 nm and 380 nm to-
gether with first-order fit (solid black line). The blue area is the emission spectra of
the 1 W blue-LED used as excitation source. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

react with 10,, as expected for the reaction mechanism proposed
in (Egs. (3)-(8)), and that oxidation of BSA was only mediated by
10, (type Il mechanism).

In order to characterize the nature of the photo-oxidation
product(s) associated with the new absorption band at ~ 325 nm
(inset Fig. 4a), the intrinsic fluorescence of BSA obtained by se-
lective excitation at 295 nm and 320 nm was analyzed as a func-
tion of the photosensitization time. Fig. 5a shows the decreased
and blue shifting ( ~ 5 nm) of Trp-like intrinsic fluorescence of BSA
during photo-oxidation. However, the excitation spectrum mon-
itored at emission wavelength of 340 nm as function of the irra-
diation time only decreased without any spectral shift (Fig. S3 of
Supplementary Information), suggesting that no apparent en-
vironmental modification of the vicinity near Trp residues was
produced upon oxidation of BSA [45].

The progressive decrease of the Trp-like emission was accom-
panied by the simultaneous growth of a new emission band with
maximum at =415 nm when the photo-oxidized solution was
selectively excited at 320 nm (Fig. 5b). The similar observed rate
constants ks values obtained by first-order kinetic analysis of
both depletion and growth fluorescence curves suggests that these
changes were kinetically linked (insets of Fig. 5a and b). Both new
UV-vis and fluorescence bands arisen after BSA photo-oxidation
can be potentially assigned to oxidation products of Trp, e.g. N
'-formylkynurenine [46] and of Tyr such as dityrosine [47], since
those from oxidation of Cys, Met or His are transparents in near UV
and almost not fluorescents avoiding their monitoring by spec-
troscopic techniques. In order to probe the formation of N’-for-
mylkynurenine and/or dityrosine, the pH dependence between
5.6 and 7.4 was evaluated for the excitation band of the oxidation
product(s) monitored with emission at 440 nm (Fig. 5c). The ex-
citation spectra was similar to the UV absorption band with
maximum at 325 nm (inset of Fig. 4a) and independent of pH, in
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Fig. 5. Emission fluorescence spectra of 10 pM BSA air-saturated solutions as
function of photolysis time of 20 uM [Ru(bpy);]** with a blue-LED (462 nm)
monitored at excitation wavelength of 295 nm (a) and 320 nm (b), with the figure
insets plotting the fluorescence changes as function of photolysis time monitored at
342 nm and 410 nm, respectively. (c) pH effect on the excitation spectrum mon-
itored with emission at 440 nm for the 30 min photo-oxidized BSA. Spectra have
been corrected for the inner filter effect.

contrast to that observed for the excitation spectrum of dityrosine
fluorophore in the same pH range [47], supporting the preliminary
MS assignment that !0,-mediated oxidation of Trp residues of BSA
produces N’-formylkynurenine, yielding two carbonyl groups by
addition of two oxygen atoms per oxidized indolic ring [9,10].

At this point, the comparison of the ks values obtained by
UV-vis absorbance changes for the photosensitized oxidation of
BSA at 320 nm and for ADPA at 380 nm under identical photo-
sensitization conditions (Fig. 4a and b) can be used for the calcu-
lation of the rate constant for the reaction of '0, with both W134
and W213 residues of BSA, i.e. kegsa™=4.0( +0.4) x 107 M~ 1 s~ 1,
Recently, Jensen et al. [48] have shown that the Trp reactivity to-
wards 10, for a series of proteins bearing a single Trp residue was
decreasing as the residue was deeply buried, and that for Trp lo-
cated near the solvent or partially buried the reactive constant was
closer to the value for the free amino acid in buffer, e.g.
k"W=3x10"M~'s~! [7,8]. In the present case, slightly larger
observed k.psa"V could suggest that '0, can react with both W134
and W213 residues in BSA, but probably in different proportion.

To investigate the individual contribution of each Trp residues
to the scavenging of '0,, BSA samples before and after 30 min of
photo-oxidation were analyzed by time-resolved emission spec-
troscopy with pulsed excitation at 295 nm. In all cases, a global-
fitting deconvolution analysis with three-exponential components
in Eq. (1) was used for the fitting of the emission decay at different
wavelengths, allowing the calculation of the associated fractional
contributions f(4) of each decay component for determination of
the decay associated spectra (DAS) with Eq. (2).

Fig. 6a shows the DAS for native (non-oxidized) BSA confirming
the existence of two different Trp-like emission bands, with Apax
at 330 nm and 344 nm, respectively. The main fluorescence con-
tribution ( ~ 80% of the total spectral area) corresponded to the
red-shifted band with an associated lifetime of 6.6 ns, and is
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Fig. 6. Decay Associated Spectra (DAS) obtained by pulsed excitation at 295 nm of
11 uM BSA in presence of 20 uM [Ru(bpy)3]** in air-saturated solutions: (a) before,
and (b) after 30 min of photo-oxidation by irradiation with blue-LED (462 nm). The
associated lifetimes, emission maxima and relative band area percentage are in-
dicated. Steady-state spectra obtained at both excitation wavelengths are indicated
with black lines. The DAS were constructed by collecting fluorescence decays be-
tween 310 and 500 nm with a step of 5 nm (see Section 2).

assigned to the W134 residue, which is a relatively solvent ex-
posed residue located closer to the subdomain IA [12,49]. Then,
the blue-shifted emission band with 19% of the total fluorescence
and shorter lifetime of 2.9 ns is assigned to W213, which is more
deeply buried and pointing to the cleft in the subdomain IIA or
Sudlow’s binding site I [13,45]. This result confirms that each Trp
residue senses different nano-environment for domains I and II of
BSA. The third DAS component with lifetime of 340 ps and without
defined emission maximum only contributed < 1% to the total
emission of native BSA, and it can be associated with the emission
tail of residual Tyr fluorescence, since the excitation source has a
half band width of + 14 nm.

Conversely, the DAS of the oxidized BSA shows a different re-
lative contribution of the emission bands associated with both Trp
residues (Fig. 6b). As the red-shifted emission relative contribution
was reduced to ~ 50% of the total fluorescence, the blue-shifted
emission was increased up to ~ 38%. In addition, the new emis-
sion band with maximum at 405 nm with ultra-short lifetime is
associated with the formation of the side-chain N’-formylk-
ynurenine derivative formed by reaction of Trp residues with 10,
[46]. By using the relative fluorescence contribution of each Trp
residue in DAS in the steady-state emission spectra of BSA before
and after 30 min of photo-oxidation of BSA (Fig. 5b), ~90% and
~ 40% of W134 and W213 were oxidized, respectively. Thus, the
global photo-oxidation efficiency of Trp residues is ~ 0.65, a si-
milar value to that calculated for the formation of side chain N
'-formylkynurenine using the absorbance increases at 320 nm
(inset of Fig. 4a) and the reported molar absorption coefficient of
38x10°M~'ecm~! [46].

The lower reactivity of W213 towards !0, can be associated
with the reduced diffusion and accessibility of oxygen molecules
into subdomain IIA as demonstrated by the lower quenching ef-
ficiency by 30, of the triplet excited state of the dye rose Bengal
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Fig. 7. Spectral deconvolution of Tyr (blue shadow) and Trp (pink shadow) emis-
sion fluorescence contribution obtained by subtracting emission spectra obtained
with excitation at 280 nm (black line) and 295 nm (dotted line) with Trp normal-
ization at 400 nm, see Ref. [50] for of 10 pM BSA air-saturated solutions in presence
of 20 uM [Ru(bpy)s]** before (a) and (b) after 30 min of blue-LED photolysis. Inset:
First-order plots of relative fluorescence quantum yields of Tyr (e) and Trp (m)
contribution. Spectra have been corrected for the inner filter effect. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

(RB), which specifically binds to this subdomain [23].

With the aim of evaluating the oxidation of Tyr residues se-
parately from Trp ones, the steady-state fluorescence spectral
deconvolution procedure proposed by Bobone et al. [50] was used.
In this procedure, the spectral emission contribution of each
amino acid were separated by collecting the total emission
(Tyr+Trp) obtained with Aex=280 nm and subtracting the emis-
sion spectrum of Trp acquired with Aex=295 nm and matched at
400 nm, where only Trp emits, to normalize its fluorescence
contribution in the total emission spectrum.

Fig. 7 illustrates the results obtained with this procedure for
10 pM BSA air-saturated solutions before and after 30 min of
photosensitization with 20 uM [Ru(bpy)s]**. The fluorescence
emission of the native BSA obtained with excitation at 280 nm is
dominated by the Trp contribution with an emission maximum at
342 nm, together with the weaker Tyr emission showing a max-
imum at 306 nm, due to the internal energy-transfer effect from
the Tyr to Trp residues. On the contrary, after 30 min of photo-
oxidation the global fluorescence emission was reduced and dis-
torted, composed by much lower relative contribution of the Trp
residues. Maximum emission band was blue-shifted at ~ 336 nm,
as already observed by both steady-state and time-resolved
fluorescence with excitation at 295 nm (Figs. 5 and 6).

The inset of Fig. 7b shows the first-order plots of the relative
fluorescence quantum yield of Tyr and Trp as function of the
photo-oxidation time obtained from the respective deconvoluted
spectra as function of the irradiation time. The same ko5 value for
Trp degradation was obtained with this procedure as that calcu-
lated from the global emission fluorescence changes by selective
excitation of Trp residues at 295 nm (inset of Fig. 5a), validating
the deconvolution method used. The comparison of both kops va-
lues indicates that Tyr residues in BSA are almost 6-fold less re-
active towards 'O, than Trp ones, as typically observed for the free
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is referred to the web version of this article.)

amino acids in aqueous media at neutral pH [7]. As MS and
fluorescence experiments confirmed that two Tyr (at least) and
two Trp residues per BSA were oxidized by '0,, respectively, the
lower limit of the rate constant for the global chemical reaction of
Tyr residues of BSA with !0, can be estimated as
kepsa? >0.7(+0.2) x 107 M~'s~'. It can be observed that the
oxidation efficiency of Tyr and Trp residues estimated as
[(kepsa¥ +kepsa®™)/ kB5A] only represented about 20% of the global
oxidation process, suggesting also that other reactive residues such
as Met and His residues might contribute to the '0,-trapping by
BSA [3,10].

3.4. BSA nano-heterogeneity effect on the compartmentalization and
reactivity of 10,

Fig. 8a shows the 3D modeling of BSA (pdb 3V03) obtained
with the Swiss-Pdb-Viewer 4.1.0 free software [51], indicating the
distribution of the confirmed oxidized residues discussed above,
e.g. W134, W213, Y331 (or Y333) and Y400. The inclusion of Y340
was only done for descriptive purposes, since its assessment MS
(and of H337) were within the instrumental error. It can be ob-
served that '0, generated in the bulk solvent by photosensitiza-
tion of [Ru(bpy)s]>* is able to diffuse towards BSA and interacts
with both solvent exposed and buried residues disseminated
through the whole albumin. The '0,-targeting of more deeply
buried residues as W213 can be assisted by the existence of highly
hydrophobic peptide portions closer to those residues, given the
10-fold larger solubility of 20, (and also '0,) in non-polar media
than in water [52]. Fig. 8b shows as purple sticks the peptide

regions with relative hydrophobicity > 0.6 as defined by Black and
Mould [53], and calculated with the free software Protscale [54]
(Fig. S4 of Supplementary Material). Fig. 8c shows the Swiss-Pdb-
Viewer modeling of the inner water channels (blue shadow)
conformed by solvent volumes large enough (> 100 A3) to ac-
commodate oxygen molecules (molecular volume 51 A3/molecule
[56]). Fig. 8d illustrates the interconnectivity of those inner water
channels with the protein surface from different sides. This mod-
eling approach fits well with the observed results, since it in-
dicates the possibility of internal diffusion of '0, generated in the
bulk solvent through the whole BSA. The average radial distance
that '0, can travel during its lifetime 7,4° can be estimated as
d=(6Dt)"?, where D=2 x 10> cm?/s is the diffusion coefficient of
10, in water at room temperature and t~ 5 x 7,4° is the average
travel time of the species [55]. Thus, a distance d ~ 500 nm was
calculated considering 7,°=3.1 ps as the '0, lifetime value in
water in the absence of quenchers [4]. This traveled distance re-
presents a spherical diffusional volume of several orders of mag-
nitude larger than the molecular volume of BSA [13], allowing the
diffusion of '0, through several BSA molecules during its lifetime.
It is interesting to note that the bulkier hydrophobic peptide re-
gions in domains I and II are delimited or closer to some Met and
His, probably facilitating their interaction with 10,.

As suggested by Molecular Dynamics simulations for molecular
oxygen in ns-time window [56,57], hydrophobic residues located
on cavities on the protein surface are used to capture oxygen
molecules from the bulk solvent. After a short period residing
there, they seem to move to inner cavities through one or more
channels. Taking this into account, singlet oxygen behavior can
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also be explained in a similar fashion. Plotting residues according
to their hydrophobicity and those oxidized, a clear pat-
tern emerges. Whether this association is related to a “walking
path” of singlet oxygen from grooves through the protein surface
towards hydrophobic residues and then quenched by reactive re-
sidues, such as Trp or Tyr, or if this pattern is merely coincidental
is a topic that needs to be addressed. We are currently working on
the optimization of mass spectrometric analyses to evidence all
possible oxidation sites since the abundance of certain candidate
ions did not allow us to confirm their identity using MS/MS. This
data together with molecular dynamics simulations might explain
the route of singlet oxygen from bulk solvent to specific hydro-
phobic areas on the protein surface and the distribution pattern of
oxidations observed.

4. Conclusions

Photosensitized oxidations contribute to biological damage
induced, through processes involving the generation of radical
species (type I mechanism), for example, by electron transfer or
hydrogen abstraction, and/or the production of '0, (type I me-
chanism). Here, the photosensitized oxidation of BSA using
[Ru(bpy)s]** as sensitizer in air-saturated Na-phosphate buffer
solution was evaluated by kinetic and spectroscopic methods. As
both ground and excited states of the sensitizer did not interact
with the protein, the oxidation of BSA was exclusively mediated by
10, produced in the solution. In turns, BSA quenched efficiently
10, with a total (physical+chemical) quenching rate constant
kBSA=73(+0.4) x 108 M~ 1 s, with ~ 40% of chemical pathway
contribution, ie. kB%=2.7(+0.9)x 108 M~'s~'. Both k5" and
kBSA values are typically found for albumins and indicate that
several residues interact in parallel with '0,. Among those re-
sidues, oxidation of W134 and W213 resulted in the formation of
the fluorescent side-chain N’-formylkynurenine, with an global
reaction rate constant kcgsa”/=4.0( +0.4) x 10’ M~ ' s~ ', Time-
resolved emission spectra analysis confirmed that the solvent ex-
posed W134 was more efficiently oxidized by !0, than the buried
W213, due to the environmental nano-heterogeneity difference
between BSA subdomains. MS analysis indicated that at least two
Tyr residues were oxidized by '0, to form DOPA by adding one
oxygen atom per residue. Steady-state deconvolution of the
emission spectrum of BSA indicated than Tyr residues were less
reactive towards 'O, than Trp with kepsa®>0.7(+0.2) x
10’ M~ ' s~ . The analysis of kinetic data together with the rela-
tively low efficiency of formation of protein carbonyls ( ~ 30%)
suggested that residues other than Trp and Tyr; e.g. Met and His;
must be also oxidized by '0,.

The observed oxidative pattern of BSA can be better understood
by compartmentalization effects of '0, as a result of the nano-
heterogeneity of the albumin. The modeling of 3D-structure of BSA
indicates the presence of interconnected hydrophilic grooves and
hydrophobic peptide patches at the interior of the protein where
10, can be able to diffuse from the bulk solvent during its lifetime,
reaching buried amino acids such as W213.

This study confirms that highly diffusive reactive species, such
as '0,, are able to be dispersed into the interior of bulky proteins
by the presence of interconnected hydrophilic and hydrophobic
regions. This nano-compartmentalization can produce intricate
oxidation patterns involving the degradation of both solvent ex-
posed and buried residues.
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