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The photochemical nitrating agent 5-methyl-1,4-dinitro-1H-imidazole (DNI) has been recently described as an
effective tool for nitrating tyrosine residues in proteins under 390 nm irradiation (Long T. et al., 2021). Herein,
we describe the one-step synthesis of DNI from the precursor 4-methyl-5-nitro-1H-imidazole with good yield
(66%) and high purity (>99%). Spectral analysis of DNI reveals two maximum peaks (228 and 290 nm) with
maximum nitration yields and kinetics occurring at 290 nm. Electron paramagnetic resonance (EPR)- and mass
spectrometry (MS)- spin trapping analysis evidenced the formation of nitrogen dioxide (*NO3) upon irradiation of
DNI, implying the homolysis of the N-N bond in the DNI molecule. Irradiation of DNI at 290, 390 nm, or UVA
light (315-400 nm), produced tyrosine nitration, with yields approaching ca. 30% with respect to DNI at 290 nm
exposure. Indeed, using alpha-synuclein as a model protein, the main protein post-translational modification
triggered by DNI was the generation of 3-nitrotyrosine as shown by MS analysis. Additionally, the formation of
di-tyrosine was also observed. Finally, intracellular *NO, production upon DNI photolysis in bovine aortic
endothelial cells was evidenced by the nitration of the tyrosine analog probe p-hydroxyphenylacetic acid (PHPA)
and cellular protein tyrosine nitration.

be involved in a pathophysiological cascade [3]. Many oxidants may
induce one-electron oxidation in tyrosine residues, such as *OH, *NO,,

1. Introduction

Protein tyrosine nitration is an oxidative post-translational modifi-
cation observed in vivo caused by a radical-mediated pathway. The
replacement of a hydrogen atom in position 3 of the phenol ring of a
tyrosine residue by a nitro group (-NOs), results in the formation of 3-
nitrotyrosine (3-NOa-Tyr) [1]. 3-NOy-Tyr is considered a biomarker of
several pathological conditions [2-7]. Increased levels of 3-NO,-Tyr and
nitrated proteins are found in neurodegenerative diseases [8,9], car-
diovascular diseases, inflammation and cancer [10-14]. Also, tyrosine
nitration in proteins can induce a loss- or gain-of-function, which could

CO3, oxo-metal compounds (O:Mnlv), and compounds I and II of
peroxidases (e.g myeloperoxidase) to tyrosyl radical; the latter can
combine with °*NO; to yield 3-NOy-Tyr [1]. Peroxynitrite (ONOO-
~/ONOOH) is one of the main nitrating agents in biological systems
since it can undergo homolysis to *OH and *NO, [15-19].
Tetranitromethane (TNM) is a well-established chemical nitrating
agent commonly employed to generate 3-NO,-Tyr residues in proteins.
Indeed, TNM reacts with the phenoxide anion via a free-radical pathway
with the formation of *NO- and tyrosyl radical intermediates [20]. TNM,
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used at pH 8, shows mild selectivity toward tyrosine residues, but it may
also induce the nitration of tryptophan, as well as the oxidation of
cysteine, methionine and histidine [21]. Additionally, nitrite (NO3) at
acidic pH is capable of nitrating tyrosine residues in proteins [22]. An
alternative nitration approach involves employing an electrophilic ar-
omatic substitution with nitronium ion (NO3) as the electrophile,
derived from the inorganic salt nitronium borofluorate (NO2BF,) [23].
This method exhibits the capacity to promote the nitration of free Tyr
[24], as well as Tyr residues in protein, along with the detection of other
modifications like carbonylation [25].

Recently, DNI (5-methyl-1,4-dinitro-1H-imidazole) was described as
a photochemical nitrating agent able to nitrate tyrosine residues when
irradiated at 390 nm, and also able to oxidize cysteine residues to
disulfides [26]. The properties of organic nitramines (RN-NOy), as
photochemical *NO5 donors, are well known in the field of material
science [27,28]. Aliphatic and monocyclic nitramines like cycli-
trimethylenetrinitramine (RDX) and cyclotetramethylenetetranitramine
(HMX), or polycyclic nitramine hexanitrohexaazaisowurtzitane (HNIW)
supporting 3, 4 or 6 N-NO; groups respectively, are energetic materials
with highly exergonic reactions [29,30]. These chemical compounds are
commonly used in explosives and propellants. It is suggested that these
characteristics are related to their ability to produce *NO during ther-
molysis or photolysis, with little biochemical and biological applications
[28-30]. DNI is a mono-nitramine, with only one N-NO; group, sup-
ported on an imidazole ring (Scheme I). This structural configuration
makes it a more suitable reagent for applications in the biochemistry
field compared to aliphatic multiple-nitramines.

Given that the original article [26] did not contain a description of
how DNI was obtained or synthesized, we were motivated to develop a
preparation method, and then conducted an expanded biochemical
characterization exploring its cellular application. In this manuscript,
we describe the synthesis of DNI, its photochemical properties with
different irradiation sources, the reaction mechanism of as a nitrating
agent, and its capacity to promote protein tyrosine nitration in vitro and
in cellula. Our results further characterize and support DNI as a suitable
photochemical agent for generating 3-NO2-Tyr in isolated proteins and
cells.

2. Materials and methods
2.1. Reagents

4-methyl-5-nitro-1H-imidazole was purchased from Aaron Chem-
icals LLC (NI). Tyrosine (Tyr), 3-nitrotyrosine (3-NO2-Tyr), p-hydrox-
yphenylacetic acid (PHPA), 4-hydroxy-3-nitrophenylacetic acid (NO»-
HPA)  2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid) dia-
mmonium salt (ABTS), diethylenetriaminepentaacetic acid (DTPA), so-
dium nitrite (NaNOy), and all other reagents were purchased from
Sigma-Aldrich. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) from Enzo
Life Science. [13C9,15N] -tyrosine and 3—nitro[13C6] -tyrosine stable
labelled internal standards were purchased from Cambridge Label Iso-
topes Inc. Peroxynitrite was synthesized from sodium nitrite and Hy0,
under acidic conditions in a quenched-flow reactor as described previ-
ously and stored at —80 °C [31]. Peroxynitrite concentrations were
determined spectrophotometrically at A=302 nm (e=1670 M 'cm™}),
and nitrite contamination was typically less than 20% with respect to
peroxynitrite [31]. All assays were performed in phosphate buffer (100
mM, pH 7.4 or pH 6.0) containing diethylenetriaminepentaacetic acid
(DTPA, 0.1 mM) to eliminate potential metal trace interference.

2.2. Synthesis of 5-methyl-1,4-dinitro-1H-imidazole (DNI)

DNI was obtained in one-step reaction through a general method for
N-nitroimidazoles preparation [32]. A suspension of 4-methyl-5-ni-
tro-1H-imidazole (250 mg, 1.96 mmol) in glacial acetic acid (9.0 mL)
was added to a round bottom flask and treated dropwise with
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concentrated nitric acid (2.2 mL). To the solution was added, with
cooling, acetic anhydride (6.0 mL) and the reaction mixture was stirred
for 1 h at room temperature. Monitoring by TLC (n-hexane/EtOAc (1:1))
showed a complete conversion and only a single product was present.
After pouring onto ice the mixture was extracted with dichloromethane
(5 x 10 mL), the extracts were washed with aqueous sodium bicarbonate
(2x 15 mL), and dried over anhydrous NaySO4. After removal of solvent,
5-methyl-1,4-dinitro-1H-imidazole was obtained as a highly pure white
solid. Yield = 66% (221 mg). Purity (>99%).

'H RMN (400 MHz, (CD3)2CO) & 2.99(3H s), 8.70 (1H, s).
13C NMR §: 10.7, 128.3, 131.1
MS (ED): m/z (%) = 172 (23.5), 126 (2.0), 46 (100).

Analytical TLC was performed on silica gel TLC-PET foils (Fluka).
Plates were visualized with UV light (A=254 nm). H NMR and '*C NMR
spectra were recorded on a Bruker DPX-400 instrument, with (CD3),CO
as the solvent. The chemical shifts values are expressed in parts per
million relative to tetramethylsilane as internal reference. Mass spectra
were recorded on a Shimadzu GC/MS QP 1100 EX mass spectrometer
operating at an ionization potential of 70 eV by direct sample injection
(DD).

2.3. UV-Vis absorption spectra

Electronic absorption spectra were recorder on a Shimadzu UV-2450
UV-Vis spectrophotometer in H,0 or phosphate buffer (50 mM, pH 7.4
containing 0.1 mM DTPA).

2.4. Lamp sources

For monochromatic light irradiation (228 nm, 290 nm or 390 nm) a
JASCO 8500 Spectrofluorometer was used. Also, UV-Vis lamp OSRAM
Ultra Vitalux 300 W 230 V E27, radiated power 315-400 nm (UVA)
13.6 W, and 280-315 nm (UVB) 3.0 W, dimensions diameter 127.0 mm
x length 185.0 mm, were used.

For cellular assays light irradiation was performed using an UVA
(315-400 nm) lamp PHILIPS Actinic BL 8W/10 1FM 10X25CC, di-
mensions diameter 16 mm x length 288.3 mm.

2.5. HPLC analysis

Analysis, separation and quantification of 3-NO,-Tyr, di-Tyr, DNI
and NI were performed by HPLC (Agilent Technologies 1200) coupled to
UV-visible and fluorescence detectors. The reactants and products of the
reaction of DNI with tyrosine were separated using a column TSKgel
ODS 120 A, 4.6 x 25 cm 5 pm (Tosho Bioscience, catalogue number
07124). The mobile phases were A: 50 mM formic acid pH 3, and B:
methanol with 50 mM formic acid pH 3. The HPLC chromatography was
performed at a 1 mL/min flow, with 3% B mobile phase during 5 min, a
linear gradient to 20% B mobile phase in 30 min, and an equilibration
from 31 to 40 min with 3% mobile phase B. The chromatography was
followed at 280 and 360 nm in the UV-visible detector and the fluo-
rescence detection was fix at A=294 nm for excitation and A=410 nm for
the emission. All peaks were assigned using the corresponding stan-
dards. 3,3-dityrosine was synthesized as reported previously [33].

2.6. ABTS assay

A mixture of 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) (1 mM) and DNI (0.1 mM) in phosphate buffer
(50 mM, pH 7.4 containing 0.1 mM DTPA), was irradiated under 290 nm
using a JASCO 8500 Spectrofluorometer with magnetic stirring at room
temperature. The formation of ABTS®™ was spectrophotometrically
monitored every 15 min for 90 min on a Shimadzu UV-2450 UV-Vis
spectrophotometer. €728 nm = 1.5 X 10* M lem™! [34].
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2.7. EPR experiments

EPR experiments were recorded on a MiniScope MS 400 Magnettech
by Freiberg Instruments. EPR measurements were taken at room tem-
perature with sweep-time 60 s, modulation amplitude 1 G, MW-Att.
10.0000 dB. Solvents used include CH3CN, H»0 or a potassium phos-
phate buffer (50 mM, pH 7.4, containing 0.1 mM DTPA).

The samples were introduced in a quartz flat cell and irradiated in
the EPR cavity with a UV-Vis lamp OSRAM Ultra Vitalux 300 W 230 V
E27, radiated power 315-400 nm (UVA) 13.6 W and 280-315 nm (UVB)
3.0 W, dimensions diameter 127.0 mm x length 185.0 mm. The spec-
trum simulation was carried out by an automatic fitting program [35].

Alternatively, *NO, was generated by UV photolysis of nitrite as
follows: a solution containing DMPO (45 mM) and NaNO3 (300 mM) in
PBS pH 7.4 containing 0.1 mM DTPA was transferred to a quartz flat cell
and irradiated in the EPR cavity with a UV-Vis lamp OSRAM Ultra
Vitalux 300 W 230 V E27, radiated power 315-400 nm (UVA) 13.6 W
and 280-315 nm (UVB) 3.0 W, dimensions diameter 127.0 mm x length
185.0 mm. The procedure was repeated for DMPO (45 mM) alone in PBS
(50 mM pH 7.4 containing 0.1 mM DTPA), and DNI (45 mM) in absence
of DMPO in PBS (50 mM pH 7.4 containing 0.1 mM DTPA).

2.8. Detection of DMPO adducts by MS

A mixture of DNI (45 pM) and DMPO (45 pM) in H»O was irradiated
by a UV-Vis lamp OSRAM Ultra Vitalux 300 W 230 V E27, radiated
power 315-400 nm (UVA) 13.6 W and 280-315 nm (UVB) 3.0 W, di-
mensions diameter 127.0 mm x length 185.0 mm, and the solution
analyzed by tandem mass spectrometry (MS/MS) by direct injection.
Mass spectrometry analysis were performed on a hybrid triple quadru-
pole —linear ion trap equipment (QTRAP4500, ABSciex) by direct infu-
sion at 5 pL/min employing an electrospray ionization source (ESI).
Mass spectrometer was set on negative Precursor Ion mode. The ion of
m/z 114 was chosen as a reporter ion of DMPO adduct, and scan was
performed from m/z 50 to m/z 250. Electrospray voltage, declustering
potential and collision energy were set at 5.5 kV, 30 V and 30, respec-
tively. Acquisition was performed employing Analyst 1.6.2, and visu-
alization and data analysis were performed employing PeakView 2.1
(ABSciex). The procedure was repeated for DMPO (45 pM) in H,O alone
and DNI (45 pM) in H0 in absence of DMPO.

2.9. a-Synuclein purification

Human recombinant a-syn was purified from E. coli BL21. Expression
was induced adding IPTG 0.5 mM into LB growth medium at exponential
growth face. The expressed protein was purified as described in
Ref. [36]. Briefly, bacterial pellets were resuspended in 10 mM Tris, 750
mM NaCl, 1 mM PMSF and 1 mM EDTA pH 7.5 buffer and sonicated
during 10 s eight times. The cell suspension was boiled and centrifuged
at 10000 rpm for 15 min at 4 °C and the supernatant was incubated with
streptomycin sulphate (10 mg/mL) and ammonium sulphate (0.36
g/mL), centrifugated and dialyzed against 10 mM Tris buffer 1 mM
EDTA pH 7.5. The dialyzed sample was loaded into a resource Q ionic
exchange column, and a-syn was purified by HPLC using a NaCl gradient
0-1 M. The fraction obtained was dialyzed against a 5 mM Tris, 1 mM
EDTA, pH 7.5. The purification was confirmed using 12% SDS-PAGE,
and the pure protein was diluted in 10 mM HEPES (pH 7.4) and stored at
—80 °C.

2.10. Western-blot

Recombinant a-syn (50 pM) was exposed to DNI (250 pM), loaded on
12% PAGE and electrophoresis was carried out with Tris-SDS running
buffer. Proteins were transferred on 0.2 pm nitrocellulose membranes
and incubated for 1 h in blocking solution (5% Bovine Serum Albumin
solution in PBS). Blocked membranes were incubated overnight at 4 °C
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with anti 3-nitrotyrosine monoclonal antibody (HM11 Invitrogen) [37],
and also anti a-syn monoclonal antibody (BD transduction laboratories).
Then, membranes were incubated for 1 h at room temperature with
anti-mouse (IRDye 680RD LI-COR) as secondary antibody. Images were
taken with Odyssey Fc (LI-COR Biotechnology, Lincoln, NE) imaging
system. Membranes were washed with 0.1% PBS-tween three times
between each incubation step.

2.11. Cell culture

Primary bovine aortic endothelial cells (BAECs) were obtained from
Genlantis. Cultures of BAECs cells were maintained in DMEM (Sigma
D5523) supplemented with penicillin (100 units mL™Y), streptomycin
(100 pg mL 1) and FBS (10% v/v) at 37 °C in a humidified atmosphere
(5% COy).

2.12. Cytotoxicity assay

For DNI cytotoxicity assay, confluent BAECs were incubated with
DNI (0-1000 pM) in Dulbecco’s phosphate buffered saline solution
(dPBS) consisting in NaCl (137 mM), NaaHPO4 (8.1 mM), CaCl;, (0.9
mM), MgCl, (0.5 mM), KCI (2.7 mM) and KH3PO4 (1.45 mM), pH 7.4,
and exposed to UVA light for 10 min. Then, cells were washed with dPBS
to remove photolysis products and remnant not decomposed DNI. Sub-
sequently, fresh culture media was added and cell were cultured for 24 h
before viability was measured. Cell viability was measured by reduction
of tetrazolium salt MTT (3-(3,4-dimethylthiazol-2-yl)-2,5-bromide
diphenyltetrazolium) to a blue formazan product due to the activity of
flavin-dependent dehydrogenases by measuring the absorbance at 570
nm (Varioskan Flash) [38].

2.13. Intracellular PHPA nitration

Confluent BAECs were incubated with PHPA (1 mM) in dPBS, for 30
min at 37 °C in a humidified atmosphere (5% CO3), washed in order to
eliminate the non-incorporated probe, added new dPBS and then DNI
(250 pM) was incorporated. After that, cells were exposed to UVA light
for 10 min, washed once with dPBS and cellular content was extracted
with acetonitrile, dry in SpeedVac Concentrator (Thermo Scientific,
Savant SPD1010) and analyzed by HPLC-MS.

NO,-HPA detection and quantitation was performed by HPLC-MS/
MS analysis. Liquid chromatography was performed on a reversed
phase column, Prodigy ODS(2) 5p, 150 x 2.0 mm (Phenomenex)
employing a linear gradient of acetonitrile containing 0.1% formic acid
(B) in nanopure water containing 0.1% formic acid (A) as follows: 25% B
from 0 to 8 min, 25%-90% B from 8 to 10 min, maintain at 90% B for 4
min and re-equilibrate at 25% B for 10 min, at a flow rate of 200 pL/min.
Mass spectrometer (QTRAP4500, ABSciex) was set in negative MRM
mode, electrospray voltage and declustering potential were set to —4.5
kV and —30 V, respectively, and the monitored transitions were 151.1/
107.0 and 151.1/79/0 for PHPA and 195.9/122.0; 195.9/46.0; 195.9/
152.0 for NO,-HPA, with optimized collision energies for each transi-
tion. Quantitation was performed against an external calibration curve
employing the most sensitive transition. In addition, an internal cali-
bration curve for NO,-HPA quantification was performed. For these
purposes, BAECs were pre-incubated with NO2-HPA standard (0, 50,
100, 250, 500, 1000 nM) in dPBS, washed, and the cellular content
extracted with acetonitrile, dry and analyzed as before. Also, NO3-HPA
was quantified in the extracellular media of the standard curve and 38%
of the total NO,-HPA in the cell extracts was estimated. PHPA external
calibration curve was prepared in cell lysate solution in order to
compensate potential matrix interferences in the whole processing and
analysis.
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2.14. DNI and UVA light induced intracellular protein tyrosine nitration

In order to evidence protein tyrosine nitration in cells, we analyzed the
protein fraction obtained from cells loaded with DNI and exposed to UVA
light. Briefly, confluent BAECs cultures were washed with dPBS to remove
culture media, then new dPBS with or without DNI (250 pM) was added.
After that, cells were exposed to UVA light for 10 min, dPBS was removed,
cells were trypsinized, resuspended and centrifuged at 1500G for 5 min.
Then, cell lysis was performed by adding 1:20 diluted PBS (containing
protease inhibitor mix (SIGMAFAST™ Protease Inhibitor Cocktail) to the
cell pellet and sonication for 20 min. Total protein content was measured
by BCA assay and lysates were stored at —20 °C until analysis.

Sample processing was performed as in Ref. [39] and quantitation of
3-nitrotyrosine was performed as in Ref. [40] with minor modifications.
Cell lysates samples containing ~80 pg protein were submitted to pro-
tein precipitation with trichloroacetic acid 8% v/v and centrifugation at
14000g, 4 °C, 30 min. Pellets were spiked with stable labelled internal
standards; [13C9,15N]-tyrosine (2500 pmol) and 3-nitro[13C6]-tyrosine
(100 pmol), and submitted to hydrolysis in methanesulfonic acid with
0.2% w/v tryptamine at 110 °C, overnight. Amino acids were partially
purified by solid-phase extraction using Strata SCX tubes (55 pm, 70 10\,
100 mg/1 mL) and analyzed by LC-MS/MS.

Tyrosine and 3-nitrotyrosine were quantified by LC-MS/MS in posi-
tive ion mode using a QTRAP 4500 mass spectrometer. Samples were
separated by gradient elution using a reversed phase column (Zorbax
Eclipse XDB C18, 5 pm, 150 x 2.0 mm, Agilent) with formic acid 0.1%
w/w in nanopure H,0 (Solvent A) and formic acid 0.1% w/w in water
(Solvent B). Elution gradient was from 5% B to 40% B over 15 min at
500 pL/min, 30 °C. Ion source and gasses parameters were set as follows:
IS: 5500 V; TEM: 600 °C; GS1: 30; GS2: 30; CUR: 50. Analyzer was set in
positive MRM mode including two transitions per analyte; 3—N02[12C6]
Tyr (m/z 227/181, and 210); 3-N02[13C6]Tyr (m/z 233/187, and 216);
[12CelTyr (m/z 182/136, and 165); and [*3Co,'°N;]1Tyr (m/z 192/145,
and 174). Tyrosine oxidation during sample processing was minimized
performing acid hydrolysis with the addition of tryptamine and under
vacuum to prevent Oy-dependent processes. Nonetheless, artefactual
nitration was analyzed also monitoring the nitrated tyrosine internal
standard, that is; 3—N02[13C9,15N1]Tyr (m/z 237/190, and 219) [40].
Tyrosine and 3-nitrotyrosine content in samples were calculated ac-
cording to area ratio to the corresponding internal standard and cor-
rected after adjusting for the level of artefactual generation (which was
controlled to be <10%).

3. Results and discussion
3.1. Synthesis and characterization of 5-methyl-1,4-dinitro-1H-imidazole

A general method for N-nitroimidazoles preparation was carried out
to obtain DNI in one-step [32]. 4-methyl-5-nitro-1H-imidazole treated
with excess of nitric acid in acetic anhydride/acetic acid gave
5-methyl-1,4-dinitro-1H-imidazole in good yield (66%), Scheme 1. The
nitration reaction is regioselective on the annular nitrogen atom more
remote from the nitro substituent (N2), probably governed by a com-
bination of steric and electronic effects of the substituents, giving DNI'
[41] as a single product with high purity (>99%), (Supplementary in-
formation, Fig. S1).

The UV-Vis absorption spectra of DNI shows a maximum peak in the
region between 220 and 240 nm (4nx = 228 nm) corresponding to the
nitramine group (RN-NOy) [42], and a second broad peak in the

! The incorporation of the nitro group on the N atom gives this locant the
highest priority according to the IUPAC nomenclature system, therefore, DNI is
named as 5-methyl-1,4-dinitro-1H-imidazole. [41] McNaught, A.D. and A.
Wilkinson, Compendium of chemical terminology. IUPAC recommendations. Vol
1669, Oxford: Blackwell Science, 1997.
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N rt,1h T
NO,

4-methyl-5-nitro-1H-imidazole 5-methyl-1,4-dinitro-1H-imidazole

(DNI)
Scheme 1. Synthesis of DNI. DNI was obtained in a one-step N-nitration re-

action from 4-methyl-5-nitro-1H-imidazole as a single product in good yield
(66%) and high purity (>99%).

1.54
— DNI
— 4-methyl-5-nitro-1H-imidazole
[0}
S 1.0
@©
2
o}
[ 2]
< 0.5
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200 250 300 350 400 450
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Fig. 1. UV-Vis absorption spectra of DNI (0.1 mM) or 4-methyl-5-nitro-1H-
imidazole (0.1 mM) in H,O.

260-330 nm region (Ayay = 290 nm, & = (5800 + 150) M~ 'em™1), Fig. 1.
Previously report by Long et al. [26], studied nitration of phenol de-
rivatives, and tyrosine residus in proteins by DNI under 390 nm irradi-
ation. Since at 390 nm DNI has marginal absorption intensity, we also
decided to study the photolytic reaction at 228 nm and 290 nm.

3.2. Nitration reaction at different wavelengths

First, using the amino acid tyrosine (Tyr) as a molecular target for
nitration, we evaluated how irradiation of DNI under different wave-
lengths (228 nm, 290 nm or 390 nm) by a monochromatic light source,
can modulate nitration reaction yield and kinetics.

In different experiments, Tyrosine (0.5 mM) was irradiated at 228
nm, 290 nm or 390 nm in presence of DNI (0.5 mM) in PBS at pH 6.0 or
pH 7.4, and the products analyzed by HPLC, shown in Figs. 2 and 3. No
3-NO,-Tyr formation was observed under irradiation at 228 nm, while a
rapid 3-NO,-Tyr formation was observed when the mixture was exposed
to 290 nm over time, concomitant with a rapid DNI consumption and
formation of the sub-product 4-methyl-5-nitro-1H-imidazole (nitro-
imidazole, NI), Fig. 3. In these conditions a minor fraction of di-Tyr was
formed (<2%) as evidenced by HPLC with fluorescence detection
(Fig. 2). Irradiation of DNI under 390 nm was evaluated as well, and
slow kinetics of nitration reaction was observed, Fig. 3.

Similar behavior was noted in both pH, 6.0 and 7.4, however a lower
offset (final concentration) for 3-NO,-Tyr formation at pH 7.4 was
observed, as discussed below, (Fig. 3 and Table S1).

3.3. Nitration reaction yield
p-Hydroxyphenylacetic acid (PHPA), a Tyr soluble analogue, was

used as a probe to evaluate its nitration to NO,-HPA by DNI photolysis
under different light sources (monochromatic 290 nm or 390 nm; or
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Table 1
Comparison of nitration reaction yields (%) at different pH under 290 nm
monochromatic irradiation or UVA light.

Target pH Nitration yield at 290 nm (%) Nitration yield at UVA (%)
PHPA 6.0 (32.6 £ 0.8) n.d.

PHPA 7.4 (26.4 + 6.2) (19.6 + 2.0)

Tyr 7.4 (9.6 £ 0.2) (9.7 +£0.1)

Nitration reaction yields were determined as [NO2-HPA]/[DNI] (%) or [3-NO,-
Tyr]/[DNI] (%) for PHPA or Tyr respectively; n.d. stands for not determined.

UVA light (315-400 nm)). Excess of target (1 mM and 2 mM PHPA) in
the presence of DNI (0.25 mM) in PBS 100 mM at pH 6.0 and pH 7.4 was
irradiated under 290 nm or 390 nm for 30 min, and the content analyzed
by HPLC, Supplementary information, Fig. S2, panel a). A nitration yield
of 32% based on initial DNI concentration was determined at pH 6.0,
and 26% nitration yield at pH 7.4 (corresponding 83 pM and 65 pM NOa-
HPA respectively) upon a 30 min 290 nm monochromatic irradiation,
Table 1. Under these conditions DNI was practically consumed (1.5 pM
remnant DNI) as shown in Supplementary information, Fig. S2, panel a).

However, a 30 min irradiation at the higher wavelength of 390 nm
resulted on a lower NO,-HPA formation at pH 6 or pH 7.4 (30 pM and 17
UM NO,-HPA respectively), since most DNI was unreacted.

The yields of NO,-HPA formation are in agreement with the levels of
3-NO,-Tyr obtained shown in Fig. 3, where a slow nitration kinetic was
observed upon 390 nm irradiation with respect to a 290 nm irradiation,
Fig. 3. Furthermore, DNI-mediated nitration of PHPA under UVA light
gave a 19.6% nitration yield at pH 7.4 (44 pM NO-HPA), calculated at
60 min irradiation time when DNI was fully consumed, Fig. S2, panel b),
Table 1.

Additionally, nitration yield was determined with Tyr (0.5 mM) and
DNI (0.125 mM) in PBS 100 mM at pH 7.4, under 290 nm and UVA light
irradiation, Table 1. A nitration yield of ca. 10% was obtained in both
conditions.

Previously, Beckman et al. reported a ~7% nitration yield of PHPA
by peroxynitrite (potassium phosphate buffer 50 mM containing 0.1 mM
DTPA at pH 7.4 at 37 °C) [43].

Results from our group showed a nitration yield of Tyr of ~9-10% or
~5% by bolus addition or a flux of peroxynitrite, respectively, at pH 7.4
[44]. Additionally, nitration yields with peroxynitrite using a hydro-
phobic analogue of Tyr, BTBE (N-t-BOC L-tyrosine tert-butyl ester)
incorporated to 1,2-dilauroyl-sn-glycero-3-phosphocholine liposomes
were ~2.5% [45]. Nitration yields in the presence of DNI at pH 7.4 for
Tyr were similar to those with peroxynitrite and higher for PHPA at both
pH (Table 1). The dissimilar nitration yields as a function of the tyrosine
analog and pH could be attributed to differential tendencies for dimer-
ization [46,47].

These experiments demonstrate also the significance of the light
source, as it can impact both the yields and kinetics of the nitration
reaction.

3.4. Study of the reaction mechanism

Photolytic degradation of monocyclic nitramines RDX and HMX, or
polycyclic nitramine HNIW produces *NO, by a radical mechanism as
previously reported [29,30]. In this way, Long et al. suggested a radical
mechanism of DNI photolytic nitration since radical trapping reagents
(e.g. BHT, TEMPO, and 1,1-diphenylethylene) decreased the nitration
yields of phenol derivatives [26]. Hence, the homolytic scission of the
N-NO; bond of DNI, and the concomitant *“NO production was analyzed
by ABTS?" scavenging assay, EPR experiments and tandem mass

2 Note that ABTS®" is also named as ABTS"". [48] Re, R. et al., Antioxidant
activity applying an improved ABTS radical cation decolorization assay. Free
radical biology and medicine, 1999. 26(9-10): p. 1231-1237.
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spectrometry (MS/MS) analysis to evidence radical formation (*°NO3 or
nitroimidazole radical, NI®). Finally, we studied if O, has any contri-
bution on the reaction mechanism of tyrosine nitration.

Since *NO does not absorb strongly, the formation of the intense
chromophore ABTS®as a reporter molecule was employed® [48].
Oxidation of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS®) by °NO; radical yields the oxidized form ABTS®" (equation
(1)), with a fast second-order rate constant of k = 2.2 x10” M~ 1s7! [34].
ABTS®™ has a green-blue color, which absorbs strongly in the visible
region, with an extinction coefficient of 1.5 x 10* M~ lem™! at 728 nm.
DNI (0.1 mM) was irradiated under 290 nm in presence of ABTS* a
mM) in PBS 50 mM (pH 7.4, containing 0.1 mM DTPA), and the reaction
was spectrophotometrically monitored, Fig. S3.

ABTS?>™ + °NO, — ABTS* + NO, k=22x10" M s~} (¢

An ABTS®" formation rate of 0.2 pM/min (over 60 min) was
observed. Although, the reaction of *NO, with ABTS?" is extremely fast
k=22 x10’ M 1s™H [34], the rate of ABTS? oxidation obtained by
DNI-mediated oxidation could have other contributions due to NI®.
Additional future experiments are needed to determine the reaction rate
of NI* with ABTS>".

The higher ABTS®™ concentration obtained (~10 pM), was lower
than expected based on the nitration yield (Table 1), probably due to
secondary radical reactions that compete with either ABTS?", ABTS",
*NO, or NI® [49]. Nevertheless, the time course of ABTS®™ formation
(Fig. S3) is in good agreement with a complete DNI consumption after
60 min irradiation determined in previous results, Fig. 3.

Furthermore, EPR experiments were carried out in order to evidence
*NO, or NI* formation due to DNI photolysis. DMPO was used as the
spin-trapping agent. A solution containing DMPO (45 mM) and DNI (45
mM) in PBS (pH 7.4 containing 0.1 mM DTPA) was added to an EPR flat
cell and irradiated with UV-Vis lamp in the EPR cavity for 3, 8 and 10
min, Fig. 4. The different irradiation time gave the same EPR detectable
7-line signal with a 2:4:3:4:3:4:2 hyperfine splitting pattern and
coupling constants ay =7.4 G, ag = 3.6 G, and ag = 3.9 G as shown in
Fig. 4, panel a). DMPO (45 mM) or DNI (45 mM) alone irradiated in the
same conditions gave no EPR signal, (Fig. S4).

In order to determine the DMPO adduct responsible of the EPR
splitting pattern observed, we generated *NO; by an alternatively source
of this radical, through UV photo-oxidation of an excess of NaNO (300
mM in PBS pH 7.4) in presence of DMPO (45 mM) [50]. The hyperfine
splitting pattern obtained reflects an acyclic DMPO-adduct derivative
whether *NO; radical was generated by DNI photolysis or NaNO; under
UV photo-oxidation, Fig. 4, panel a) [50]. After irradiation for 10 min
the EPR cell containing DMPO and DNI mixture, the light was turned off
and the EPR spectra were recorded for several minutes (1.5, 3, 4.5 min
light-off). A time-dependent exponential decay was observed of EPR
signal, showing a clear dependence on light irradiation, (Fig. 4, panel b).

Furthermore, simulations of EPR spectra based on previous reports of
DMPO-NO, adduct acyclic derivative are in agreement with the exper-
imentally observed, Fig. S5 [50]. Considering that nitrite is a by-product
of DNI decomposition (due to one-electron reduction of °*NO,), we
evaluated the potential contribution of NO, upon UV-induced photo--
oxidation to the *°NO,- dependent EPR signal observed. Assuming the
complete decomposition of a 45 mM DNI solution, a theorical maximum
equimolar concentration of nitrite could be produced. Therefore, we
evaluated *NO,-DMPO adduct formation at the same concentration of
DNI used in Fig. 4. A very low EPR signal was obtained when DMPO (45
mM) was exposed to light for 5 min with an equal amount of NaNO3, (45
mM), shown in Fig. S4 panel c¢), due to the requirement for a substantial
nitrite concentration to initiate the formation of the *NO, radical via UV
photo-oxidation.

Previous reports showed EPR detectable signal of nitro-anion radi-
cals derived from the reduction of several nitroimidazoles used as drugs
on anaerobic protozoal infections, even in absence of spin-trap DMPO in
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Fig. 4. EPR-spin trapping detection of *"NO,. a) EPR spectra of DMPO (45 mM) and DNI (45 mM) mixture generated after 3 min UV photolysis a 7-line signal with a
2:4:3:4:3:4:2 hyperfine splitting pattern and coupling constants (G) ay =7.4, ay = 3.6, and ay = 3.9 was observed. Lower panel: EPR spectra of DMPO (45 mM) and
DNI (45 mM) mixture generated after 5 min UV photolysis (black line), and EPR spectra of DMPO (45 mM) and (NaNO, 300 mM) adduct irradiated for 5 min (red
line). b) Upper panel: same as a) but irradiated for 10 min and recorded every 1.5 min after turning off the light. Lower panel: Exponential decay of EPR signal with

after turning off the light.

anaerobic conditions [51]. No evidence of NI® or DMPO-NI®* adduct was
observed by EPR analysis under our experimental conditions, all ex-
periments were carried out under normal atmospheric conditions (i.e. 1
atm and 21% O,).

Moreover, DNI (45 mM) was irradiated by UV-Vis lamp for 5 min in
presence of DMPO (45 mM) in HpO and the solution immediately
analyzed by MS/MS. Precursor ion spectra of m/z 114 (corresponding to
DMPO" fragment ion) was analyzed in order to identify potential DMPO
adducts. A peak corresponding to the DMPO-NI adduct (m/z 240.8) and
a peak at m/z 158.8 corresponding to the DMPO-NO2 adduct were
observed, only in presence of light, (Fig. 5 and Table S3).

Finally, we studied if Oy has any contribution on the reaction
mechanism of tyrosine nitration. As shown in Fig. S6, O2 does not exert
any effect on nitration reaction. This result discards an oxygen-
derivative radical intermediate in the reaction of DNI [51,52].

Overall, these experiments support an homolytic cleavage of the RN-
NO, bond of the nitramine moiety yielding *NO» and nitroimidazole
radical (NI°) in agreement with previous reports [26,28,30].

3.5. Protein tyrosine nitration induced by DNI

In order to evaluate post-translational protein modifications gener-
ated by DNI photolysis, we studied DNI-induced protein tyrosine

1%108- x50

nitration in a-synuclein (a-syn), a key player in Parkinson’s disease,
among other synucleinopathies, development mechanism [53,54].
a-Synuclein is one of the main components of Lewy bodies and Lewy
neurites found in synucleinopathies, and a-syn tyrosine nitration was
reported within these anatomopathological hallmarks [8,55].

As we showed before, a fast nitration of free tyrosine was observed
when samples were irradiated at 290 nm (Fig. 3), therefore a-syn was
exposed to an irradiation for 10 and 30 min under 290 nm mono-
chromatic light in the presence of DNI.

The formation of 3-nitrotyrosine was evidenced by western blot
where an anti-3-nitrotyrosine monoclonal antibody signal was observed
(Fig. 6 panel a) and mass spectrometry analysis confirmed these results
(Fig. 6 panel b).

Nitrated o-syn dimers are also detected by western blot, probably
due to di-tyrosine formation. This agrees with the formation of a tyrosyl
radical intermediate upon the action of DNI, so part of this tyrosyl
radical of one a-syn monomer reacts with another monomer tyrosyl
radical and forms the di-tyrosine crosslink. This di-tyrosine formation in
a-syn has been shown in a-syn treated with peroxynitrite [7], and it is
appreciated in the positive control of nitrated a-syn (Fig. 6 line 4).

The addition of a nitro group (-NO3) to a tyrosine residue results in
an increase of +45 Da to the protein mass. Fig. 6 shows that in our
experimental conditions, we were able to produce and detect nitration of

DMPO-NI

8x105-

6x105-

38 bMPO-OH

130.6

4x%105

Intensity (cps)

2x105-

0-

100 150

DMPO-
154.8 158.8

1738

NO,

240.8

DMPO-DMPO
226.8

250

200

Mass/Charge

Fig. 5. MS of DMPO adducts upon DNI photolysis. Precursor Ion mass spectrum of DMPO (m/z = 113.8) after 5 min irradiation by UV-Vis lamp of a solution
containing DNI (45 pM) and DMPO (45 pM) in H0. 50x represents the factor of amplification of the signal applied to the m/z range limited by the arrows.
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Fig. 6. DNI mediated a-syn nitration after irradiation at 290 nm. a) Western blot analysis of a-Syn (50 pM) mixed with DNI (500 pM) in 50 mM potassium
phosphate buffer pH 6.0 and irradiated at 290 nm. Upper panel shows anti- a-syn; Lower panel shows anti 3-nitroTyr. Samples: 1) a-syn + DNI exposed for 10 min; 2)
a-syn + DNI exposed for 30 min; 3) a-syn without DNI exposed for 30 min; 4) a-syn + ONOO™ (1 mM ). b) Mass spectrometry analysis of a-syn treated with DNI and
monochromatic light irradiation at 290 nm. Mass spectra of (A) a-syn irradiated 30 min without DNI, (B) 10 min and (C) 30 min irradiation at 290 nm in the presence

of DNIL.

a-syn at a single (ca. 14459.2 Da +45 Da) and multiple tyrosine residues
(ca. 14459.2 Da + [45]n.). A 10 min exposure, shows a change of +44.8
and +89.6 Da, corresponding with one nitro group, and two nitro groups
incorporated in a-syn, respectively (Fig. 6 panel b). When the exposure
time increases to 30 min, an increment in all nitrated species of a-syn
was observed.(Fig. 6 panel b). Also, it is interesting to look at methionine
oxidation in a-syn (Fig. 6) by DNI. a-Syn has four methionine residues
per monomer, and during the purification a small amount of methionine
sulfoxide is present (+18 Da). During the irradiation of a-syn in the
presence of DNI, there is no significant increase of these +18 Da peaks
(Fig. 6).

An exposure of a-syn to a 390 nm monochromatic light source in the
presence of DNI, resulted in the formation of 3-nitrotyrosine, although
higher irradiation time was required (30 min), as evidenced by western
blot (Fig. S7 panel a) and mass spectrometry analysis (Fig. S7 panels b
and c).

In order to test the efficiency of DNI-mediated tyrosine nitration of
a-syn under the exposure to other light sources, we repeated these ex-
periments irradiating the samples with a UVA tube (315-400 nm) and a
UV-Vis 300 W lamp. In Fig. 7, we show the results of western blot
analysis of a-syn (50 pM) with DNI (500 pM) for 30 min irradiation in 50
mM potassium phosphate buffer pH 6.0.

Mass spectrometry analysis of these samples showed a complete
tyrosine nitration of a-syn when the reaction mixture was irradiated for
30 min with UVA (Fig. 7). With UV-Vis 300 W lamp irradiation, we
detected the tri- and tetra-nitrated o-syn species, but also the tetra-
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nitrated a-syn with a single oxidized methionine residue (Fig. 7).
These results show the importance of the light source on the efficiency of
tyrosine nitration products. In the case of UV-Vis 300 W lamp, it gen-
erates a high energy light with an important heat effect, which
depending of the exposure time, could evaporate and concentrate the
protein solution. For the fluorimeter lamp, although it generates a
monochromatic light, the intensity it is not enough to induce a complete
nitration in a-syn at least during a 30 min incubation time (Fig. 6).

Being a *NO, donor, DNI also can also promote the one-electron
oxidation of free- and protein-thiol groups [46,47]. This reactivity was
demonstrated previously [26], by showing the conversion of a
cysteine-containing peptide into cystine-dipeptide (disulfide bond) by
DNI. Consequently, in proteins containing cysteine residues (not the
case of a-syn), this competing oxidation process becomes a critical
consideration.

3.6. Intracellular *°NO; production by DNI photolysis and cellular protein
nitration

In order to evaluate the possibility of using DNI as a nitrating agent in
cellular cultures, its toxicity was first analyzed. Bovine aortic endothe-
lial cells (BAECs) were incubated with different concentrations of DNI
(0 pM-500 pM), with or without UVA light exposure for 10 min, then,
cells were washed with dPBS and cultured for 24h in culture media.
After that, cell viability was determined by MTT assay [38], (Fig. S8).
Our results show that, cells that were incubated with DNI (0-250 pM)
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Fig. 7. DNI mediated o-syn nitration after UVA or UV-Vis irradiation. a) Western blot analysis of a-Syn (50 pM) mixed with DNI (500 pM) in 50 mM potassium
phosphate buffer pH 6.0 and then irradiated for 30 min. Samples: 1) molecular weight marker; 2) a-syn (not irradiated and without DNI); 3) exposure to UVA light; 4)

exposure to UV-Vis 300 W lamp.

b). Mass spectrometry analysis of DNI mediated a-syn nitration after irradiation with UVA and UV-Vis 300 W lamps. A) a-syn (not irradiated and without DNI); B)

irradiated for 30 min with UVA; C) irradiated for 30 min with UV-Vis 300 W.

without light exposure had high viability (>80%), whereas those irra-
diated with UVA light (10 min) decreased the number of viable cells,
probably due to the effect of *°NO; fluxes. Higher concentrations of DNI
(250-500 pM) decreased cell viability considerably (i.e. cell viability
<30%), not shown), probably related to DNI toxicity. However, the in-
cubation of BAECs with DNI (100 pM) exposed to 290 nm for 60 min,
prior to cell incubation, was not toxic to cells (99% viability), indicating
no toxicity of sub-product NI. In addition, the exposure to UVA light,
without DNI, for 10 min also did not modify cell viability. Therefore, the
incubation of cell cultures with 100-250 pM DNI and UVA light (10 min)
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allows the formation of intracellular *°NO, fluxes with moderate cellular
toxicity, Fig. S8.

DNI-mediated intracellular nitration in BAECs was confirmed by the
use of the tyrosine analogue probe PHPA and detection and quantifi-
cation of its nitrated product NO,-HPA (Fig. 8, panel a). In this sense,
BAECs pre-incubated with PHPA (1 mM), were treated with DNI (250
pM) and exposed to UVA light for 10 min. Under control conditions, a
cell intake of ca. 4.2 nmol PHPA per well can be estimated Fig. S9. Then,
the cellular content was extracted and NO,-HPA was detected and
quantified by HPLC-MS, Fig. 8, panel a). The estimation of intracellular

=5
=

1 No light
Il 10 min light

, Tyr (mmol/mol Tyr)
Col vl - O O
o g1 o o o O
r * 7T 9 7 %

[o)
o
T

o
o
T

Ctl DNI

Fig. 8. Intracellular NO,-HPA and protein nitration by DNI in BAECs. a) Ctrl: BAECs alone; PHPA: BAECs pre-incubated with PHPA (1 mM); PHPA + DNI: BAECs
pre-incubated with PHPA (1 mM) and treated with DNI (250 pM), with or without UVA light. b) BAECs exposed to DNI (250 pM) was treated as in a) and protein 3-

nitrotyrosine formation was estimated after acid-hydrolysis.
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NO,-HPA formation by DNI, upon UVA irradiation, was calculated as a
ratio of total intracellular PHPA incorporated in control cells (ie.
absence of DNI).

Under similar conditions, intracellular protein 3-nitrotyrosine for-
mation was measured in BAECs exposed to DNI using mass spectrometry
and determining the 3-nitrotyrosine/tyrosine ratio after acid-hydrolysis
(Fig. 8 panel b).

The results clearly show that DNI irradiated with UVA light was able
to promote the nitration of both PHPA and protein tyrosine residues in
BAECs. In the case of NOy-PHPA a 30 mmol/mol PHPA ratio was
quantified, meanwhile a ca. 3 mmol NO,-Tyr/mol Tyr was measured.
Whereas DNI alone did not cause nitration (Fig. 8).

In a cellular environment, *NO; has several competing targets in
addition to tyrosine residues, including reduced glutathione, protein
thiols and unsaturated lipids among others [56-58]. Thus, it is fully
consistent that the extent of nitration observed for PHPA and protein
tyrosine nitration formation (Fig. 8) is considerably lower in cellular
settings compared to the in vitro experiment conducted with free PHPA
or a-syn.

4. Conclusions

In this work, we describe a method for the synthesis of the photo-
chemical nitrating agent DNI, and provide an extensive biochemical
characterization and its applicability in vitro and in cellula. Our evidence
further supports and expands previous work [26] on the production of
*NO; upon light irradiation of DNI by inducing homolysis of N-NO,
bond. NI® radical is also produced during homolysis, and the effects of
this species require additional investigation. The light source can
modulate nitration reaction yields and kinetics. DNI can be utilized as a
useful tool to generate nitrooxidative events in isolated proteins and
cellular models. In summary, UVA-Vis light-triggered DNI homolysis
provides the possibility to adjust *NO fluxes to test different issues
relevant for redox biochemistry and medicine, including *NO2- and
nitrotyrosine-dependent redox signaling mechanisms, oxidative damage
and related redox-based pharmacological applications.
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