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a b s t r a c t

Tyrosine nitration is an oxidative post-translational modification that can occur in proteins associated to
hydrophobic bio-structures such as membranes and lipoproteins. In this work, we have studied tyrosine
nitration in membranes using a model system consisting of phosphatidylcholine liposomes with pre-
incorporated tyrosine-containing 23 amino acid transmembrane peptides. Tyrosine residues were
located at positions 4, 8 or 12 of the amino terminal, resulting in different depths in the bilayer. Tyrosine
nitration was accomplished by exposure to peroxynitrite and a peroxyl radical donor or hemin in the
presence of nitrite. In egg yolk phosphatidylcholine liposomes, nitration was highest for the peptide with
tyrosine at position 8 and dramatically increased as a function of oxygen levels. Molecular dynamics
studies support that the proximity of the tyrosine phenolic ring to the linoleic acid peroxyl radicals
contributes to the efficiency of tyrosine oxidation. In turn, a-tocopherol inhibited both lipid peroxidation
and tyrosine nitration. The mechanism of tyrosine nitration involves a “connecting reaction” by which
lipid peroxyl radicals oxidize tyrosine to tyrosyl radical and was fully recapitulated by computer-assisted
kinetic simulations. Altogether, this work underscores unique characteristics of the tyrosine oxidation
and nitration process in lipid-rich milieu that is fueled via the lipid peroxidation process.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Protein tyrosine nitration is a post-translational modification
mediated by nitric oxide (�NO)-derived oxidants such as perox-
ynitrite (ONOO�/ONOOH) and nitrogen dioxide (�NO2) [1e3]. Pro-
tein tyrosine nitration is a well-recognized oxidative modification,
leading to a number of functional consequences that may include
either a gain- or a loss-of-protein function. The main mechanism of
protein tyrosine nitration in vivo is based on free radical reactions
tesaghi), rradi@fmed.edu.uy
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that involve the intermediate formation of the tyrosyl radical (�Tyr)
followed by the addition of �NO2, leading to 3-nitrotyrosine (3-NT)
formation [4,5]. Oxidation of tyrosine to tyrosyl radical can be
achieved by a number of oxidants such as peroxynitrite-derived
radicals (i.e. �NO2, hydroxyl (�OH) and carbonate radicals (CO3�

-)
[6e8], lipid-derived alkoxyl (LO�) and peroxyl (LOO�) radicals [9,10]
myeloperoxidase- or transition metal complexes-dependent re-
actions [5,11,12]. Protein 3-nitrotyrosine represents a footprint of
nitro-oxidative modifications in vivo [2,13,14], being revealed as a
strong biomarker and predictor of disease onset and progression
[15e17]. Additionally, a number of tyrosine-nitrated proteins un-
dergo significant changes in protein structure and function as a
consequence of tyrosine nitration [4,18,19], with this process being
part of pathophysiological pathways [20].

Most of the mechanistic studies of tyrosine nitration for free
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tyrosine or tyrosine analogs (e.g. p-hydroxyphenyl acetic acid),
tyrosine-containing peptides or proteins have been performed in
aqueous solution [13,21e24]. However, in many cases, tyrosine
nitration occurs in proteins associated to non-polar or hydrophobic
bio-structures as indicated by early work in atherosclerotic plaque
[25] and more recently in biomembranes [26e28] and lipoproteins
[15e17]. Indeed, the first in vivo report detecting nitrated proteins
in a human disease condition was performed in an atherosclerotic
human coronary artery by immunohistochemistry, where a sig-
nificant portion of protein-3-nitrotyrosine was associated to a
portion of the atheroma plaque rich in lipids. Later on, it was
demonstrated that both, Apo A [29] and to a lesser extent Apo B
[30] are nitrated in vitro and in vivo and that apolipoprotein nitra-
tion increases in cardiovascular patients, correlating well with the
severity of the disease and effectiveness of the treatment
[17,31e34]. Several examples of tyrosine nitration in specific
membrane proteins have been revealed. Within these proteins,
nitration may occur in hydrophobic domains but also in solvent-
exposed tyrosine residues. Nitration was demonstrated in several
proteins at the plasmatic (e.g. erythrocyte membrane band 3
[35,36], mitochondrial (e.g. complex I of the inner membrane
[37,38]), sarcoplasmic reticulum (e.g. Ca2þ-ATPase, SERCA [39e42])
and microsomal membranes (e.g. glutathione-S-transferase [43]).
Althoughwith the structural data available is sometimes difficult to
assign the position of a tyrosine within a protein associated to
hydrophobic environment because not in all cases the native three-
dimensional structure is available, in some cases this information
exists or can be inferred. The versatile physicochemical properties
of tyrosine in virtue of its amphipatic phenolic side chain result in
an intermediate hydropathy value in comparison with the rest of
the amino acids [44]; thus, tyrosine is capable to interact with both
polar or non polar environments [2,4,45]. For example, in the case
of SERCA, Tyr 294 and 295, located on a transmembrane domain are
nitrated, both in vitro and in vivo; indeed, the specific nitration of
SERCA at Tyr 294 and 295, has been reported in arteries and skel-
etal muscle during vascular degeneration and aging in both animals
and human patients [39,40]. In the case of erythrocyte membrane
band 3, tyrosine nitration occurs in the cytosolic, solvent-exposed
region but not in the transmembrane domain [35]. For micro-
somal glutathione S-transferase, Tyr 92 close to the active site and
on a transmembrane domain becomes nitrated; nitration may be
catalyzed by the heme center and would be responsible for the
reported gain-of-function [43]. Finally, in apoA-1 the nitration of
Tyr 192 [29,46] and Tyr 166 [17] can be modulated by their asso-
ciation to lipids and result in selective functional impairment.
Numerous of the physicochemical factors controlling protein
tyrosine nitration in hydrophobic bio-structures differ from those
in aqueous solution. For instance, the large amount of unsaturated
fatty acids present in membranes compete with the protein tyro-
sine residues for the primary free radical species; other unique
characteristics are the exclusion of antioxidants normally present
in aqueous phases (e.g. glutathione, a strong inhibitor of nitration
reactions [47] and the preferential partitioning of nitrating species
such as �NO2 and �NO in lipid phases. Our previous studies using a
hydrophobic tyrosine analog (N-t-BOC L-tyrosine tert butyl ester,
BTBE) incorporated into liposomes [9,48] or red cell membranes
[28] and exposed to oxidizing and nitrating systems, revealed that
lipid peroxidation could fuel tyrosine oxidation reactions due to the
reaction of LOO� radicals with tyrosine to yield �Tyr, that could
subsequently be nitrated via the termination reaction with �NO2.
Thus, we proposed a “connection” between the lipid peroxidation
and tyrosine oxidation process in membranes. However, these
initial studies performed using BTBE have as limitation the fact that
this single amino acid analog is preferentially located in the more
hydrophilic area of the membrane and capable to diffuse reason-
ably through the bilayer [49], processes less likely to occur in
tyrosine residues that are part of transmembrane-protein domains.

Thus, in the present work, we have used as hydrophobic tyro-
sine probes, a series of 23-amino acid polypeptides incorporated to
liposomes as transmembrane peptides containing a single tyrosine
residue located at different positions from the amino-terminal (Y4,
Y8, Y12 [50]) to confirm and further characterize the connection
between the lipid an protein oxidation processes; the organization
of the transmembrane peptides within the liposomal membranes
recapitulate well the structural organization and mobility con-
straints of transmembrane segments in membrane proteins
[3,51,52]. Moreover, the transmembrane peptide organization
within the bilayer permits to establish more permanent in-
teractions of the amino acids such as tyrosine with the regions of
the membrane phospholipids that are oxidizable (i.e. allylic
hydrogen of the carbon atom flanked by double bonds in unsatu-
rated fatty acids). We mainly used as a prototypical oxidizing and
nitrating species peroxynitrite, the product of the reaction of su-
peroxide radicals and nitric oxide, which is a biologically-relevant
oxidant and a known inductor of lipid peroxidation and tyrosine
nitration [3]. Indeed, peroxynitrite can initiate free radical-
dependent processes after its homolysis to �OH and �NO2 [1,3]. In
the case of unsaturated fatty acids, they readily react with �OH
(k ¼ 1 � 1010 M�1 s�1) [53] and to a lesser extent with �NO2
(k ¼ 2 � 105 M�1 s�1 for linoleate at pH 9.4) [7], both of which
promote hydrogen abstraction from a bis-allylic hydrogen to
initiate an oxygen-dependent radical chain reaction with the for-
mation of lipid-derived radicals. Lipid-derived radicals could
oxidize other unsaturated fatty acids or other membrane compo-
nents (including tyrosine residues) and yield lipid hydroperoxides.
The “radical mix” of �OH, �NO2 and lipid-derived radicals, in turn,
may promote tyrosine oxidation and nitration to yield products
such as 3-hydroxytyrosine, 3,3�-dityrosine and, most notably, 3-NT.
As a key reactant in the lipid peroxidation process, we purposely
investigated the influence of molecular oxygen in tyrosine oxida-
tion yields. The complexity of the oxidation process under study
with several parallel, sequential and competing reactions plus the
diffusional restrictions and spatial constraints of some of the key
reactants demands the combination of approaches to obtain sound
mechanistic insights. In particular, rationalization of observed
tyrosine-peptide oxidation yields requires kinetic and molecular
dynamics analysis. This work integrates experimental and
computational evidence to support an intertwined mechanism of
free radical-dependent lipid and protein oxidation in hydrophobic
bio-structures.

1.1. Experimental procedures

1.1.1. Chemicals
Diethylentriaminepentaacetic acid (DTPA), manganese dioxide,

sodium bicarbonate, sodium phosphate, potassium phosphate, L-
tyrosine, 3-nitrotyrosine, a-tocopherol, g-tocopherol, 1,1,3,3 tetra
methoxypropane and hemin were purchased from SIGMA.

N-t-BOC L-tyrosine tert butyl ester (BTBE), 3-nitro- N-t-BOC L-
tyrosine tert butyl ester (3-nitro-BTBE) and 3,30 di-N-t-BOC L-tyro-
sine tert butyl ester (3,3�-di-BTBE) were prepared and handled as
previously [9,48,49]. Stock BTBE solutions (1 M) were prepared in
methanol immediately before use.

Transmembrane peptides Y4, Y8 and Y12 were from Bachem
(reported purity: Y4: >87%, Y8: >90%, Y12: >89%) and have the
following sequence:



Y4                    Ac-NH-KKAYALALALALALALALALAKK-CONH2 2350 Da

Y8                    Ac-NH-KKALALAYALALALALALALAKK-CONH2 2350 Da

Y12                  Ac-NH-KKALALALALAYALALALALAKK-CONH2 2350 Da
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Peptide solutions were prepared dissolving peptide in meth-
anol, or alternatively in methanol: TFA 2.5% and kept until use
at �20 �C.

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and egg yolk
phosphatidylcholine (EYPC) were from Avanti Polar Lipids. Organic
solvents for synthesis of standards and chromatography were from
Baker or Mallinckrodt. All other compounds were reagent grade.

Peroxynitrite was synthesized as described below [54]. Stock
hemin solution was freshly prepared in 0.1 N NaOH and kept in the
dark at 4 �C until use. ABAP (2,20-Azobis (2-amidinopropane) hy-
drochloride) was purchased from Wako Chemicals USA. A freshly
stock solution (100mM)was prepared inwater immediately before
used.

Argon and nitrogen gas were purchased in AGA Chemical Co.
(Uruguay). All solutions were prepared with highly pure de-ionized
nanopure water to minimize trace metal contamination.
1.1.2. Peroxynitrite synthesis and quantitation
Peroxynitrite was synthesized in a quenched-flow reactor from

sodium nitrite (NaNO2) and hydrogen peroxide (H2O2) under acidic
conditions as described previously [54]. The H2O2 remaining from
the synthesis was eliminated by treating the stock solutions of
peroxynitrite with granular manganese dioxide, and the alkaline
peroxynitrite stock solution was kept at �20 �C until use. Perox-
ynitrite concentrations were determined spectrophotometrically at
302 nm (ε¼ 1670M�1 cm�1) [54,55]. The concentration of nitrite in
the preparations was typically less than 20% respect to peroxyni-
trite. Control of nitrite levels revealed to be critical for obtaining
reproducible data as, if present in excess; it can react with �OH and
other oxidants and yield �NO2 [9,48]. In control experiments, per-
oxynitrite was allowed to decompose to nitrate in 100 mM phos-
phate buffer, pH 7.4 before use, i.e., “reverse order addition” of
peroxynitrite.
1.1.3. Tyrosine-probe incorporation into liposomes and oxidizing
systems

BTBE or transmembrane peptide incorporation into liposomes
was carried out as in Refs. [9,48e50] with minor modifications.
Briefly, a methanolic solution of BTBE or transmembrane peptide
(0.35 mM) was added to 35 mM PC lipids dissolved in chloroform,
in order to achieve a final concentration of 0.3 mM tyrosine-probe
and 30 mM lipid. The mixture was then dried under a stream of
nitrogen gas. Multilamellar liposomes were formed by thoroughly
mixing the dried lipid with 100 mM sodium phosphate buffer (pH
7.4) plus 0.1 mM DTPA. Previous studies from our group [9,48]
already indicated that BTBE incorporation yields and formation of
oxidation products from peroxynitrite were comparable in uni-
lamellar and multilamellar liposomes and therefore not noticeably
dependent on the membrane morphology. Therefore, due to the
simpler and more efficient preparation procedure, reported ex-
periments were carried out mainly with multilamellar liposomes.
Importantly, some key experiments were also performed in uni-
lamellar liposomes, which were prepared as in Ref. [56] with minor
modifications. Specifically, unilamellar liposomes were obtained by
sonication of the ice-chilled lipid suspension in buffer with a probe
sonicator (60 W, three cycles of 30 s) until the suspension became
clear. Samples were centrifuged for 10 min at 8000 g to remove
metal particles and any remaining multilamellar liposomes.
For experiments with a/g-tocopherol-containing liposomes, a/

g-tocopherol (in ethanol) was added at the desired concentration
to the lipid solution in chloroform with or without tyrosine probe
and liposomes prepared thereafter as indicated above. Liposomes
were exposed to peroxynitrite, hemin or ABAP under different
conditions throughout the work.

BTBE and BTBE-derived products (e.g. 3-nitro-BTBE and 3,3�-di-
BTBE) were extracted with chloroform, methanol and 5 M NaCl as
reported previously (1:2:4:0.4, sample: methanol: chloroform:
NaCl v/v with recovery efficiencies for all compounds > 95% [49]).
Samples were then dried and stored at �20 �C. Immediately before
HPLC separation, samples were resuspended in 100 ml of a mixture
containing 85% methanol and 15% KPi (15 mM) pH 3.

Liposomes with incorporated peptides were exposed to desired
concentrations of peroxynitrite, hemin or ABAP in a final volume of
100 ml. The reaction was diluted with 1900 ml distilled water and
centrifuged at 12800 rpm at 4� C for 120 or 240 min for multi-
lamellar or unilamellar liposomes, respectively; the pelleted lipo-
somes were dried by a vacuum evaporator (Speedvac SOD1010P1
Thermo Scientific) or under a stream of argon. The dried liposome
was dissolved in 100 ml of methanol containing 2.5% of trifluoro-
acetic acid and HPLC analysis were carried within the next 12 h. In
all tested conditions, addition of decomposed-peroxynitrite
(reverse order addition) gave no detectable nitration products.

In some experiments, peroxynitrite addition was performed in
the presence of sodium bicarbonate (25 mM) in buffer KPi
(100mM) plus DTPA (0.1mM), pH 7.4. The final pH of the buffer was
controlled after the addition of bicarbonate.

Experiments with liposomes were performed at room temper-
ature (25 �C), a temperature above the transition phase tempera-
tures of the different liposomes and at 37 �C when ABAP was used
as an oxidant.
1.1.4. Oxidation systems
BTBE or transmembrane peptide-containing PC liposomes were

oxidized either by the addition of peroxynitrite, hemin or the
organic peroxyl radical donor ABAP. Peroxynitrite was added as a
single bolus under vigorous vortexing (t1/2 ¼ 2.5 s at 25 �C [57]) or
by slow infusion using a motor-driven syringe system (Kd Scienti-
fic) under continuous stirring. Due to the addition of alkaline per-
oxynitrite solutions, the final pH was systematically checked at the
end of the incubations to make sure that there were no significant
variations (<0.1 pH units) and the final pH was recorded. Hemin
was added directly to the PC liposomes; EYPC liposomes always
contain a basal level of pre-formed lipid hydroperoxides that serve
as the redox substrate for hemin (25 mM). Alternatively, tert-butyl
hydroperoxide was used as hemin reactant in DLPC liposomes.
Finally, in the case of ABAP, samples were incubated at 37 �C during
2 h to achieve a final ABAP concentration of 20 mMwith or without
40 mM NaNO2. ABAP-dependent oxygen consumption was
measured using a high-resolution oxymeter (Oroboros 2K) yielding
a flux of 0.3 mM/min of LOO� radicals.
1.1.5. Lipid peroxidation analysis
Analysis of malondialdehyde (MDA), a byproduct of lipid per-

oxidation, was performed after its reaction with thiobarbituric acid
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by UV/Vis (l at 532 nm, ε ¼ 150,000 M�1cm�1) and/or fluorimetric
detection [55]. Calibration curves and assessment of malondialde-
hyde content were performed with known amounts of MDA ob-
tained from the acid hydrolysis of 1,1,3,3 tetramethoxypropane in
20% acetic acid pH 3.5. To prevent further peroxidation of lipids
during assay procedures, 0.05% (w/v) of butylated hydroxytoluene
(BHT) was added to the TBARS reagent. Alternatively, the formation
of lipid hydroperoxides was assessed by the ferrous oxidation-
xylenol orange assay (FOX) as described previously [58]. Indeed,
lipid hydroperoxides were measured spectrophotometrically by
the oxidation of Fe2þ in the presence of xylenol orange in an acidic
environment. The liposome sample was mixed with the FOX re-
agent (100mM xylenol orange; 250mM ferrous ammonium sulfate
(source of Fe2þ); 25 mM H2SO4; and 4 mM BHT in 90% (v/v)
methanol). Reaction mixtures were incubated for 1 h at room
temperature, and the absorbance of the xylenol orange-Fe3þ com-
plex was measured at 560 nm (ε XO-Fe3þ ¼ 43,000 M �1 cm �1), as
described previously [9,59].

1.1.6. HPLC analysis
BTBE, 3-nitro-BTBE and 3,3�-di-BTBEwere separated on a Agilent

1200 system equipped with UV-Vis and fluorescence detectors by
reverse-phase HPLC using an Agilent Eclipse XDB-C18 5 mm column
(150 mm length, 4.6 mm ID) as reported previously [9,48]. Mobile
phase A consisted in 15 mM phosphate buffer pH 3 and mobile
phase B consisted in methanol. Chromatographic conditions were:
flow 1 ml/min; 75% mobile phase B for 25 min, followed by a linear
increase to 100% mobile phase B for 10 min. UV-Vis settings were
for BTBE (280 nm, ε ¼ 1200 M�1cm�1) and for 3-nitro-BTBE
(360 nm, ε ¼ 1500 M�1cm�1). 3,3�-di-BTBE was detected fluori-
metrically at lex ¼ 294 nm, lem ¼ 401 nm. Authentic 3-nitro-BTBE
and 3,3�-di-BTBE were used as standards.

3-Nitrotyrosine and 3,3�-dityrosine were separated by reverse-
phase HPLC, using a Partisil ODS-3 10 mm (250 mm length,
4.6 mm ID) C18 column as previously reported with minor modi-
fications [9,48]. Briefly, separation of tyrosine oxidation products
was performed by isocratic RP-HPLC. Chromatographic conditions
were: flow 1 ml/min; 97% mobile phase A (KPi 15 mM pH 3) and 3%
mobile phase B (methanol) for 30 min 3-Nitrotyrosine was
measured by UV detection (280 nm and 360 nm) and 3,3�-dityrosine
was measured fluorometrically (lex ¼ 280 nm and lem ¼ 400 nm).
Authentic 3,3�-dityrosine and 3-nitro-Tyr were used as standards.

Transmembrane nitration Y4, Y8 and Y12 products were sepa-
rated by RP-HPLC using the following gradient in an Agilent Eclipse
XDB-C18 5 mm column (150 mm length, 4.6 mm ID). Chromato-
graphic conditions were: flow 0,75 ml/min; time 0: 40% mobile
phase A (Water-TFA 0.1%) and 60% mobile phase B (acetonitrile).
Time 25 min: 85% mobile phase A and 15% mobile phase B. Time
32 min: 40% mobile phase A and 60% mobile phase B. Nitration
products were measured by UV/Vis detection at 280 and 360 nm.
Calibration curves were prepared by using authentic 3-nitro-pep-
tides as standards as described previously [50]. Nitropeptides
showed the characteristic UV-Vis spectrum. After adding NaOH, the
350 nm absorption peak in MeOH was shifted to 430 nm with an
extinction coefficient of 4100 M�1cm�1. The formation of trans-
membrane peptide dityrosine was followed fluorimetrically
(lex ¼ 294 nm and lem ¼ 401 nm).

Artifactual tyrosine nitration during the chromatographic sep-
aration procedures due to nitrite-dependent nitration at acidic pH,
were ruled out in all model systems (i.e. free tyrosine, BTBE, tyro-
sine peptides) by appropriate controls using pre-decomposed
peroxynitrite (reverse order addition experiments).

In all the experimental conditions, tyrosine nitration and lipid
peroxidation levels were evaluated in the absence of oxidant. While
nitrated peptide was never detectable in the control condition,
basal levels of pre-formed lipid hydroperoxides and MDA were
detected in EYPC liposomes as indicated in the corresponding
figure legends.

1.1.7. Oxygen-controlled experiments
Experiments under different oxygen concentrations (1e21% in

the gas phase) were performed in a hypoxic chamber (CoyLab In-
struments). For the oxygen-controlled reactions, samples were
prepared as indicated above, but peroxynitrite addition was per-
formed inside the chamber at controlled oxygen levels of 1e21%
which result in concentrations of 10e210 mM O2 in solution in the
utilized buffer systems at room temperature. The hypoxic chamber
was equilibrated for 30 min in each condition with the samples
prior to the addition of peroxynitrite. Some experiments were also
performed in argon-saturated solutions to reach oxygen levels�1%.

1.1.8. Kinetic simulations
Computer-assisted kinetic simulations were performed to

assess yields of 3-NT in the presence of peroxynitrite added either
as a bolus or slow infusion. Time course of reactants (peroxynitrite,
molecular oxygen) and intermediates (tyrosyl and lipid peroxyl
radicals) in the process were also analyzed. We also studied the
influence of molecular oxygen and a-tocopherol on the extent of 3-
NT formation. In silico reactions were performed with the software
Gepasi (version 3.3) [60,61], as in previous works from our group
[9,45,48,62,63]. The kinetic simulation studies utilized in most
cases available rate constant values previously obtained in aqueous
solution, yet applied to a diffusion-restricted system. Thus, when
possible, diffusion restriction events and partitioning effects were
considered for these studies.

1.2. Molecular dynamics simulations

To build the final membrane-tyrosine peptide system, we used a
three step in silico protocol. In the first place, we built a palmitoyl-2
linoleoyl-sn-glycero-3 phosphatidylcholine (PLPC) hydrated
bilayer, taking as the starting point an equilibrated palmitoyl-2
oleoyl-sn-glycero-3 phosphatidylcholine (POPC) hydrated bilayer
obtained from Klauda et al. [64], and performing the required
changes in molecular structure in silico. The resulting system con-
sisted in 72 PLPC and 2242 water molecules. The system was sub-
ject to a minimization procedure of 1000 steps, followed by a 2 ns
long MD simulation in the NPT ensemble with reference pressure
and temperature values of 300 K and 1.013 bar, respectively. During
this stage, a 2 fs time-stepwas used to integrate the Verlet equation
using the NAMD code [65]. After equilibration, a 50 ns long MD
simulation was performed restricting the XY planar box area at a
value of 70 Å2/PLPC. For the production runs, we employed an
hydrogen mass repartitioning scheme, that allows increasing the
integration time-step to 4 fs, [66]. The average orientation of the
hydrophobic chains and of the P-N vector with respect to the
bilayer surface was 90, and 0�, respectively, consistently with
experimental results.

The second step, corresponds to the building of the peptide-
membrane model. For this sake, three PLPC molecules from each
side of the equilibrated bilayer were removed, and in their place we
inserted the Ac-NH-KKALALALALALALALALALAKK-CONH2 peptide
in an alpha helix conformation. The systemwas neutralized with 4
chloride anions, and subject to a minimization process followed by
a 2 ns long MD equilibration, using a 2 fs time-step. Harmonic
constraints were applied for all peptide atoms. Finally, a 50 ns long
MD simulations were performed without any restraint and using a
4 fs time-step.

Finally, the third and final step required to obtain the Tyr con-
taining peptides, consisted in in silico mutating of either Leu 4, Leu
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8 or Leu 12 to Tyr. Once built, each of the three systems was subject
to minimization, followed by 100 ns of production MD simulations
using a 4 fs time-step.

All MD simulations were performed using the CHARMM36 FF
force field [64] for lipids and amino acids and the TIP3P water
model, with a cutoff of 9 Å, a smooth switching function of 7.5 Å and
a non-bonded pair list set of 9.5 Å. Long-range electrostatic in-
teractions were computed using the particle-mesh Ewald method
with the grid spacing of 1 Å [67].

1.2.1. General experimental conditions
Experiments were typically carried out in the presence of BTBE

or peptide (0.3mM) in PC liposomes (30mM) in 100mMpotassium
phosphate plus 0.1 mM DTPA (pH 7.4) and room temperature (23-
25 �C), unless otherwise stated. For the MDA determinations, so-
dium phosphate buffer was used to avoid interference with the
detection method.

1.2.2. Data analysis
All experiments reported herein were repeated at least three

times and results are expressed as mean values with the corre-
sponding standard deviations, of at least three experimental de-
terminations. Graphics and data analysis were performed using
GraphPad Prism version 5.0b. Statistical analysis of the data pre-
sented was analyzed by ANOVA followed by Tukey's Multiple
Comparison Test (p < 0.05).

2. Results

2.1. Peroxynitrite-mediated peptide nitration and lipid peroxidation

Previous results of our group using the hydrophobic tyrosyl-
probe BTBE showed the existence of a connecting reaction be-
tween lipid peroxidation and nitration reactions in membranes, by
which lipid-derived radicals formed during lipid peroxidation, (i.e.
LOO� and LO�) can promote the one-electron oxidation of tyrosine
within the membrane yielding Tyr�, which in the presence of �NO2
can lead to the formation of 3-NT, among other tyrosine oxidation
products [9]. In the present work, we have extended the initial
observations to a more biologically-relevant model system, using
tyrosine-containing transmembrane spanning peptides [50]
incorporated to liposomes, and compared with data obtained
both with BTBE (in membranes) and tyrosine (in aqueous solution).

These peptides have been extensively used as transmembrane
protein models, since their structure resemble the transmembrane
segments of these proteins [51]. There are several variants of these
peptides. Herein, we used KALP peptides, consisting in a-helical
arrangements formed by a hydrophobic core consisting in the
alternation of hydrophobic amino acids such as Ala-Leu, flanked by
charged amino acids such as Lys, interacting with the interphase,
which anchor the peptides to the bilayer.

The basic membrane model composition and structural as-
sembly is shown in Fig. 1.

The three transmembrane peptides Y4, Y8 and Y12 were
incorporated to phosphatidylcholine liposomes of different fatty
acid composition, namely, saturated (DLPC) and unsaturated
(EYPC), and exposed to peroxynitrite.

It is important to note that DLPC consists in saturated lauryl acid
(12:0), while EYPC contains a mixture of saturated and unsaturated
fatty acids, with a total percentage of polyunsaturated fatty acids of
20.7%, being the most abundant linoleic acid (18:2) [68].

Nitration yields were dependent on peroxynitrite concentration
in a dose-dependent manner, especially in unsaturated liposomes,
either when peroxynitrite was added as a bolus (Fig. 2, Panel A) or
as a slow infusion (Fig. 2 Panel B). Nitration yields, defined as molar
percentage of 3-nitrotyrosine/peroxynitrite, were determined on
the linear portion of the curve, e.g. at 500 mMperoxynitrite. In DLPC,
tyrosine nitration yields were ca. 3% respect to added bolus per-
oxynitrite for all three peptides (Fig. 2, Panel A) (Table 1). In
agreement with results obtained previously with the hydrophobic
tyrosine analog BTBE [9] nitration yields were higher for unsatu-
rated liposomes, supporting a participation of lipid radicals in
tyrosine oxidation. Nitration yields of Y8 and Y12 were consistently
higher than those observed for Y4, in all tested systems, suggesting
that nitration of tyrosine residues more deeply located in the
bilayer is favored. No 3,3�-dityrosine-containing peptide was
detected in our experimental conditions. Selected experiments
performed with Y8-containing unilamellar liposomes showed that
peroxynitrite-mediated nitration yields and lipid hydroperoxides
levels were comparable to those obtained with multillamelar li-
posomes (data not shown).

Nitration yields by peroxynitrite in Y8were also evaluated in the
presence of 25 mM sodium bicarbonate; under this condition
peptide nitration was inhibited (ca. 40% and 47% inhibition in DLPC
and EYPC, respectively), similarly to previous results on BTBE
nitration in liposomes [9,48]. Likewise, lipid hydroperoxide for-
mation in unsaturated liposomes, was also inhibited (ca. 25%) in the
presence of bicarbonate.

The comparison of probe oxidation yield in the presence of bolus
or infusion of peroxynitrite is worth to analyze (Table 1). Perox-
ynitrite has a half-life of 2.5 s in 100 mM KPi buffer, pH 7.4 and
25 �C. Although it is more practical from an experimental point of
view, the addition of peroxynitrite as a single bolus results in a high
initial concentration of radicals which favor termination reactions.
Moreover, this situation may not reflect biologically-relevant con-
ditions in which peroxynitrite is formed as a continuous flow [69].
Interestingly, nitration yields from peroxynitrite added as a slow
infusion were consistently higher than those of bolus addition
(Fig. 2, Panel B).

Due to the important amount of unsaturated lipids present in
EYPC liposomes, we also evaluated the formation of lipid hydro-
peroxides in the presence of peroxynitrite added either as a bolus
(Fig. 2, Panel C, left), or a slow infusion (Fig. 2, Panel C, right). As
expected, no lipid hydroperoxides were detected in the saturated
DLPC liposomes (data not shown); however, in the unsaturated li-
posomes lipid hydroperoxides were measured in all three peptide-
containing liposomes. The levels of lipid hydroperoxides were
higher than those of nitrated peptide, consistent with the larger
abundance of the unsaturated fatty acid vs. the tyrosine analog
present in the liposomes and due to the propagative nature of the
lipid peroxidation process (see also later, Fig. 6).

Table 1 shows a side-by-side comparative analysis of tyrosine
nitration yields for free tyrosine, BTBE and Y8, for both bolus
addition and infusion of peroxynitrite. Nitration yields were in the
order tyrosine > BTBE z Y8. The lower nitration yields of the
hydrophobic-tyrosyl probes, in comparison with free tyrosine is
consistent with our previous report [9]. In the case of free tyrosine,
the data recapitulate previous observations on nitration yields be-
ing higher for bolus addition than for infusion [70]. On the contrary,
the nitration of the hydrophobic tyrosine analog Y8, was higher
with peroxynitrite infusion in agreement with the previous [9] and
present data (Table 1) on BTBE, underscoring differences on the
chemistry of the tyrosine oxidation process inmembranes vs that in
aqueous solution (see also Discussion).

2.2. Hemin and ABAP-mediated peptide nitration and lipid
peroxidation

We have previously demonstrated that lipid peroxyl [9] and
alkoxyl radicals [10] can promote the one-electron oxidation of



Fig. 1. Basic membrane model system. The model consists in PC liposomes (unsaturated 18:2 fatty acids) with pre-incorporated membrane-spanning tyrosine peptides. A
membrane monolayer is drawn for the sake of simplicity and the tyrosine peptide schematically represents Y8, which is approximately halfway immersed into the monolayer. The
phenol group in Y8 is adjacent to the double bonds of linoleic acid (see text). The model also shows in the right of Y8 the presence of the chain-breaking antioxidant a-tocopherol
with the chromanol ring facing the lipid-water interphase and the 12-carbon aliphatic side chain entering deep into the membrane.
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tyrosine leading to the formation of Tyr�, potentially fueling by this
way the tyrosine oxidation and nitration pathways in membranes.

To further assess the role that lipid peroxidation processes may
play in membrane tyrosine nitration, DLPC and EYPC peptide-
containing liposomes were exposed to ABAP and hemin both of
which efficiently lead to the formation of LOO� in unsaturated fatty
acid-containing membranes. On one hand, ABAP is an organic
peroxyl radical-donor, which initiates oxidation by the generation
of ROO� (peroxyl radicals) by thermolysis, which in turn initiate
lipid peroxidation. On the other hand, free hemin interacts with
membranes [71] and triggers lipid peroxidation by the reaction
with pre-formed lipid hydroperoxides (LOOH) normally present in
unsaturated fatty acid-containing liposomes preparations. Hemin-
(Fe3þ) promotes the one-electron oxidation of LOOH, yielding LOO�

and hemin- (Fe2þ); in turn, hemin- (Fe2þ) can generate LO� by
reduction of LOOH [9]. As expected, in the presence of ABAP alone,
no nitrated tyrosine peptide was detected. When the ABAP reaction
was further supplemented with nitrite (NO2

�), 3-NT was detected in
both, saturated and unsaturated liposomes (Fig. 3A). Similar results
were obtained in the presence of hemin (Fig. 3A). These results
confirm that tyrosine residues are being oxidized by LOO� formed
from either ABAP or hemin in EYPC, and that in the presence of
nitrite, nitrating species were also generated (i.e. �NO2) to yield the
tyrosine nitrated peptide (in the case of DLPC, nitration of the
peptide occurs by the direct reaction of ABAP-derived peroxyl
radicals with both tyrosine and nitrite). Of note, LOO� are capable of
promoting the one-electron oxidation of nitrite to �NO2 needed for
the reaction with Tyr� to form 3-NT [72].

In both systems, lipid hydroperoxide formation was evaluated.
As expected, no lipid hydroperoxides were detected in saturated
DLPC liposomes, while they were significantly formed in unsatu-
rated liposomes. The amount of LOOH detected (ca. 380 mM and
360 mM for ABAP) was similar in the presence or absence of nitrite
(Fig. 3B).

2.3. Peptide nitration in membranes: influence of molecular oxygen

Oxygen is a critical reagent in the formation of lipid LOO � rad-
icals and, in consequence, in the propagation phase of lipid per-
oxidation. Thus, if transmembrane-peptide tyrosine nitration is
connected to lipid peroxidation, oxygen levels should influence
peptide oxidation yields. To perform these experiments in a
controlled-manner, we used a hypoxic chamber inwhich a range of
dissolved oxygen concentrations (i.e. solutions equilibrated at
2e21% oxygen) in the reaction system can be tested.

Nitration yields for the three peptides increased at higher oxy-
gen concentration (5 and 21%) for both DLPC and EYPC liposomes,
with the effect more remarkable in unsaturated fatty-acid con-
taining EYPC liposomes (Fig. 4A). Importantly, in EYPC liposomes
Y8 and Y12 nitration yields were consistently higher than Y4. In



Fig. 2. Peroxynitrite-dependent peptide nitration: Bolus vs slow infusion addition. Peptides Y4, Y8 and Y12 (0.3 mM), were incorporated to DLPC (saturated) and EYPC (un-
saturated) (30 mM) in KPi 100 mM pH 7.3 þ 0.1 mM DTPA liposomes, and exposed to peroxynitrite (0e1 mM) added as a single bolus (Panel A) or as a slow infusion (50 mM/min) at
room temperature (Panel B). The formation of 3-nitropeptide was analyzed by UV/Vis detection after RP-HPLC. In addition, lipid peroxidation was studied through the formation of
hydroperoxides by FOX assay when peroxynitrite was added as a bolus or slow infusion in EYPC liposomes (Panel C). Pre-formed lipid hydroperoxides and MDA were detected in
control EYPC liposomes (13 ± 2 mM and 2.5 ± 1, respectively), and all data shown illustrate the increase over the control condition. Symbols above the bars denote statistical
differences for the condition of 1.0 mM compared to 0.5 mM ONOO� for each peptide (*) and for Y8 and Y12 compared to Y4 at the same concentration of ONOO� (#), using the
Tukey's multiple comparison test (p < 0.05).



Table 1
Comparative analysis of tyrosine nitration yields.

Liposome Y ONOO� (bolus) ONOO� (Infusion)

e Tyr NO2-Y (mM) Di-Y (mM) NO2-Y (%)a NO2-Y (mM) Di-Y (mM) NO2-Y (%)
42.41 ± 3.23 8.06 ± 0.08 8.5 31.58 ± 1.16 19.31 ± 3.04 6.3

DLPC BTBE 12.95 ± 1.20 0.25 2.60 30.3 ± 5.79 0.07 6.06
DLPC Y8 14.55 ± 3.17 0 2.91 23.52 ± 3.13 0 4.70

Nitration yields of the different tyrosine-containing peptides, BTBE and free tyrosine after bolus (0.5 mM) or slow infusion (25 mM/min for 20 min) addition of peroxynitrite.
a Nitration yield is related to added concentration of peroxynitrite (500 mM).

Fig. 3. Hemin and ABAP-mediated peptide nitration and lipid peroxidation. Peptide Y8 (0.3 mM), was incorporated to DLPC and EYPC (30 mM) liposomes in KPi 100 mM pH
7.3 þ 0.1 mM DTPA, and exposed to ABAP (20 mM) þ/� NaNO2 (40 mM) or to hemin (25 mM) þ/� NaNO2 (40 mM) The formation of 3-nitropeptide was analyzed by UV/Vis
detection after RP-HPLC (A). Lipid hydroperoxides were determined by FOX assay (B).
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agreement with the role of oxygen in the propagation of lipid
peroxidation, MDA levels in the different EYPC liposomes also
increased at higher oxygen tensions (Fig. 4B).

Furthermore, the nitration of peptide Y8 was evaluated on a
broad range of oxygen concentrations (1e21% O2); as shown in
Fig. 4C, nitration yields were highly dependent on oxygen con-
centration, being the effect more pronounced in the unsaturated
EYPC liposomes. In addition, MDA yields in EYPC unsaturated li-
posomes increased as a function of oxygen concentration; no MDA
was detected in the saturated DLPC ones throughout the oxygen
concentration range (Fig. 4D).

To further demonstrate the point that the influence of molecular
oxygen is related to the modulation of lipid LOO� radical formation,
additional parallel experiments were performed with the hydro-
phobic tyrosine analog BTBE incorporated to PC liposomes and free
tyrosine in solution (Fig. 4E). The experiments clearly show that
when the tyrosine moiety is incorporated to the lipidic structure,
BTBE nitration yields increased as a function of oxygen concentra-
tion, notably in EYPC liposomes. Conversely, there was absolutely
no influence of oxygen concentration on peroxynitrite-dependent
tyrosine nitration for free tyrosine in solution as nitration yields
remained constant throughout the oxygen concentration range
(Fig. 4F).
2.4. Modulation of transmembrane peptide tyrosine nitration by
a-tocopherol

a-Tocopherol is a well-known lipophilic antioxidant that reacts
with LOO� with a rate constant of 1� 108M�1 s�1 [73] and therefore
inhibits the propagation phase of the lipid peroxidation process. In
turn, g-tocoperol in addition to react with LOO� (although with
somewhat less efficiency), is also able to trap �NO2 [74].

Alpha -and g-tocopherol incorporated into EYPC liposomes
inhibited in parallel, peroxynitrite-mediated tyrosine peptide
nitration (shown in Fig. 5A for a-tocopherol) and lipid peroxidation
in a dose-dependent manner.

At 0.5 mM peroxynitrite, the inhibitory effect became evident at
a-tocopherol ca. 50 mM, which is consistent with the amounts of
radical species formed upon peroxynitrite decomposition (30%
homolysis [75e77]) and a stoichiometric factor n ¼ 2 for the re-
actions of a-tocopherol with one-electron oxidants. For example,
according to the FOX assay (Fig. 2C) and by MDA determination
(Fig. 5B) (ca. 5% yield of MDA from decomposing LOOH [9]) 0.5 mM
bolus peroxynitrite resulted in the formation of ca. 50 mM and
20 mM of lipid hydroperoxides and nitrated Y8, respectively. 50 mM
a-tocopherol decreased the oxidation products in the range of
30e50% in good agreement with a connecting process between
lipid peroxidation and peptide nitration. Interestingly, g-tocoph-
erol, also inhibited both processes in agreement with its capacity to
react with LOO� and peroxynitrite-derived radicals such as �NO2
[74] (data not shown).

a-tocopherol also inhibited peptide nitration in DLPC liposomes
where no lipid peroxidation occurs. However, as �OH radicals
derived from the homolysis of peroxynitrous acid react with the
saturated fatty acids at fast rates (6.4 � 108 M1s1 [78], still lipid
peroxyl radicals will be formed. In the case of saturated lipids, the
reaction of a -tocopherol with �NO2 (k ¼ 1 � 105 M�1 s�1 [79]) also
becomes relevant to explain the inhibition of tyrosine peptide
oxidation and nitration.



Fig. 4. Effect of oxygen on tyrosine nitration yields. Tyrosine-containing peptides (Y4, Y8 and Y12) were incorporated to liposomes (30 mM) in KPi 100 mM pH 7.3þ 0.1 mM DTPA
and exposed to peroxynitrite (1 mM) at 25 �C at the indicated oxygen concentrations and 3-nitro-peptide (A) or MDA formation in EYPC was evaluated (B). Y8 nitration (C) and MDA
formation (D) was evaluated in a broad range of oxygen concentrations (10e210 mM O2) for EYPC and DLPC. Free tyrosine (E) or BTBE incorporated to liposomes (F) in KPi 100 mM
pH 7.3 þ 0.1 mM DTPA were exposed to peroxynitrite (1 mM) at different oxygen tensions. The formation of 3-nitro-peptide, 3-nitro-BTBE or 3-nitrotyrosine was analyzed by RP-
HPLC. MDA formation was measured by an HPLC-based fluorimetric analysis. Symbols above the bars denote statistical differences for the condition of 21% compared to 5% for each
peptide (*) and for Y8 and Y12 compared to Y12 and Y4 at the same concentration of O2 (#), using the Tukey's multiple comparison test (p < 0.05).
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Fig. 5. Effect of a-tocopherol on peroxynitrite-mediated lipid peroxidation and peptide nitration. Y8 (0.3 mM) and the indicated concentrations of a-tocopherol (0e250 mM)
were pre-incorporated to EYPC liposomes (30 mM) in KPi 100 mM pH 7.3 þ 0.1 mM DTPA and treated with peroxynitrite (0.5 mM). Samples were analyzed for 3-nitro-Y8 (A) and
MDA (B) contents.
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2.5. Kinetic simulations studies on the lipid-tyrosine oxidation
connection reaction

In order to get further evidence on the role that lipid peroxi-
dation has in promoting tyrosine oxidation and how this process
affects overall tyrosine nitration yields, we performed computer-
assisted kinetic simulation studies considering all main known
participating oxidation reactions during peroxynitrite addition to
tyrosine-containing phosphatidylcholine liposomes. The main
processes considered are shown in Table 2 and were peroxynitrite
homolysis and dismutation (Eqs. (18)e(20) and (29), respectively),
lipid peroxidation (Eqs. (1), (2), (8)e(14)) and tyrosine oxidation/
nitration (Eqs. (3)e(7)). Additionally, studies were performed
analyzing the effects of a-tocopherol (Eqs. (15)e(17)).

A first important observation is that, in agreement with the
experimental data (Fig. 2), addition of peroxynitrite into the system
as a flux resulted in higher levels of 3-nitropeptide than addition as
bolus (Fig. 6A). This result contrasts with what is observed exper-
imentally with free tyrosine [70] (and that can be also
computationally-reproduced, Fig. S1, panel A Supporting Informa-
tion) and has to do with the unique characteristics of tyrosine
oxidation in the hydrophobic environment (see Discussion).

Notably, the kinetic simulation studies perfectly recapitulated
the dependency of peptide tyrosine nitration yields as a function of
oxygen concentration (Fig. 6B), underscoring the relevance of lipid
peroxidation in fueling peroxynitrite-dependent tyrosine nitration.
To note, in the simulations shown in Fig. 6 the concentration values
used were those of the buffer solution, but a similar trend was
observed if oxygen concentration values were tripled (Fig. S2,
Supporting Information) considering that inside themembranes O2

may bemore concentrated (i.e. partition ratio of up to 3/1 respect to
aqueous phase) [80].

Of note, during the lipid peroxidation process oxygen concen-
trations decrease (Fig. 6C, inset), but the chemistry involving the
“connecting reaction” (Eq. (14)) continues to be a central process
until very low oxygen levels are achieved at time ca. 2 s and as can
be seen by the time course of lipid peroxyl radicals (Fig. 6C). Indeed,
while the decay of peroxynitrite occurs over a ca. 10 s period
(Fig. 6D), the formation of 3-nitrotyrosine substantially increases as
a function of time until ca. 2 s, after which a significant decrease in
rate and minor increment in yield is observed (Fig. 6D).

Finally, incorporation of a-tocopherol into the computational
analysis resulted on inhibition of tyrosine nitration yields and lipid
hydroperoxides (Fig. 6E and F), in agreement with the experimental
results. However, we must note that the inhibitory effect of a-
tocopherol was more significant in the actual experiments than in
the simulations; while the reason for this minor discrepancy is not
apparent and might depend on subtle variations in rate constant
values, it further underscores the role of LOO� in promoting tyro-
sine nitration reactions.

In combination, the influence of molecular oxygen and a-
tocopherol observed experimentally and computationally on pep-
tide nitration yields provide further support for the kinetic model
and the mechanistic proposal (Table 2) associating the lipid per-
oxidationwith the tyrosine nitration processes in tyrosine peptide-
containing membranes.
2.6. Molecular structural dynamics in transmembrane peptide-
containing liposomal membranes

The membrane system is a highly organized biostructure and
the proposed “connecting reaction” requires the interaction be-
tween the tyrosine phenolic oxygens (located at different positions
in the membrane in Y4, Y8 and Y12) and the LOO� group, mainly
formed at C9 and C13 of linoleic acid. Thus, we assessed the spatial
relationship (position along the Z-axis) of the double bonds in the
oxidizable fatty acids, relative to the position of the tyrosine
phenolic oxygen in each peptide by performing MD simulations of
the corresponding systems.

A typical snapshot of the molecular dynamics simulation of the
peptide Y8 inserted in the bilayer is shown in Fig. 7. In all cases, the
membrane with the inserted peptides turned out to be stable
during the time scale of the simulation, with both the hydrocarbon
chains and P-N vector orientations similar to those observed in the
pure membrane case.

In order to analyze the structural fluctuations of the Tyr resi-
dues, which may be related to their chemical reactivity with per-
oxyl radicals generated at C9 and C13, we have monitored the time
evolution of the phenolic O, and the C9, and C13 of the hydrocarbon
chains distance to the bilayer center. As controls, we have also
monitored the P and carboxylic O atoms distances to the bilayer
center. The corresponding distances probability distributions cor-
responding to the Y4, Y8, and Y12 peptides simulations are depic-
ted in Fig. 8, panels A, B, and C, respectively.

To have a qualitative idea of the comparative reactivity trends
between Tyr and LOO� group, we analyzed the overlap between the



Fig. 6. Kinetic simulations. Computer-assisted simulations considering all equations listed in Table 2 were performed with GEPASI software, using the same experimental tested
conditions. The extent of 3-nitrotyrosine yields was evaluated in the presence of peroxynitrite added either as a bolus or slow infusion for the Y8 peptide (A). In addition, the
influence of molecular oxygen on the extent of 3-nitrotyrosine peptide formation, when peptides were exposed to peroxynitrite added as a single bolus was evaluated; reported
oxygen concentrations are those present in solution (B). The time course of the concentration of �Tyr and LOO� radicals and molecular oxygen (C), ONOO� and 3-NT (D) is also
shown. Peroxynitrite-dependent peptide nitration (E) and lipid hydroperoxides (LOOH) formation (F) in the presence and absence of a-tocopherol. The levels of LOOH found in the
control system in the simulation were 280 mM, within the same order of magnitude of the experimentally-obtained values. All simulation conditions were the same than those
tested experimentally.
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phenolic O distance distributions, and those corresponding to C9
and C13. In the Y4 peptide, the z-distribution of the phenolic oxy-
gen significantly overlaps with positions observed for C9, and to a
lesser extent to C13. Y4 adopts a dominant conformation that po-
sitions the oxygen at about 10 Å from the membrane center. For Y8,
as expected, the oxygen is found deeper in the membrane, showing
two conformations, the predominant one at about 5 Å and a second
one where the oxygen is positioned close to the membrane center
(Z ¼ 0). In this case, overlap is similar with both C9 and C13 posi-
tions of the lipids. Finally, for the Y12 peptide, Tyr adopts a
conformation that allows its oxygen to be located close to the
membrane center, where it it predominantly -almost exclusively-
overlaps with C13.

Another point of notice concerning the reactivity of the tyrosine
residues it is related to their solvation. Analysis of our MD simu-
lations, show that water molecules significantly penetrate to the
polar heads of the lipids, up to the CO groups. Thus it is clear that
while Y12 is completely shielded from water, and Y8 also to a sig-
nificant extent, Y4 shows significant solvation.

Taking as reference the most reactive Y8 phenolic O distribution
overlap with either C9, or C13 distributions, the relative values for
Y4, and Y12, are 82 and 51%, respectively.



Table 2
Main reactions involved in tyrosine and peptides containing tyrosine in hydrophobic environments, including lipid peroxidation and its connection with
tyrosine nitration and oxidation.

Eq Reaction k (M�1 s�1) Ref

1 L þ �OH / L� þ OH� 1 � 1010 [53]
2 L þ �NO2 / L� þ NO2

� 4 � 104a [7]
3 Tyr þ �OH /�Tyr þ OH� 1.24 � 1010 [8]
4 Tyr þ �OH / �TyrOH þ OH� 6.5 � 108 [8]
5 Tyr þ �NO2 / �Tyr þ NO2

� 3.2 � 105 [7]
6 �Tyr þ �NO2 / 3-NO2-Tyr 3 � 109 [7]
7 �Tyr þ �Tyr / di-Tyr 2 � 102e2.25 � 108 [85]-[this work]b

8 L� þ O2 / LOO� 3 � 108 [94]
9 LOO� þ L / LOOH þ L� 37 [81]
10 2LOO� / LOOH þ O2 1 � 107 [94]
11 LOO� þ L� / LOOL 5 � 107 [94]
12 2 L� / LL 5 � 108 [94]
13 LOO� þ NO2

� / LOOH þ �NO2 4.5 � 106 [72]
14 LOO� þ Tyr / LOOH þ �Tyr 4.8 � 103 [9]
15 a-tocopherol þ LOO� / a-tocopheryl� þ LOOH 1.1 � 106 [95]
16 a-tocopheryl� þ LOO� / 8a-(Lipid-dioxy)-a -tocopherone 1 � 108 [73]
17 a-tocopherol þ �NO2 / a-tocopheryl� þ NO2

� 1 � 105 [79]
18 a-tocopherol þ �OH/ a-tocopheryl� þ OH� 3.8 � 109 [96]
19 / ONOO� 0-50 mM/min
20 ONOOH / �NO2 þ �OH 0.11 s�1 [97]
21 ONOO� / NO3

� 0.26 s�1 [97]
22 �TyrOH þ O2 / OH-TyrOO 2 � 109 [98]
23 OH-TyrOO / TyrOH þ O2

�- 1.3 � 105 s�1 [98]
24 O2

�- þ �NO 4 ONOO� f ¼ 6.7 � 109

r ¼ 0.02 s�1
[99,100]
[101e103]

25 �NO þ�NO2 4 N2O3 f ¼ 1.1 � 109

r ¼ 8.4 � 104 s�1
[104]

26 N2O3 / NO2
� þ NO3

� þ 2Hþ 8 � 104 s�1 [105,106]
27 N2O3 þ ONOO� / 2 �NO2 þ NO2

� 1 � 107 [105]
28 O2

�- þ �NO2 4 O2NOO� f ¼ 4.5 � 109

r ¼ 1.35 s�1
[100]

29 2ONOO� / O2NOO� þ NO2
� 2 � 102c [107]

30 �Tyr þ �NO 4 TyrONO f ¼ 1 � 109

r ¼ 1 � 103 s�1
[69,108]

31 L þ Tyr� / L� þ Tyr 1 � 102d [9]
32 / O2 52 mM/mine

a This rate constant value was adjusted from the original reported by Prutz et al. [7] in order to include a reverse reaction leading to the formation of �NO2

through the decomposition of a putative LOO-NO2 adduct.
b With peptides the value of the reaction constant for dimerization was considered as 2 � 102 M�1 s�1, taking into account the decrease in the diffusion

coefficient of the peptides compared to free tyrosine.
c Apparent rate constant value considering that the peroxynitrite disproportionation reaction involves both the anionic and protonated forms and that

ONOOH represents 20% of peroxynitrite at pH 7,4.
d The value of this reaction constant was calculated considering the reaction of Tyr as part of a transmembrane peptide.
e This value was introduced as a way to replenish the amount of O2 consumed in the system. For the sake of simplicity, the concentration of oxygen used

in the simulations were that of the buffer solution, although is likely that the actual concentration in the liposomes is two to three times higher due to
favored partitioning [80]. The most relevant reactions for the reported experimental observations are indicated in bold (Equations (1), (5), (6), (8), (9), (14),
(20) and (32)). The “connecting reaction” corresponds to reaction 14.
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3. Discussion

Herein, we have explored tyrosine oxidation and nitration in
transmembrane tyrosine-containing peptides mediated by
biologically-relevant oxidants such as peroxynitrite. The overall
tested hypothesis is that in membranes that contain a large excess
of phospholipids over other components, the lipid peroxidation
process fuels peptide oxidation. Indeed, unsaturated fatty acids (e.g
linoleic acid) are the preferential target of oxidizing radicals
reaching membranes (e.g. �OH, �NO2) and therefore peptide/protein
oxidation would be related to secondary oxidants formed during
the lipid peroxidation process. In particular, we have recently
communicated that both lipid LOO� [9] and lipid LO� [10] radicals
can readily oxidize tyrosine promoting its one-electron oxidation to
tyrosyl radical. In this work, we have used a model system of PC
liposomes with pre-incorporated 23-amino acid transmembrane
peptides containing a single tyrosine at positions 4, 8 and 12 from
the amino terminal. With a phospholipid/peptide ratio of 100 (30
mM/0.3 mM), the hydrophobic tyrosine peptides span through the
membrane as an a-helix with Y4, Y8 and Y12 located just below the
membrane surface, at half way of a monolayer and at approxi-
mately the center of the bilayer, respectively [48] as previously
characterized by fluorescence quenching and ESR-spin labeling
experiments [50].

The location of the tyrosine in the lipid bilayer is relevant to
understand the oxidation processes, as there is more hydropho-
bicity towards the center of the membrane that can influence key
variables in the oxidation process including water distribution
partitioning of reactive species (such as �NO2 and O2) as well as the
lateral diffusion of peptide and lipid residues. Moreover, if lipid
peroxidation plays a key role in facilitating tyrosine oxidation, the
structural relationship between the carbon atoms participating in
the fatty acid double bounds (i.e. C9 and C13 of linoleic acid where
molecular oxygen will add to carbon-centered radicals after H-
abstraction by the primary oxidizing radicals at the allylic carbon
C11, followed by double bond conjugation) and the tyrosine residue
may be relevant. Once, LOO� radicals are formed, these species
could promote the oxidation of either an adjacent unsaturated fatty
acid (present at high mM concentrations, but with a low rate
constant of ~37 M�1s�1 [7] [81]) or of tyrosine (present at



Fig. 7. Schematic representation of a typical snapshot of the Y8 peptide simulation,
showing the lipids (light blue thin sticks), water molecules (gray contours), the peptide
(yellow ribbon) and the tyrosine residue. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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submilimolar concentration, but with a moderate rate constant of
~4.8 � 103 M�1s�1 [9]) in a competitive manner (LOO� can be also
formed in saturated fatty acids treated with peroxynitrite [9], but
are unable to promote lipid oxidation in DPLC). Therefore, at a first
glance, an increased level of unsaturation in PC liposomes could
result in a decrease of tyrosine oxidation yields. However,
peroxynitrite-dependent BTBE nitration and dimerization yields
were still high in PC liposomes containing a large polyunsaturated
fatty acid content [48].
Fig. 8. Probability of localization of the different atoms in the length of the bilayer. Compari
localization distribution along the bilayer normal, extracted from the MD simulations. Th
corresponds to the phenolic O atom. The different atoms are represented with different colou
and tyrosine (purple). (For interpretation of the references to colour in this figure legend, t
These data indicate that a simple competition kinetic model
does not apply and suggest that lipid-derived radicals mediate
tyrosine oxidation within the membrane.

In a seminal report where �NO2 was generated radiolytically [7],
it was found that linoleate in 20-fold excess over a tyrosine-
containing dipeptide marginally inhibited �NO2-mediated tyrosine
nitration, in kinetic conditions under which �NO2 would initially
predominantly react with the fatty acid to yield the fatty acid alkyl
radical; the lack of significant competition is in agreement with
both, lipid-derived radicals promoting the one-electron oxidation
of tyrosine, and also a least appreciated phenomena which is the
reversible addition of �NO2 (causing a cis to trans isomerization of
the fatty acid double bonds2), that may result in the supply of �NO2
for the nitration reaction of the tyrosyl radical [7,82,83].

Herein, we were able to recapitulate previous data on BTBE
[9,48], as we demonstrated that peroxynitrite-mediated peptide
nitration resulted in higher yields for unsaturated liposomes,
compared to saturated ones (Fig. 2AeB). In addition, we were able
to confirm the participation of lipid radicals on tyrosine nitration,
as demonstrated in the experiments where hemin and ABAP were
used as oxidants (Fig. 3AeB). Moreover, the presence of bicarbonate
inhibited peroxynitrite-mediated peptide nitration (and lipid per-
oxidation), consistent with the fact that CO3�

- do not permeate
membrane bilayers and that they enhance tyrosine nitration only in
hydrophilic milieu, as reported previously [48].

Another interesting observation that supports the connection
between lipid and tyrosine oxidation relates to the comparative
tyrosine nitration yields of bolus vs infusion of peroxynitrite. It is
well established and reported that nitration yields for free tyrosine
or hydrophilic analogs such as pHPA are lower when peroxynitrite
is slowly infusedmainly because of the preferential consumption of
�NO2 by direct reaction with tyrosine instead of the recombination
reaction with tyrosyl radicals (these latter formed at high yields
during bolus addition). In sharp contrast, nitration yields in both
BTBE and the hydrophobic tyrosine peptides were significantly
larger during infusion in comparison to bolus (Fig. 2). This notable
phenomenon may be due to a series of factors but indicates a clear
difference of underlying mechanisms of tyrosine nitration in hy-
drophilic vs hydrophobic phases; the main reasons of this disparate
son of relevant functional groups (either phosphate, carbonyl, C9, C13, and phenolic O)
e z positions are given relative to the bilayer center (z ¼ 0). The purple distribution
rs. Phosphorous (brown), carbonylic oxygen (red), lipid C9 (dark grey), C13 (light grey)
he reader is referred to the web version of this article.)

2 A few percent of the added �NO2 yields nitrated fatty acid derivatives [82].



Fig. 9. Proposed reaction mechanism that connects lipid peroxidation and peptide oxidation and nitration in membranes. The initial step involves the one-electron oxidation of the
allylic hydrogen by peroxynitrite-derived radicals (�OH and �NO2) or ABAP-derived peroxyl radicals, yielding the lipid-derived alkyl radical (structure shown in the upper left). The
following steps are indicated and result in the nitration of the tyrosine-containing transmembrane peptide (lower left).

S. Bartesaghi et al. / Archives of Biochemistry and Biophysics 622 (2017) 9e2522
result are that a) in membranes the process of tyrosyl radical
dimerization is marginal (Eq. (7)) due to the much slower diffusion
of the transmembrane tyrosine peptide (estimated D ~ 1000 vs 0.5
mm2s-1 for free tyrosine in solution and membrane-associated
peptide [9,48], together with b) a reversible reaction of �NO2 with
unsaturated lipids providing a flux of the proximal species for
tyrosine nitration (see also Eq. (2), Table 2).

The effects of molecular oxygen levels in tyrosine nitration
yields were remarkable for both the tyrosine-containing peptides
as well as for BTBE. However, the peroxynitrite-dependent nitra-
tion of free tyrosine was insensitive to oxygen levels in the 1e21%
range (ca. 10e210 mM in solution), in agreement with the report-
edly low or no reactivity of tyrosyl radical with molecular oxygen
(<103 M�1s�1, [84,85]; indeed, molecular oxygen does not affect
tyrosine dimerization yields from recombination of tyrosyl radicals
3 The lack or minimal reactivity of tyrosyl radical with molecular oxygen [84] is
not shared by other amino acid-derived radicals which evolve to peroxyl radicals.
either [9,84].3 Thus, the effects of oxygen in promoting the nitration
of the hydrophobic tyrosine analogs Y8 and BTBE are due to its
participation in the lipid peroxidation process through its diffusion-
controlled reaction with alkyl radicals to yield the corresponding
peroxyl radical. The selectivity of the molecular oxygen reaction in
our liposomal system represents strong evidence of the connection
of the lipid peroxidation with the tyrosine oxidation process in
hydrophobic biostructures (Fig. 4AeF). The effect of molecular ox-
ygen on peptide nitration yields was nicely recapitulated in
computer-assisted simulations with an overall trend that was in-
dependent of the actual solution/membrane partition ratio of
O2 ranging from one (Fig. 6) to three (Fig. S2, Supporting
Information).

The observed inhibitory effect of a-tocopherol is in agreement
with its expected reaction with lipid peroxyl radicals
(k ¼ 1 � 108 M�1s�1 [73]) (Fig. 5) and was recapitulated by kinetic
simulations (Fig. 6) considering an overall stoichiometry factor of
two (Eqs. (15) and (16), Table 2). Once formed, the lipid peroxyl
radical, which is a polar center, usually diffuses out from the apolar
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interior of the lipid bilayer to surface towards the microenviron-
ment where the redox active phenolic moiety of tocopherol [86,87].
In cases where diffusion towards the lipid-water interphase of the
LOO� may be limited [88], the chromanol group in a-tocopherol
may exert its actions by penetrating to some extent into the bilayer
[87]. It is important to note that irrespective of participating rate
constant values during the inhibitory action of a-tocopherol on
peptide nitration, the lateral diffusion coefficient in membranes of
a-tocopherol is about one order of magnitude higher (ca. 10 mm2 s�1

[89]), than that of phosphatidylcholine ca. 1 mm2 s�1 and the
transmembrane peptides ca. 0.5 mm2s-1 [9,90] thus, the mutual
lateral diffusion coefficient4 of the LOO�with a-tocopherol is about
10-times higher than that of LOO� with the transmembrane
peptides.

Finally, computational studies (Fig. 8) analyzed the relevance of
the overlay of the tyrosine moeities of Y4, Y8 and Y12 with the
LOO� formed in either C-9 or C-13 of linoleic acid to account for the
differential yields of tyrosine nitration in the three peptides (Fig. 2).
In the case of Y8, its largest overlay was in agreement with the
largest nitration yield. In Y12, however, another key factor such as
the favored partioning of �NO2 in the hydrophobic core of the
membrane [9] is likely to explain its relative favorable nitration
yield in comparison to Y4.

In summary, in this manuscript we have confirmed that in
membranes tyrosine oxidation and nitration is connected to the
lipid peroxidation process (Fig. 9). Due to the ubiquity of unsatu-
rated fatty acids in biomembranes (and lipoproteins) primary
radical species will preferentially react firstly with them to initiate
the oxidation process in the hydrophobic biostructure. Then, lipid
peroxidation is an oxygen-dependent process that results in the
formation of peroxyl (LOO�) (Eq. (8)) and, secondarily, alkoxyl
radicals (LO�) [91e93]. These lipid-derived radicals are reactive
species that can in turn oxidize biological targets (RH) including
protein side chains. Our work confirmed that tyrosine residues
located at different depths of the model membrane were oxidized
by lipid-derived radicals, that the process is critically influenced by
oxygen levels and can be modulated by tocopherols. The paper also
addresses how structural relationships between lipids and trans-
membrane peptides could influence the oxidation process, where
reactivity and diffusion become competing processes. The data
with tocopherols, that exert most of its chain breaking action near
the lipid-water interphase, indicate that the diffusion of LOO� from
the interior of the bilayer to the membrane surface is fast enough to
outcompete the relatively slow reactions of LOO� with either LH or
tyrosine residues. The experimental data provided herein with the
use of transmembrane peptides together with computational-
assisted kinetic and molecular dynamic analysis allows to ratio-
nalize protein oxidation and nitration processes fueled by lipid
peroxidation reactions in hydrophobic bio-structures.
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