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1. Resumen



La nitracidon de tirosinas es una modificacién oxidativa postraduccional que
ocurre en proteinas por reacciones del peroxinitrito y otras especies nitrantes
derivadas del 6xido nitrico. Este proceso estd asociado a condiciones de estrés nitro-
oxidativo en sistemas biologicos, y puede llevar a alteraciones en la estructura y
funcién de proteinas. Hasta el presente, se han descrito mecanismos bioquimicos de
nitraciéon de tirosinas en sistemas acuosos, la mayoria de los cuales implican la
participacién de radicales libres, incluyendo el radical tirosilo. Sin embargo, un
conjunto de proteinas nitradas en residuos de tirosina que han sido detectadas in vivo,
estan asociadas 0 incorporadas a biocompartimientos hidrofobicos como
biomembranas o lipoproteinas. En este sentido, los mecanismos bioquimicos y
determinantes fisico-quimicas que participan en la nitracién de tirosinas asociadas a
ambientes hidrofobicos pueden tener importantes diferencias con lo estudiado hasta el
presente en sistemas acuosos, entre otros factores, porque en entornos hidrofébicos
existe una gran concentracion de acidos grasos insaturados que pueden competir por
las especies nitrantes, y una exclusion de antioxidantes como el glutation, que no se
encuentran presentes en membranas y que por lo tanto no actlan inhibiendo la
nitracibn como ocurre en fases acuosas; asi como la relevancia de agentes nitrantes
como el *NO y *NO, que pueden facilmente difundir hacia estos ambientes hidrofébicos
y concentrarse, favoreciendo las reacciones de nitracibn. Basado en estas
consideraciones, en este trabajo de tesis hemos realizado un estudio exhaustivo de los
mecanismos bioquimicos de nitracion de tirosinas en sistemas modelo de membrana.
Para ello, hemos utilizado sondas hidrofébicas de tirosina en bicapas artificiales tales
como, el analogo de bajo peso molecular BTBE (N-t-BOC tert butil ester L-tirosina) y
péptidos hidrofébicos de tirosina conteniendo 23 amino &cidos que fueron
incorporados a liposomas de fosfatidilcolina. Los sistemas nitrantes y oxidantes
utilizados en esta tesis fueron el peroxinitrito, un dador de radicales peroxilo, ABAP
(2,2 '-azobis (2) amidinopropano cloruro de hidrégeno) e hidroperoxidos en presencia

de hemina en ausencia y presencia de nitrito (NO). Los resultados obtenidos indican



que la nitracion de tirosinas en membranas ocurre por mecanismos radicalares, con la
formacion intermediaria del radical tirosilo; en el caso del BTBE ademas de la nitracién
para formar 3-nitroBTBE, las reacciones con peroxinitrito llevaron a la formacion de
cantidades menores de el dimero 3,3'di-BTBE y del derivado hidroxilado 3-hidroxi-
BTBE. Mientras que el rendimiento de nitracion de BTBE en funcion de la
concentracién de peroxinitrito fue menor pero en el orden de lo observado en sistemas
acuosos, el rendimiento de producto de dimerizacion fue mucho menor, en linea con
una difusién limitada del radical tirosilo en la estructura organizada de la membrana.
Por otra parte, la deteccion del derivado hidroxilado apoya el concepto de la homolisis
de ONOOH a *OH y *NO, en la superficie 0 en el interior de la bicapa. Se exploré el
efecto de una serie de moléculas de relevancia biolégica como atrapadores de
radicales libres y metales de transicién en los rendimientos de nitracion, siendo el
resultado mas contrastante con lo ocurrido en fases acuosas, el efecto del CO», el cual
inhibié la nitracién del BTBE incorporado a liposomas, lo que se explica por la
incapacidad del radical carbonato (COs3*) de permear la membrana liposomal y oxidar
por un electron a la tirosina incorporada a la membrana. Un hallazgo particularmente
importante de la tesis fue la observacion que los procesos de nitracion de BTBE
ocurrian tanto en liposomas conteniendo fosfolipidos con acidos grasos saturados (gj.
DLPC, 1,2-dilauril-sn-glicero-3-fosfocolina) como insaturados (ej. EYPC, fosfatidilcolina
de yema huevo). Dada la alta abundancia de fosfolipidos y su reaccion con radicales
libres oxidantes para disparar procesos de lipoperoxidacion, exploramos de que
manera los radicales lipidicos podrian influir en el proceso de nitracion. Los resultados
indicaron que los radicales lipidicos peroxilo (LOO*) son capaces de oxidar a la tirosina
por un-electron para rendir radical tirosilo, y de esta manera alimentar el proceso de
oxidacion de tirosinas en membranas. En efecto, se logro la deteccion simultanea de
los radicales tirosilo y lipidicos cuando se adicioné peroxinitrito a liposomas de PC
conteniendo fosfolipidos insaturados y con BTBE incorporado. La constante de

reaccion determinada para la reaccion entre radicales peroxilo lipidicos y la tirosina fue



4.800 M™'s™. La conexion entre el proceso de lipoperoxidacion y la nitracién de tirosina
fue confirmada por una serie de experimentos, entre los cuales destacamos la
inhibicibn concomitante de ambos procesos a bajas tensiones de oxigeno y por la
incorporacion a liposomas de alfa-tocoferol. Finalmente, pudimos sintetizar, purificar y
utilizar en un conjunto exploratorio de experimentos a péptidos hidrofébicos de 23
amino acidos conteniendo tirosina en distinta posicién de la esctructura primaria y que
se incorporan a traves de la membrana liposomal. Hemos demostrado la capacidad
del peroxinitrito de nitrar los residuos de tirosina de estos péptidos, confirmando los
resultados principales obtenidos con BTBE. En suma, esta tesis ha aportado a las
bases bioquimicas y mecanisticas de la nitracion de tirosina en proteinas asociadas a

membranas.



2. Introduccion



2.1 Nitracion bioldgica como modificacion oxidativa postraduccional

2.1.1 Antecedentes

El 6xido nitrico (*NO) es un mensajero intra e intercelular producido por las
enzimas 6xido nitrico sintasas (NOS), a partir de la oxidacién aerébica del amino acido
L-arginina. Fue originalmente conocido por sus funciones fisiolégicas de senalizacion
tanto a nivel del sistema circulatorio (como vasodilatador) como del sistema nervioso
central (como neurotransmisor) (1, 2). Sin embargo, pronto se hizo evidente que el
‘NO también podria actuar como mediador citotdxico u efector patogénico en
situaciones de sobreproduccion de *NO, tanto por induccion de la iINOS (isoforma
inducible) en condiciones inflamatorias como por sobre-estimulacion de las formas
constitutivas eNOS y nNOS (isoformas endotelial y neuronal respectivamente) (3, 4).
Esta actividad citotoxica del *‘NO, se debe fundamentalmente a la formacién de
especies intermediarias secundarias tales como el peroxinitrito’ (ONOO/ONOOH) y el
radical diéxido de nitrégeno (*NO;), los cuales tienen una reactividad y toxicidad
mayores a las presentadas por el propio *NO. La formacion de especies reactivas del
nitrégeno (RNS) requiere la presencia de oxidantes tales como el anién superdxido
(O27), metales de transicion y perdxido de hidrégeno (H-02) (3) y la sobreproduccion
de las mismas esta relacionada con un numero importante de patologias (5-10).

Una de las huellas moleculares de la reacciéon de RNS con biomoléculas es la nitracién
de tirosinas proteicas, una modificacion postraduccional mediada por oxidantes
derivados del *NO, como el peroxinitrito y el *NO,, y constituye la sustituciéon de un
atomo de hidrégeno por un grupo nitro (-NO,, + 45 Da) en la posicién 3 del anillo
fendlico de la tirosina, para dar 3-nitrotirosina (3-NT). Trabajos pioneros enfocados en
el estudio de la quimica de proteinas realizados por Sokolovsky y colaboradores en la

década del 60 (11), demostraron que la nitraciéon de tirosinas producida por agentes

! Los nombres recomendados por IUPAC para el peroxinitrito anion (ONOO) y el acido peroxinitroso
(ONOOH) (pKa= 6.8) son oxoperoxonitrato (1-) y oxoperoxonitrato de hidrégeno, respectivamente. El
término peroxinitrito se refiere a la suma de ambas especies.



nitrantes como el tetranitrometano (TNM) resultaba en cambios dramaticos tanto en la
estructura como en la funcién de las proteinas. Sin embargo, recién en la década de
los 90 (12, 13), se pudo determinar la importancia bioldgica de la nitracion de tirosinas
proteicas, luego del reconocimiento de la formacién de especies fuertemente oxidantes
y nitrantes durante la oxidacién bioldgica del *NO, y la implicancia de sus radicales
derivados en diversos procesos fisiopatolégicos (12-16).

La formacion de 3-NT fue demostrada por primera vez in vivo por Ohshima y
colaboradores (17) que determinaron el aumento de niveles plasmaticos de 3-NT y su
presencia en orina, luego de la administracion a ratas de agentes nitrantes (TNM), lo
cual llevo a definir a la 3-NT como un marcador de reacciones de nitracién enddgenas
(17, 18).

Otra importante evidencia de que las reacciones de nitracion eran factibles en
sistemas bioldgicos fue reportada por Ischiropoulos en 1992 donde se demostré que el
4-hidroxifenilacetato, un analogo de la tirosina agregado exégenamente, era nitrado
por las especies nitrantes producidas por macrofagos alveolares activados de rata,
indicando que la formacion de oxidantes en dichas células podria contribuir a la
respuesta inflamatoria e inmune celular (13).

En un importante trabajo realizado por Beckman y colaboradores (19) se determiné la
presencia de 3-NT en lesiones ateroscleréticas de cortes de arterias coronarias
provenientes de autopsias de pacientes humanos con enfermedad coronaria, lo cual
confirmé que oxidantes como el peroxinitrito provenientes del *NO son generados en la
ateroesclerosis humana y pueden ser responsables de la patogénesis.

A partir de entonces, la nitracién de tirosinas proteicas producida por un numero
importante de intermediarios nitrantes de relevancia biolégica fue establecida de

manera sistematica tanto in vitro como in vivo (3, 20-25).



2.1.2 Consecuencias bioldgicas

La nitraciéon de tirosinas proteicas es un proceso bioquimico relativamente
selectivo y especifico siendo en términos generales un proceso de bajo rendimiento,
dado que son pocas las proteinas que se nitran, y dentro de estas proteinas, no todas
las tirosinas son capaces de nitrarse (26).

En efecto, los niveles reportados de 3-NT proteica en tejidos en condiciones
inflamatorias, se encuentran en el rango de 10-100 pmol/mg de proteina, lo cual
corresponde de 1-5 residuos de tirosina nitrados sobre un total de 10.000 tirosinas
(100-500 pmol/mol) (3, 27).

El grado de modificacion de tirosinas por nitracion es comparable al de otras
modificaciones oxidativas tales como la cloracién (28, 29), bromacién (30), e
hidroxilacion (31, 32) para dar los productos 3-cloro, 3-bromo y 3-hidroxitirosina
respectivamente. Dichas modificaciones en proteinas pueden coexistir con la nitracion
de tirosina en relaciones variables, dependiendo del mecanismo de nitracion que
predomine. Otra modificacidon postraduccional (enzimatica) relevante es la fosforilacion
de tirosina y, si bien no hay datos cuantitativos suficientes para hacer una
comparacion directa, es razonable plantear que ambos procesos pueden llegar a
valores globales de rendimiento comparables (33).

El aumento de los niveles basales de 3-NT encontrados en condiciones
normales, ha sido considerado una huella de dafio nitroxidativo in vivo tanto en
modelos animales como en patologias humanas y se ha revelado como un fuerte
biomarcador predictor de riesgo y progresion de enfermedad en condiciones, tales
como los procesos inflamatorios agudos y crénicos, enfermedades cardiovasculares
(34-36), neurodegenerativas (35, 37), cancer y complicaciones de la diabetes, entre
otros (3, 27, 38-40). Un trabajo reciente revisa exhaustivamente la relacion del *“NO vy el

peroxinitrito con diversos procesos fisiopatolégicos (41).



Diversas patologias del sistema cardiovascular han sido asociadas con una
produccion aumentada de *NO y oxidantes derivados (35, 42), asi como con una
disminucion de los mecanismos antioxidantes detoxificadores lo cual lleva a un estrés
nitroxidativo (21). Una consecuencia importante de la presencia de estas especies
oxidantes es la nitracion de proteinas, ya sea mediada por peroxinitrito o por
hemoperoxidasas (21). Se han detectado numerosas proteinas nitradas en los
distintos compartimentos del sistema vascular, tanto en proteinas plasmaticas;
(fibrindbgeno (43, 44), plasmina (45), APO-A1 (46) y APO-B (47)), como de la pared
vascular (ciclo-oxigenasa (48), prostaciclina sintasa (49) y Mn-SOD (50)) y miocardio
(creatin quinasa fibrilar (51), a-actinina (52) y Ca®'-reticulo-sarcoplasmico ATPasa
(SERCA) (53))

El rol de la 3-NT como factor emergente de enfermedad cardiovascular se ha
demostrado en un trabajo que muestra una fuerte asociacion entre los niveles de 3-NT
y la enfermedad coronaria arterial (39). De una manera similar, se ha demostrado que
la nitracion de tirosinas proteicas juega un papel fundamental en el establecimiento y
progresion de un numero importante de enfermedades neurodegenerativas (35, 37,
54). La formacion de 3-NT aparece como un evento temprano en la formacién de las
lesiones presentes en enfermedades como esclerosis lateral amiotrofica (ALS) (55)
Parkinson (56-58) y Alzheimer (58-61). Diversas proteinas relacionadas con el proceso
de neurodegeneracién se encuentran nitradas y con su funcién o su conformacion
tridimensional alterada, como es el caso de la Mn-SOD y la subunidad liviana del
neurofilamento en ALS, la a-sinucleina (62) y la tirosina hidroxilasa en enfermedad de
Parkinson (63) y la proteina tau (t) en enfermedad de Alzheimer (54, 58, 64).

Recientemente se demostré que los niveles de 3-NT en el liquido cefaloraquideo se
encuentran aumentados en pacientes con accidente cerebro vascular comparados con
el grupo control, lo cual refuerza el concepto de que los oxidantes derivados del *‘NO

como el peroxinitrito, juegan un importante papel en la patogénesis de un numero



importante de enfermedades, lo cual puede utilizarse como estrategia farmacolégica
para el tratamiento de estas y otras enfermedades relacionadas (35).

La nitracion de tirosinas proteicas puede afectar la funcion de las proteinas in
vitro e vivo ya sea a través de una pérdida o una ganancia de funcion. La adicion de
un grupo -NO, a una tirosina agrega un voluminoso grupo que si se ubica en un
residuo critico de tirosina puede afectar tanto la conformacion tridimensional de la
proteina como la funcion de la misma; generar impedimentos estéricos e incluso
afectar las cascadas de fosforilacion que involucran a una tirosina particular. Sin
embargo, para que la pérdida de funcion adquiera significancia biolégica se requiere
un importante grado de nitracion de tirosinas criticas, lo cual, usualmente, es poco
probable. Un notable y bien documentado ejemplo de alteraciéon de la funcion proteica
es la inactivacion por nitracion de la enzima superéxido dismutasa de manganeso (Mn-
SOD) (3, 50, 65, 66), una enzima antioxidante mitocondrial critica, modificada en
condiciones inflamatorias. La nitracién de la Mn-SOD ocurre sitio-especificamente en
la tirosina 34, que se encuentra a 5 A del sitio activo, donde el atomo de manganeso
juega un papel clave en el proceso de la nitracion (67-70). Otras proteinas en las
cuales se ha reportado que la nitraciéon puede causar una pérdida significativa de
actividad in vivo tanto en modelos celulares como animales de enfermedad son la
actina (anemia falciforme) (71), prostaciclina sintasa (disfunciéon vascular) (49, 72);
tirosina hidroxilasa (en enfermedad de Parkinson) (56, 63, 73), y la prostaglandina
endoperoxido sintasa-2 (PHS-2) (inflamacion vascular) (74)

Alternativamente, y en un concepto mas novedoso, la nitracion de tirosinas
puede llevar a la ganancia de una funcién previamente inexistente, y en cuyo caso una
pequena fraccidn de tirosinas modificadas, puede provocar un efecto bioldgico
sustantivo. Un importante ejemplo de ganancia de funciéon es el citocromo ¢ que
adquiere una fuerte actividad peroxidasa luego de la nitracion de tirosinas (75-77),
protein quinasa Ceg (translocacion e interaccion con RACK2) (78) y glutatién S-

transferasa (activaciéon de la enzima) (79). De una manera similar, la nitracion de



fibrindgeno puede acelerar los pasos de nucleacion en la formacion de fibras, y por lo
tanto estimular la formacion del coagulo sanguineo (80) o la nitracion de la proteina o-
sinucleina puede dar lugar a la formacion de agregados en los cuerpos de Lewy (81,
82). Otro ejemplo interesante es el observado en la proteina de shock térmico, hsp90,
que es una chaperona capaz de cumplir multiples funciones. Normalmente actua
inhibiendo las vias pro-apoptéticas, sin embargo este mecanismo de control se pierde
cuando la hsp90 se nitra (NO,-hsp90). Es decir, que la nitraciéon de la proteina, inhibe
en parte la actividad de la misma, pero esta pérdida de actividad promueve la
activacién de vias apoptoticas, y es en ese sentido que el efecto final a nivel celular,
corresponde a una ganancia de funcién pro-apoptética (83). La Tabla | muestra el
efecto de la nitracion en algunas proteinas seleccionadas.

En suma, la nitracion sitio-especifica de tirosinas puede actuar como un
mecanismo patogénico inactivando proteinas cataliticas, generando nuevas
actividades téxicas, o promoviendo ensamblajes aberrantes en proteinas estructurales

en dichas enfermedades neurodegenerativas (58, 84).



Tabla I. Efecto de la nitracion en algunas proteinas seleccionadas

Proteina Funcién normal Efecto de la nitracion Ref.
Citocromo ¢ Tranferencia de electrones Actividad peroxidasa aumentada (75, 76)
Apoptosis Disminucién en la activacion (85)
del apoptosoma, translocacién (86)
al citosol y nucleo
Fibrinbgeno Coagulacién Mayor agregacion (43)
Protein quinasa Cg Quinasa serina treonina Translocacion y activacion
(78)
Glutation S-transferasa 1 Actividad glutation peroxidasa  Actividad aumentada (79)
a-sinucleina Proteina pre-sinaptica Mayor agregacion (82)
neurofilamento L Estructura axonal Inhibe ensamblaje del NF (87)
NGF Factor neurotréfico Apoptosis neuronal (88)
Mn-SOD Dismutacién del superoxido Inactivacion (24)
Prostaciclina Sintasa Sintesis prostaciclina Inactivacion (72)
Tirosina hidroxilasa Sintesis de L-DOPA Inactivacion (89)
PGH sintasa Sintesis de PGH-2 Inactivacion (90, 91)
Glutamina Sintetasa Condensacién de Inactivacion (92)
glutamato y amonio
Ribonuclético reductasa Reduccion de ribonucléotidos Inactivacion (93)
Glutation reductasa Reduccion de GSSG Inactivacion (94)
Citocromo P450 Metabolismo de xenobidticos Inactivacion (95)
Ornitina decarboxilasa Sintesis de putrescina Inactivacion (96)
Protein quinasa C Quinasa serina treonina Inactivacion (97)
Complejo Il Transporte de electrones Desacople de transporte (98)
FGF-1 Factor de crecimiento Inactivacion (99)

Modificada de (33).

Ademas de los cambios funcionales que puede provocar, la presencia de un
grupo —NO; en el residuo de tirosina puede generar la produccién de autoantigenos y
disparar respuestas inmunitarias (3, 100, 101), y de hecho un método comunmente
utilizado para detectar proteinas nitradas en tejidos es mediante el uso de anticuerpos
mono Yy policlonales anti-nitrotirosina (25, 102). En un trabajo realizado por Thomson y
colaboradores (103) en pacientes con dafio agudo pulmonar postraumatico se aislaron
inmunoglobulinas anti-3-NT, demostrando que el estrés nitroxidativo fue capaz de

disparar una respuesta inmunitaria contra las proteinas nitradas durante el dafio
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pulmonar. La nitracion puede también afectar cascadas de fosforilacion (104, 105), y
procesos de transduccion de sefiales dependientes de tirosina quinasas, o promover la
degradacion de las proteinas por el proteosoma. Se ha propuesto la existencia de
sistemas de reparacion de las proteinas nitradas a través de una actividad “denitrasa”

(106, 107), sin embargo esto es aun motivo de debate (108) (Figura 2.1).

NH,

* -, 02
ey -
& Reduction ? “wix” O2 Assembly - Proteasome -
¢ aggregatio resistant
4 on J
NO, NO,
ONOO~/CO,
NO3/ H;0,/ MPO Proteasome N
—> ~y > —> —
A cmenounuan \\
Denitrase ?
Phosphorylation Cascade Functional Consequences Immune Response
-None -Antibodies anti-3-NT
-Loss-of-function -T cells

-Gain-of-function

Figura 2.1 Formacion y consecuencias de la nitracion de tirosinas proteicas.
Extraido de (33).

2.1.3 Aspectos cuantitativos

La cuantificacion en muestras biolégicas de 3-NT, implica un desafio
experimental importante que ha requerido de profundas investigaciones. Se han
desarrollado numerosas técnicas con el objetivo de poder determinar los niveles de 3-

NT in vivo, asi como los sitios de nitracion. Estudios cuantitativos y protedmicos de los
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niveles de 3-NT en proteinas muestran la presencia de niveles basales de nitracion en
condiciones normales que son aumentados dramaticamente en diversas patologias o
modelos de enfermedad (21, 109). Existe un importante nimero de técnicas para la
separacion, deteccion y cuantificacion de 3-NT en muestras bioldgicas, las cuales
pueden agruparse en métodos basados o no en técnicas de espectrometria de masa
(MS). Las técnicas independientes de espectrometria de masa incluyen las técnicas
inmunolégicas, basadas en las propiedades inmunogénicas de las proteinas nitradas
(102); y técnicas de cromatografia liquida de alta performance (HPLC) acopladas a
distintos sistemas de deteccion.

La deteccion inmunohistoquimica de 3-NT en tejidos fijados y células es una técnica
altamente utilizada y de gran sensibilidad, incluso mayor que la obtenida por Western-
Blot de homegenados de proteinas (110). Los métodos basados en anticuerpos son
poco cuantitativos con excepcion de el ensayo inmunoabsorbente ligado a enzimas
(ELISA) (111, 112) desarrollado a partir de estandares de albumina nitrada.

La hidrdlisis total de proteinas es un método fundamental para la cuantificacién de 3-
NT, la cual puede ser acida (113), alcalina (114) o proteolitica (115, 116). En relacién a
la protedlisis total en medio acido es importante considerar la posibilidad de nitracion
por NO, en medio acido durante el procedimiento, lo cual debe ser descartado
realizando controles apropiados.

Las técnicas de HPLC permiten la separacion de la 3-NT de la tirosina libre dada su
naturaleza mas hidrofébica. Acoplados a la separacién por HPLC, pueden utilizarse
diversos métodos de deteccion como UV-vis, fluorimétrica y electroquimica (109).

Los métodos basados en espectrometria de masa, ya sea asociados a cromatografia
gaseosa (GC-MS) o liquida (LC-MS) se aplican para medir 3-NT, y pueden requerir o
no de derivatizacién de la misma. Ambas técnicas aceptan la incorporacion de
isotopos marcados como estandares internos lo cual permite realizar medidas
cuantitativas. El analisis global de la generacién de 3-NT en proteinas de muestras

humanas o modelos animales de enfermedad es un parametro adecuado para
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correlacionar el desarrollo de la enfermedad, farmacologia o estrés nitroxidativo (22).
Un estudio mas profundo implicaria la identificacion especifica de la tirosina
modificada dentro de cada proteina. En esta situacién, la proteina se somete a
hidrdlisis proteolitica, por ejemplo con tripsina y se analizan los péptidos obtenidos por
MALDI-TOF (75). La nitracidon en estos casos se confirma mediante electroforesis en
dos dimensiones con anticuerpos anti-3-NT antes del analisis por MS.

Estudios protedmicos para identificar proteinas nitradas fueron aplicados por primera
vez en un modelo de inflamaciéon de ratas tratadas con lipopolisacarido (LPS)
utilizando electroforesis en dos dimensiones y western blot con anticuerpos anti-3-NT
para seleccionar las proteinas nitradas. Dichos autores fueron capaces de identificar
40 proteinas nitradas mediante analisis de MALDI-TOF de los péptidos obtenidos de la
digestién con tripsina, sin embargo no pudieron mapear los sitios de nitracién (117).
Sacksteder y colaboradores detectaron proteinas nitradas endégenamente en cerebro
de ratén utilizando andlisis de LC-MS/MS en dos dimensiones. De las 7792 proteinas
identificadas mapearon 29 proteinas que se encontraban nitradas en residuos de
tirosina, las cuales preferentemente eran mitocondriales o del citoesqueleto (118).
Posteriormente, el mismo grupo utilizando el método de enriquecimiento de 3-NT
identificd los sitios de nitracion de 102 proteinas en cerebro de ratén (119).
Actualmente, se siguen desarrollando métodos para el enriquecimiento, deteccion y

cuantificacion de 3-NT en muestras bioldgicas (120).

2.2 Especies oxidantes y nitrantes

Durante el metabolismo aerobio normal se producen radicales libres como el
O, y el *NO que cumplen funciones tanto de sefalizacibn como de defensa del
organismo. El oxigeno es esencial para los organismos aerdbicos pero a su vez es
fuente continua de especies oxidantes potencialmente tdxicas. Bajo condiciones

fisioldégicas, los organismos aerdbicos consumen casi la totalidad del oxigeno
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molecular (O,) en la cadena de transporte mitocondrial (121). Durante este proceso el
oxigeno es reducido completamente a agua por cuatro electrones, sin la liberacién de
intermediarios del oxigeno parcialmente reducidos. Sin embargo, hay una fraccion del
O, (0.1-0.5%) que se reduce monovalentemente para dar O, y subsiguientemente
H,0,. Este ultimo no es un radical libre (no tiene electrones desapareados), pero es un
agente oxidante y da lugar al radical hidroxilo (*OH) rapidamente (122).

Ademas de la cadena de transporte de electrones mitocondrial, otras fuentes celulares
y tisulares de O, son las enzimas xantino oxidasa (XO), NADPH oxidasas, la NOS
desacoplada y el “redox cycling” de drogas. Diferentes perturbaciones en la
homeostasis celular dan lugar a la sobreproduccion de O, y H,O, y otras especies
estrechamente relacionadas como el *OH (123, 124). Un numero importante de
moléculas derivadas del O, y del ‘NO son altamente reactivas y pueden ser
clasificadas de acuerdo al precursor del cual derivan en especies reactivas del oxigeno
(ROS) y especies reactivas del nitrégeno (RNS), las cuales presentan propiedades
fisico-quimicas caracteristicas que deben ser consideradas al evaluar su reactividad y
relevancia en sistemas biolégicos. Las ROS incluyen al 0,7, H,O,, *OH, radical
carbonato (CO;*) y el acido hipocloroso (HOCL).

Las RNS incluyen al *NO, *NO,, N,O3, N2O4, HNO vy al peroxinitrito.

2.2.1 Radical Superéxido

El radical superdxido (O2*) es una especie de corta vida media que deriva de la
reduccién monovalente del oxigeno molecular y puede actuar oxidando (E°'0,7H,0, =
0.94 V) o reduciendo (E°" 0,/ 0,” = -0.33 V) a diferentes blancos celulares. A pH
fisioldgico se encuentra principalmente bajo la forma aniénica ya que tiene un pKa de
4.8. Debido a su naturaleza cargada, tiene una capacidad de difusion limitada a través
de las membranas biolégicas, y sus acciones estan generalmente restringidas a su

sitio de produccién. En sistemas biolégicos, la difusion del O, se encuentra limitada
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fundamentalmente debido a su rapida dismutacion para dar H,O, y O, por la accion de
las enzimas superoxido dismutasas (SOD) (125) (Ec. 1) o por la reaccion limitada por
difusién con el *“NO para dar peroxinitrito (126-128) (Ec. 2). El O,*, no es en si mismo

una especie muy reactiva pero es capaz de generar moléculas citotéxicas.

SOD

0,* + 0" — H,0,+ O, k=2x10°M"s" (1)
2H*

0,* + *NO — ONOO k=19x10"M"s" 2)

Un blanco intracelular preferencial del O, es la enzima aconitasa, la cual
reacciona con el O, (k ~ 3 x 10° M's™) que provoca el desensamblaje de su centro
ferro-sulfurado y la consecuente inactivacion de la enzima, liberando a su vez el atomo

de hierro que puede propagar el dafio oxidativo (129).

2.2.2 Peroxido de Hidrégeno

El peroxido de hidrégeno (H,O.) no es un radical libre, ya que no tiene un
electron desapareado, sin embargo es una especie altamente reactiva. Dada su
naturaleza neutra es capaz de atravesar las membranas bioldgicas y oxidar (E°" H,0,/
*OH = 0.38 V) diversos blancos celulares, entre ellos proteinas con grupos tioles (130).
A pesar de su potencial citotéxico el H,O, ha sido también implicado en vias de
sefializacién celular, que son esenciales en la funcién celular normal (131). Es una
molécula bastante estable, y su vida media dependera principalmente del contenido de
peroxidasas y catalasas de cada tipo celular, enzimas que catalizan su reduccion a

H,O o su descomposicién a O, y H,O respectivamente.

2.2.3 Radical hidroxilo

El radical hidroxilo (*OH) es la especie reactiva del oxigeno mas oxidante (E®’

*OH/ H,0 = 2,3 V) (132) capaz de oxidar un gran numero de biomoléculas, tales como
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proteinas, lipidos y acidos nucleicos (DNA) mediante su adicién para formar
compuestos hidroxilados o por rapida abstraccion de un electrén. Debido a su elevada
reactividad (muchas reacciones son difusionales), la vida media del *OH es muy corta,
por tanto ejerce su accién citotéxica sobre blancos muy cercanos al sitio de su
produccion. La generacion de *OH tiene lugar a través de la reaccion de Fenton (Ec. 3)
e involucra la participacion de centros metalicos de transicion en estado reducido
como el Fe** y el Cu*, que son regenerados en la reaccién de Haber-Weiss (Ec. 4), o

por la homolisis del peroxinitrito (ver mas adelante).

H,0,+ Fe?'/ Cu* — *OH + OH + Fe*/ Cu* (3)

0, + Fe® — Fe*' + 0, (4)

2.2.4 Oxido nitrico

El 6xido nitrico (*NO) es un radical libre relativamente estable y poco reactivo
(E° *NO / NO" = 0.39 V) (133) capaz de cumplir funciones de sefializacion celular o
actuar como mediador citotéxico a través de la formacién de especies reactivas
secundarias que presentan una reactividad mucho mayor que el propio *‘NO (134).
Las reacciones directas del *NO con biomoléculas involucran i) su funcién senalizadora
a través de la reaccion reversible con la enzima guanilato ciclasa, que da lugar a la
sintesis de GMP ciclico, ii) la inhibicién reversible de la respiracién mitocondrial al
unirse al complejo citocromo ¢ oxidasa, iii) la reaccion con el O, para formar
peroxinitrito y iv) la accion antioxidante al reaccionar con radicales lipidicos cortando
las cadenas de propagacion. Existen también acciones indirectas del *NO que
dependen de reacciones de oxidantes derivados del *NO (ver mas adelante) y resultan
en la modificacion quimica permanente de biomoléculas tales como proteinas, acidos

nucleicos vy lipidos (Tabla Il). El ‘NO puede reaccionar con oxigeno dando lugar a la
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formacion de especies reactivas como el *NO,, un proceso que es mas eficiente en
entornos hidrofébicos, asi como nitrito (NO") y nitrato (NO3’).

Dada su naturaleza neutra e hidrofobicidad, es una molécula capaz de atravesar
libremente y concentrarse en las membranas. A partir de *NO, se pueden formar otras
RNS tales como el N,O;, que actuan principalmente mediando reacciones de

nitrosacion de tioles (Tabla Il).

2.2.5 Dioxido de nitrdogeno

El diéxido de nitrogeno (*NO,) puede producirse por la autoxidacion del *NO
(Ec. 5), la reaccidén del H,O, con NO, catalizada por metaloperoxidasas como la
mieloperoxidasa (MPO) (135, 136) o por la homolisis del acido peroxinitroso. El didxido
de nitrégeno da lugar a la formacion de NO,” y NO3™ (Ecs. 6 y 7), el cual puede a su
vez actuar como fuente de *NO (137).
El °'NO, es un potente oxidante formado en sistemas biolégicos (EO' *‘NO,/ NO, = 0.99
V) (138) capaz de concentrarse en membranas y reaccionar con biomoléculas,
participando en reacciones de transferencia electrénica, recombinacion con otros
radicales, adicion a dobles enlaces y abstraccion de atomos de hidrégeno a
compuestos insaturados, fenoles y tioles (135). Es especialmente importante en las
reacciones de nitraciéon de tirosinas proteicas y también participa en procesos de

oxidacion y nitracion lipidica.

2 *NO+ 0, — 2 *NO;, ®)
H,O
2 *‘NO, — [N204] — NO, + NO3 + 2H* (6)
H,O
"NO + *NO, — [N,05] — 2 NO, + 2H (7)
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2.2.6 Peroxinitrito

El peroxinitrito es un agente fuertemente oxidante (E®° ONOOH/ NO, =1,4 V)
(139) formado in vivo por la reaccién controlada por difusiéon entre el O,y el *NO (k=
4-16 x 10° M's™) (127, 128, 140), debiéndose las diferencias a que las constantes

reportadas fueron determinadas por técnicas distintas (Ec. 8).

‘NO + O,*" — ONOO" (8)

El peroxinitrito anion (ONOQ") esta en equilibrio con el acido peroxinitroso (ONOOH)
(pKA = 6.8), el cual luego de su homdlisis da lugar a la formacién de los radicales *OH
y *NO; en un rendimiento de 30%, y NO3™ en un rendimiento del 70%. El peroxinitrito es
una especie de corta vida media (K homeisis = 0.9 s'a 37°C ypH7,4y0,6 s'a 25°C
(Ec. 9) que puede atravesar libremente las membranas en su forma protonada o a

través de canales anidénicos en su forma desprotonada.

ONOO + H" — ONOOH — *NO, + *OH 9)

El peroxinitrito, puede reaccionar con diversas biomoléculas tales como anhidrido
carboénico (CO,) (141), metales de fransicion y tioles (3, 142). A través de estos
procesos el peroxinitrito participa en reacciones de oxidacion de tioles (reaccion
directa) o de nitracién de tirosinas (reaccion dependiente de sus radicales

secundarios) (Figura 2.2).
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Figura 2.2 Destinos del peroxinitrito. El peroxinitrito puede reaccionar
directamente con diversos blancos en oxidaciones mediadas por uno (metales de
transicién, 1) o dos electrones (tioles, Il); con el CO,, para formar el aducto
nitrosoperoxocarboxilato (Ill) que se descompone para dar los radicales CO3*- y *NO,.
El acido peroxinitroso puede sufrir homdlisis para rendir los radicales *OH y *NO, con
un rendimiento de 30 % (IV) o rearreglar para dar NO3 con un rendimiento de 70%. (V)
Extraido de (142).

2.2.7 Radical carbonato

El radical carbonato (CO3*) puede formarse a partir de la homolisis del aducto
nitrosoperoxocarboxilato (ONOOCO;,) donde también se forma °*NO,; o del

peroximonocarbonato (HCOy') en presencia de reductores (Ecs. 10 y 11) (143, 144).

H,O, + HCO3; — HCO, + H,0O (10)

HCO, +e +H" — COs” + H,0 (11)

El HCO,4 es una especie con una reactividad propia similar al ONOOCO,, y en

los ultimos afos has sido motivo de debate en relacion a cual es |la especie precursora
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en la formacién del CO3*” durante la actividad perdxidatica de la SOD. Algunos autores
postularon la oxidacion del CO, y del bicarbonato (HCOj3") (145, 146) mientras que
Augusto y colaboradores han propuesto mas recientemente la participacion
intermediaria del HCO, (143, 144). En sistemas biolégicos es muy relevante la
reaccion del peroxinitrito con CO, para dar ONOOCO,", a partir del cual se forman

estas dos especies fuertemente oxidantes (147) (Ec. 12).

ONOO" + CO, — ONOOCO, (12)

ONOOCO, — 0.35 (*NO, + CO5+) + 0.65 (CO, + NO,) (13)

El radical carbonato (CO3*) puede formarse por la oxidacion por un electron de los
iones carbonato (CO3) o HCOj, siendo el radical *OH uno de los pocos oxidantes
capaces de realizar esta oxidacion, aunque de una manera poco eficiente (135).

El radical CO;* tiene un pKa < 0 por lo que en sistemas biolégicos siempre se
encuentra en la forma aniénica (148). Es un oxidante fuerte (E°" CO5/ HCO;y = 1,78V)
capaz de oxidar una gran variedad de biomoléculas que incluyen alcoholes y aminas
primarias, tioles y fenoles, amino acidos como metionina y cisteina y tirosina (en este
ultimo promueve la oxidacion por un electrén), complejos metalicos e iones
inorganicos entre otros (135). Dada su naturaleza cargada es incapaz de atravesar las
membranas bioldgicas y por lo tanto sus acciones van a estar limitadas a sus sitios de

formacion.

2.2.8 Acido hipocloroso y cloruro de nitrilo

Bajo condiciones inflamatorias, la MPO derivada de los neutréfilos cataliza la
oxidacion del cloruro (CI) por H,O, generando el oxidante hipoclorito (CLO"), que se
encuentra en equilibrio con el acido hipocloroso (HOCL) (pKa ~ 7.5) (Ec. 14) El HOCI

es capaz de reaccionar con diversas biomoléculas, particularmente con tioles (149-

20



151) y con grupos amino para formar cloraminas, que mantienen la capacidad

oxidante del hipoclorito pero son menos reactivos (152).

MPO
H,O, + CI' — HOCL + H,0 (14)
H+
El cloruro de nitrilo (NO,CI) se forma por la reacciéon del hipoclorito (HOCI),
formado por la accion de la MPO con NO,, una especie capaz de participar en

reacciones de oxidacién, nitracion y cloracion de tirosina (153) asi como en la

modificacion de bases del DNA (154) (Ec. 15).

NO, + HOCL — NO,CI + OH" (15)

2.2.9 Integracion de las rutas de ROS y RNS

La figura 2.3 muestra las principales rutas de formacién y reacciones de las
especies reactivas del oxigeno y el nitrégeno. Hay una ruta que parte el O, (ROS) y
otra que parte del *“NO (RNS), y también se muestran las interconexiones entre ambas
rutas. Varias de estas especies oxidantes tienen sistemas enzimaticos de

detoxificacion.
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Figura 2.3 Formacion de especies oxidantes y nitrantes a partir de especies
reactivas del oxigeno (ROS) y nitrégeno (RNS), y sus puntos de interconexion.

En diversas condiciones fisiopatoldgicas, existen en sistemas biologicos, una
formacion excesiva de ROS y RNS las cuales pueden causar modificaciones y/o dafio
nitroxidativo (21) a un numero importante de biomoléculas. Estas modificaciones
incluyen oxidacion de amino acidos proteicos tales como cisteina, metionina y
triptéfano (H.O,, HOCI, ONOO", N,O4, NO,CI) (155, 156); nitrosacion de cisteina
(N2O3, HNO) (157-159); nitracion de tirosinas (*NOg, peroxinitrito); cloracion de
tirosinas (HOCI); oxidacion y nitracion de lipidos (*OH, ‘NO,, ONOOH) (160-162) y
finalmente oxidacion, nitracion (sistema MPO/H,O./NO," y radicales derivados del
peroxinitrito) y reaciones de desaminacion de bases del DNA (163-165), asi como
rupturas en la doble hebra del DNA (radicales derivados del peroxinitrito) (166-168)

(Tabla II).
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Tabla IT. Modificaciones oxidativas representativas en biomoléculas

Modificacion Especie Principales Productos Referencia
Reactiva
Nitracion de tirosina *NO,, ONOO 3-NO,-Tyr (3)
NO,CI, OH (153)
HOCI NO,
R
Cloracion de tirosina NO,CI, 3-CI-Tyr (153)
MPO/H,0,/CI OH
Cl
R
Oxidacion de amino H,0,, *OH
acidos: ONOO', NyOy,
NO,CI
Cisteina Cys-S-S-Cys %, Cys-SO,H b (155)
Tirosina 3,3 -ditirosina
3-hidroxi-tirosina
3,4-dihidroxi-fenilalanina
Metionina Metionina sulféxido
Triptofano quirunenina, formiquirunenina
Nitrosacion de cisteina N,Os3;, HNO, *NO Cys-SNO (158)
Oxidacion y nitracién *OH, ROO* Nitro-lipido (160)
de lipidos *NO,, ONOO', NO,
HNO; ,N2O3 R F\/_<R
1 2
Hidroperéxido lipidico
/_\/_<OOH
R1 7 R2
Modificacion del DNA: ONOQO', °*NO,, 8-nitroguanosina (154)
Nitracion / Oxidacion MPO/H,0,/NOy 0 (164)
NO,CI, HCLO HN N (165)
N,Os 1 YNOZ (168)
Desaminacion *OH, ONOO H,N NH (167)

Ruptura de hebras

@ disulfuro de cisteina

® 4cido sulfénico (n=1), sulfinico (n=2) y sulfénico (n=3)



2.3 Mecanismos de nitracion de tirosinas

La nitracion de tirosinas proteicas puede ocurrir bioldgicamente por una
variedad de rutas, que generalmente involucran una quimica dependiente de radicales
libres, como es el caso de la nitracién mediada por peroxinitrito y hemoperoxidasas
que requieren la formacion de *NO, y radical tirosilo (*Tyr). La formaciéon de 3-NT
implica la ocurrencia de dos reacciones consecutivas: 1) La oxidacion de la tirosina por
un electrén para formar el radical *Tyr y 2) La reaccion del *NO, con el radical *Tyr en
una reaccion controlada por difusion para dar el producto final de la reaccion (Figura
2.4, reacciones 1y 2). Existen varios oxidantes capaces de promover la oxidacion de
la tirosina, que incluyen a los radicales derivados del peroxinitrito, *OH, *NO, y CO;*, el
compuesto | y Il de las hemoperoxidasas como la MPO y complejos oxo-metalicos de
transicion (3, 169). Uno de los objetivos de esta tesis, es estudiar si los radicales
derivados del proceso de la lipoperoxidacién como el radical peroxilo (LOO*) es capaz
de llevar a cabo la reaccion de oxidacion de la tirosina.

La oxidacion de la tirosina por *OH a *Tyr ocurre rapidamente (k =1.3 x 10"
M" s™) pero con un rendimiento bajo (5%) (170), siendo el producto mayoritario un
aducto Tyr-OH-, que luego puede parcialmente rendir *Tyr. Por otra parte la oxidacion
de tirosina por *NO, es mucho mas lenta (k = 3.2 x 10° M s, pH 7.5) (171). El radical
CO3~, es un buen oxidante para la tirosina (k =3 x 10" M s™) (172) con un rendimiento
de *Tyr importante, y los compuestos | y Il de la MPO son capaces de oxidar a la
tirosina por un electrén (k = 2.93 x 10° M s (173) y k = 1.57 x 10* M" s (174)
respectivamente). Complejos metalicos de transicion de bajo peso molecular como las
porfirinas de manganeso pueden dar lugar a la formacion de un complejo oxo-metalico
de alto estado de oxidacién (O=Mn"Y) que puede a su vez actuar como oxidante de la
tirosina (k = 4.9 x 10° M s para la porfirina MnTM-2-PyP) (175).

La segunda reaccién que habitualmente lleva a la formacion de 3-NT depende

exclusivamente de la presencia de *Tyr y *NO,; dado que este ultimo puede ser
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formado durante la homdlisis del acido peroxinitroso, inicialmente se consideraba a la
3-NT como una huella molecular de la formacion del mismo. Posteriormente se
demostro la existencia de otro mecanismo alternativo de nitracion de tirosinas en
sistemas bioldgicos que implica la oxidacion del NO,” en presencia de H,0, catalizada
por MPO y otras hemoperoxidasas (176). Por lo tanto, otras consideraciones
experimentales deben tenerse en cuenta para definir si la formacion de 3-NT ocurre
por mecanismos dependientes o no de peroxinitrito (3).

En efecto, en el mecanismo dependiente de peroxidasas se requiere la
presencia de H,O, que es capaz de oxidar a la tirosina y al NO; a *Tyr y *NO,
respectivamente, los cuales son necesarios para la formacién de 3-NT en la segunda
reaccion. Tanto el Compuesto | como el Compuesto Il de la hemoperoxidasas, son
capaces de oxidar a la tirosina en la primera reaccion aunque las constantes de
velocidad indican que el Cl oxida mas eficientemente al NO,” que a la tirosina, y
viceversa para el Cll (174, 177).

La formacion de 3-NT mediante el mecanismo radicalar ocurre a través de la presencia
del radical *“Tyr que puede a su vez combinarse con otras especies para dar productos
alternativos. La recombinacién de dos radicales *Tyr da lugar a la formacion del dimero
3,3 -ditirosina (Figura 2.4, reaccion 5) y alternativamente se puede dar la formacién del
producto de hidroxilacion, 3,4-dihidroxifenilalanina tanto por el *‘OH como en presencia
de hemoperoxidasas (Figura 2.4, reaccion 6) (3).

En un ambiente altamente oxidante, se pueden formar otros productos de oxidaciéon de

la tirosina como la isoditirosina, tritirosina y pulcherosina (178).
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Figura 2.4 Mecanismo de formacion de 3-NT y otros productos relacionados.
La tirosina puede ser oxidada por un electrén, para dar el radical *Tyr (A), que en
reaccion con el *‘NO, da lugar a la formacién de 3-NT (B). Alternativamente el *Tyr
puede reaccionar con *NO para formar 3-nitrosotirosina (C) que evoluciana a 3-NT,;
recombinarse con otro *Tyr para formar el dimero 3,3’-ditirosina (D) o sufrir una
reaccion de adicion para formar 3,4-dihidroxifenilalanina (E) Extraido de (169).

Un mecanismo alternativo para la formacion de 3-NT es la reaccién del radical
*Tyr con *NO (Figura 2.3, reaccion 3), para dar 3-nitrosotirosina la cual es oxidada por
dos electrones en dos etapas para dar 3-NT a través de la formacién intermediaria del
radical iminoxilo (3, 179, 180).
Finalmente, las reacciones del peroxinitrito con centros metalicos de transicion pueden
promover la nitracién de tirosinas proteicas, en algunos casos esto podria ocurrir a
través de un mecanismo no radicalar llamado nitracion aromatica electrofilica (3). En
este mecanismo, el peroxinitrito forma un complejo con el metal de transicion que
actia como un transportador polarizado de cation nitronio (NO,"), que luego libera el

NO," por heterdlisis (Ec. 16):
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ONOO™ + M"X — ONOO-M"X — NO,*"-05 -M"X — NO," + 0=M"""X (16)

Luego el transportador o el propio NO," pueden oxidar a la tirosina por dos electrones

para formar 3-NT a través de la formacion de un intermediario (Ecs. 17-18):

NO,™-08 -M"X + TyrH — [TyrH-NO,-O-M"X] — NO,-Tyr + O=M"X + H’ (17)

NO," + TyrH — NO,-Tyr + H* (18)

La relevancia biolégica de este mecanismo no esta definida.
El NO,CI formado en la reaccion catalizada por MPO del HOCI y NO;y (Figura 2),
también podria nitrar a través de un mecanismo de nitracién aromatica electrofilica

(153), aunque su relevancia en sistemas bioldgicos es muy poco probable (3, 181).

2.4 Determinantes fisicoquimicas de la nitracion de tirosinas proteicas

La abundancia natural de la tirosina en las proteinas es de 3-4% de los amino
acidos totales, lo cual significa que una proteina contiene varios residuos de tirosina.
Sin embargo los estudios de mapeo, muestran que solo se nitran 1-2 de las tirosinas
totales, y todavia no estan claras las determinantes fisicoquimicas que regulan este
proceso (108). Es claro que la nitracién de tirosinas proteicas es un proceso
relativamente selectivo y de bajo rendimiento, y que existen condiciones que favorecen
de una manera u otra el proceso de nitracion. En general, la nitracién depende de
varios factores como la estructura de la proteina, el mecanismo de nitracién y el
entorno en el cual se encuentra la misma, ya sea expuesta al solvente o sumergida en

un ambiente mas hidrofébico.
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2.4.1 Determinantes fisicoquimicas en entornos acuosos

En entornos acuosos, la nitracion de tirosinas aumenta en presencia de CO,,
en la cercania de metales de transiciéon (182) o de sitios de unién para peroxidasas
(183). En particular, algunos centros metdlicos de transicion favorecen sitio
especificamente la nitracion mediada por peroxinitrito, como es el caso de la nitracion
de la tirosina 34 de la SOD (66, 184), que lleva a su inactivacion. Respecto a la
estructura primaria, no se ha demostrado la ocurrencia de una secuencia consenso
para que la nitracién tenga lugar, aunque en un trabajo publicado por Eflering y
colaboradores se sugiere que puede existir dicha secuencia (185). Numerosos
trabajos postulan que la nitracion se ve favorecida en presencia de residuos acidos
como aspartato y glutamato (20, 26, 108) o la ubicacion de la tirosina en una
estructura de loop (20, 26, 108, 118). Por el contrario, la nitraciéon puede verse inhibida
por la reaccion de algunos amino &cidos con las especies nitrantes como el
peroxinitrito (cisteina, metionina y ftriptéfano) (186), o sus radicales derivados
(histidina, fenilalina) y la cercania de amino acidos basicos (26), aunque estos
resultados han sido recientemente desafiados (118). La cisteina también puede inhibir
la nitracion de tirosinas mediante la transferencia electrénica desde el residuo de
tirosina al de cisteina a través del esqueleto proteico lo cual lleva a la reduccién del
radical tirosilo para dar tirosina y la formacion concomitante de radical cisteinilo (187).
Sin embargo, en estudios realizados in vivo en los cuales se aislaron las proteinas
nitradas endégenamente de cerebro de ratén se encontré que la nitracion se veia
favorecida cuando se encontraban residuos de cisteina y metionina cercanos a la
tirosina (118) y sorprendentemente, que la cercania de amino acidos cargados
positivamente, también favorecian el proceso, mientras que dichas proteinas no son
nitradas cuando estos amino acidos estan ausentes (118). Otros autores, demostraron
recientemente en estudios in vitro que la presencia de metionina cercana al residuo de

tirosina puede promover las reacciones de nitracion a través de la transferencia de
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electrones que favorecen la estabilizacion del radical tirosilo (188), en un mecanismo
similar pero en sentido inverso al que tiene lugar entre cisteina y tirosina (187).
Todavia no se conocen claramente los mecanismos por los cuales la nitracién de
tirosinas proteicas tiene lugar de forma selectiva en algunas proteinas y residuos de

tirosina especificos (108).

2.4.2 Determinantes fisicoquimicas en entornos hidrofobicos

Las determinantes fisicoquimicas de la nitracibn han sido previamente
estudiadas fundamentalmente en entornos acuosos; sin embargo, estas pueden variar
en entornos hidrofébicos donde existe una gran concentracién de acidos grasos
insaturados que pueden competir por las especies nitrantes, una exclusion de
antioxidantes como el glutation (que reacciona rapidamente con el *“NO, inhibiendo de
esa manera la nitracion), y la relevancia de agentes nitrantes como el *‘NO y *NO, que
pueden facilmente difundir hacia estos ambientes hidrofébicos y concentrarse,
favoreciendo las reacciones de nitracion (189, 190). Para comprender las
determinantes fisicoquimicas que regulan el proceso de nitracion en entornos
hidrofébicos (169, 191, 192), recientemente se han desarrollado analogos hidrofébicos
de la tirosina que pueden ser eficientemente incorporados a sistemas modelo
formados por liposomas (192) y membranas, asi como péptidos transmembrana con
residuos de tirosina ubicados en distintas profundidades de la bicapa (191), sondas
que seran utilizadas durante el desarrollo de esta tesis (169, 193).

Estudios realizados en nuestro laboratorio demuestran que los procesos de nitracion
en membranas tienen caracteristicas particulares que pueden diferir de aquellas
reportadas previamente para entornos polares, lo cual ha sido el objetivo de estudio de
esta tesis (169). Estas consideraciones son de relevancia para comprender los
procesos de nitracion y dimerizacidén de tirosinas en proteinas asociadas a

biocompartimentos hidrofébicos tales como biomembranas y lipoproteinas (Tabla IIl).
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Tabla ITI. Nitracion y dimerizacion de proteinas asociadas
a entornos hidrofdbicos

Proteina Ref
Nitracion
 Proteinas de membrana de globulo rojo (194)
Banda 3 glébulo rojo (195)
Ca-ATPasa de Reticulo Sacoplasmico (196)
Glutatién S-transferasa microsomal (79)
Apolipoproteina B (197, 198)
Apolipoproteina A (27, 199)
Complejo | mitochondrial (200)
(201)

a-Sinucleina

Dimerizacion

Proteinas de membrana de glébulo rojo (202)
a-Sinucleina (201)
Membranas mitocondriales (203)
Péptido B-amiloide (204)
Apolipoproteina B (205)
Apolipoproteina A (206)

# Nétese que muchas de las proteinas mencionadas sufren procesos de
nitracion y dimerizacién simultaneamente.
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2.5 Inhibicion y reparacion de la nitracion de tirosinas: agentes anti-
nitrantes enddgenos y exdgenos

Existen en los sistemas biolégicos mecanismos que pueden interferir con la
formacion de especies oxidantes ya sea a través de la accién de enzimas o de
distintas moléculas presentes en las células. La inhibicion de la nitracién puede ocurrir
por consumo de especies nitrantes (*NO,, CO3z~, ONOQO") o por reparacion del radical
*Tyr, lo cual puede ocurrir a través de agentes enddgenos u exogenos, siendo estos
ultimos potenciales farmacos en el tratamiento de diversos modelos de enfermedad o
patologias humanas y cuyo desarrollo y progresién esta asociada a la sobreproduccion

de especies oxidantes y/o nitrantes.

2.5.1 Agentes endégenos

2.5.1.1 Enzimas antioxidantes

Los sistemas biolégicos cuentan con diversos mecanismos enzimaticos para la
detoxificacion de las ROS y RNS formadas durante el metabolismo normal o durante
los eventos de estrés nitroxidativo en los cuales existe una sobreproduccion de
especies oxidantes y nitrantes que pueden llevar a proceso de dafo celular y/o tisular

(207).

Peroxiredoxinas

Las peroxiredoxinas (Prx) son peroxidasas caracterizadas por tener una
cisteina critica y la ausencia de cofactores metalicos. Estas enzimas catalizan la
reduccion por dos electrones de H,O, y otros perdoxidos como el peroxinitrito u
peroxidos organicos, usando un segundo sustrato, que generalmente es un reductor
basado en tioles (207). Habitualmente, para la reaccién de descomposicién del
peroxinitrito, en el primer paso de la catalisis el tiolato peroxidatico reduce al acido

peroxinitroso por dos electrones para formar NO, y acido sulfénico (Ec. 19), el cual
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forma un disulfuro con un segundo grupo tiol (resolutivo) (Ec. 20), y el disulfuro es

reciclado por la tioredoxina (TXN) en células de mamifero (Ec. 21).

ONOOH + PxS - NO; + Prx-SOH
| |
SH SH
(19)

Px-SOH - Px-8 + H,O
SH s

(20)

Prx/-s+TXN ms * PIXS+TXN 5
|
s SH
(21)

Estas enzimas son muy eficientes y se encuentran a altas concentraciones en
distintos compartimentos, estando fundamentalmente en el citosol, pero también se
encuentran en mitocondrias y peroxisomas. La Pxr 2, por ejemplo, reacciona
rapidamente con peroxinitrito (k = 1,7 x 10’ M™'s™, pH 7,4 25°C) (208) y se encuentra a
altas concentraciones en globulos rojos, con lo cual seria un sistema de gran
relevancia de detoxificacion fisioldgica del peroxnitrito formado en el espacio

intravascular.

Glutation peroxidasa

La enzima glutatién peroxidasa (GPx) es una seleno-proteina que es capaz de
reaccionar rapidamente con el peroxinitrito (k = 8 x 106 M s™, pH 7,4 25°C) (209),

reduciendo el peroxinitrito a NO,™ a expensas del glutation (Ecs. 19-20).

ONOOH + GPxSeH — NO, + GPxSeOH (22)

GPxSeOH + 2GSH — GPxSeH + GSSG + H,0 (23)
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Hemoproteinas

Las hemoproteinas pueden reaccionar con el peroxinitrito de forma muy diversa
llegando en algunos casos a reaccionar de manera muy rapida (k > 10° M s™), como
es el caso de la peroxidasa de rabano (HRP) y prostaglandin endoperdxido H-sintasa
1 que es oxidada por dos electrones para dar Compuesto | y NO,, o la reaccién
mediada por la enzima MPO que, en una oxidacién por un electrén da Compuesto Il y
‘NO,, lo cual puede potencialmente catalizar reacciones de nitracion. Algunas
hemoperoxidasas como la oxihemoglobina catalizan la isomerizacion del peroxinitrito a
NO;", actuando de esta manera como atrapadores de peroxinitrito (210) (Ec. 24),
mientras que otras hemoproteinas como la catalasa y el citocromo c reducido (Fe") no

reaccionan con el peroxinitrito (207).

ONOO
Hb'O, — Hb" + Oy-+ NOj (24)

2.5.1.2 Moléculas antioxidantes

En la siguiente seccion mencionaremos los ejemplos clasicos de moléculas
endogenas antioxidantes, muchas de las cuales juegan un importante papel en la

descomposicion de especies nitrantes.

Glutation

El glutation (GSH), un tripéptido formado por los amino acidos glutamato,
glicina y cisteina, es el tiol intracelular mas abundante y tiene un importante rol
antioxidante ya que reacciona rapidamente con distintos radicales y peroxilos.
Normalmente se encuentra bajo su forma reducida en una concentracion de ~ 5mM en
el citosol celular. EI GSH reacciona directamente con peroxinitrito con una constante

de velocidad baja (k= 1.350 M's™ pH 7,4 y 37°C (14) y mas rapidamente con *NO, (k ~
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2 x 10" M's™) (211). La accién antioxidante del GSH tiene lugar a través de tres
mecanismos distintos: i) reaccién directa del acido peroxinitroso con la forma tiolato en
una reaccién mediada por dos electrones, que forma acido sulfénico y posteriormente
disulfuro (Ecs. 25-26); ii) reaccién de los radicales derivados del peroxinitrito (*OH,
‘NO, y CO3*-) que en reaccion por un electron forma radical tiilo (*GS) (Ec. 27) vy iii)

reaccion de reparacion del radical tirosilo para rendir radical *GS (Ec. 28):

GS + ONOOH — NO, + GSOH (25)
GSOH + GSH — GSSG + H,0 (26)
GSH +*NO, — *GS +NO,; + H* (27)
Tyr + GSH — *GS + TyrH (28)

Habitualmente, la reaccion inhibitoria del GSH sobre la nitracion, es principalmente a

través de su reaccién con *NO, (211).

Acido Urico

El acido urico es un producto del metabolismo de las purinas, formado por
accion de la enzima xantina oxidasa, que se encuentra ampliamente distribuido en
concentraciones relativamente altas. En plasma, el acido urico esta presente bajo la
forma monoanionica urato (pKa = 5,4) y en concentracion muy elevada en el orden de
200-500 pM. El acido urico contribuye en un 60% a la actividad antioxidante total del
plasma en individuos sanos y es un atrapador de peroxinitrito, radicales derivados del
mismo (*NO, y *OH) y radicales peroxilo. El urato reacciona con el acido peroxinitroso
(k = 4,8 x 10° M's™) (212), y sus radicales derivados como el *NO, (k ~ 2 x 10’ M's™)

(211), lo cual puede explicar la eficiencia reportada de la inhibicion por urato de
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procesos mediados por peroxinitrito y su accién como potente agente anti-nitrante in

vitro e in vivo (22).

Acido lipoico

El acido lipoico (LA) es un disulfuro natural conocido inicialmente por su
actividad como cofactor esencial de enzimas mitocondriales bioenergéticas, y se
encuentra normalmente bajo su forma reducida, el acido dihidrolipoico (DHLA). Es un
micronutriente muy importante con propiedades farmacoldgicas diversas, y se ha
utilizado para el tratamiento de polineuropatias asociadas a la diabetes mellitus (213) y
enfermedades neurodegenerativas como enfermedad de Alzheimer (214), asi como en
la prevencion de enfermedades cardiovasculares (215). Tiene distintas propiedades
antioxidantes (216) basadas en su reaccion directa con especies reactivas del *NO,
tales como peroxinitrito (k= 1400 M™'s™ pH 7,4 y 37°C) (217) o sus radicales derivados
‘NO, (k = 1.3 x 10° M"s™) (218) y CO3* (k = 1.6 x 10° M's™) (218), HOCI y *OH. Actta
también como quelante de metales de transicion, aumenta los niveles citosélicos de
GSH y acido ascérbico, y participa a través de estos, en el reciclado de vitamina E.

Las propiedades antioxidantes del LA pueden atribuirse en parte a su rapida reaccion
con los radicales CO3*"y *NO, derivados del peroxinitrito, aunque la relevancia de estas
reacciones in vivo, aun no esta demostrada (218). Su aplicacion como suplemento
nutricional en complejos vitaminicos y tratamiento de distintas enfermedades ha sido

exitosa y se siguen estudiando sus propiedades farmacoldgicas (219).

Reacciones de reparacion

Como mencionamos previamente se puede afectar la formacion de 3-NT ya
sea por consumo de las especies nitrantes o por reduccion del radical tirosilo. Tanto el

acido ascorbico como el GSH, dos moléculas biolégicamente relevantes pueden llevar
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a cabo esta reaccion (Ec. 28). Dado que los estados estacionarios de *Tyr son bajos,

este mecanismo es operativo solo a altas concentraciones de la molécula antioxidante.

2.5.2 Agentes exdgenos

Estas moléculas han sido utilizadas para el estudio de los mecanismos de
nitracion y debido a sus acciones anti-nitrantes se han ensayado en diversos modelos
por su eventual accion farmacologica. Los atrapadores de peroxinitrito mas eficientes

pertenecen a dos grandes familias: selenoles y porfirinas metalicas (22, 207).

2.5.2.1 Metalo Porfirinas

Existen moléculas sintéticas que son capaces de reaccionar directamente con
el peroxinitrito o con sus radicales derivados y por lo tanto pueden interferir con las
reacciones de nitro-oxidacion.

Las porfirinas de manganeso reaccionan rapidamente con el peroxinitrito y pueden
reducirlo por uno o dos electrones. En el primer caso, la forma Mn!" participa de un
ciclo catalitico que consiste en la formacién de un complejo metélico que en sistemas
biolégicos es capaz de oxidar a un agente reductor (como el glutation o el acido

ascorbico), como se muestra en las ecuaciones 29-30 para la porfirina Mn""TM-2-PyP:

Mn"TM-2-PyP** + ONOO™ — O=Mn"TM-2-PyP** + *NO, (29)

0=Mn""TM-2-PyP* + RdH + H" — Mn""TM-2-PyP*" + RD + H,0 (30)

Las porfirinas de hierro también son capaces de catalizar la misma reaccion, aunque
con constantes de velocidad menores (k < 10" M s™) (220). Las constantes de
reacciéon dependen del tipo de porfirina y del pH (k =10° -10” M's™), asi como de la

presencia de reductores, tales como el ascorbato, urato y glutation ya que en ausencia
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de los mismos, se forman dos especies fuertemente oxidantes como el complejo oxo-
metalico (O=Mn"VTM-2-PyP**) y el °NO,, que actuarian catalizando la nitracién (221).

En el segundo caso, las porfirinas de manganeso en el estado redox Mn" pueden
reducir al peroxinitrito por dos electrones, dando lugar a la formacion de NO,™ en lugar
de *NO,, en una reaccién rapida (k > 10° M s™) (207, 222) (Ec. 31). La reduccién de

Mg Mn" requiere varios sustratos y puede ser catalizada por

la porfirina en estado Mn
diferentes flavoenzimas presentes a nivel celular tales como la succinato
deshidrogenasa y NADH deshidrogenasa a nivel mitocondrial y la xantina oxidasa

(222) (Ec. 31):
Mn'"TE-2-PyP** + ONOO™ — O=Mn"TE-2-PyP** + NO,’ (31)

Las porfirinas de hierro a su vez pueden catalizar la isomerizacion del peroxinitrito a
NOjs', pero esta reaccidon solo seria relevante en ausencia de reductores tales como

ascorbato y glutation (223) (Figura 2.5).

One-electron reduction
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ETC Fe(lll) porphyrin

NOGCHY —————
Uricacid Flavoenzymes .
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e
NO;

Two-electron reduction

Figura 2.5 Metaloporfirinas como catalizadores de la descomposicion del peroxinitrito.
Extraido de (22).



2.5.2.2 Nitroxidos

Existe importante evidencia que la patogénesis de un gran numero de
enfermedades neurodegenerativas, cardiovasculares, pulmonares e inflamatorias
involucran la accion de especies reactivas del oxigeno y pese a que se han realizado
numerosos ensayos de intervencién con antioxidantes como la vitamina C, E y B-
caroteno estos no tuvieron el impacto esperado en la progresién de la enfermedad. De
esta manera se ha trabajado en el desarrollo de nuevas moléculas que pudieran
actuar como agentes terapéuticos en el tratamiento de dichas enfermedades (224) a
través de su capacidad para reaccionar con especies reactivas derivadas del *NO.

Los nitréxidos ciclicos son un grupo de radicales muy estables que son capaces de
reaccionar con otros radicales libres y diversos blancos biolégicos y de esa manera
ejercer su actividad como antioxidantes, fundamentalmente alterando el estado redox
de células y tejidos afectando su estado metabdlico (224). Estas moléculas son
capaces de reaccionar con radicales y diversos peréxidos; inhibir reacciones tipo
Fenton y participar en reacciones de recombinacion entre radicales (225). Los
radicales libres formados por estos compuestos se encuentran estabilizados por el
triple enlace entre el N y el O y por la presencia de grupos sustituyentes en la posicion
o de los anillos (normalmente grupos metilo). Los distintos tipos de nitréxidos difieren
fundamentalmente en los grupos sustituyentes (R) que le confieren a la molécula
propiedades fisicoquimicas diferentes (Figura 2.6A).

Los nitroxidos ciclicos pueden estar presentes en tres estados de oxidacién (Figura
2.6A), que participan en distintos ciclos de oxido-reduccién y tienen reactividades
diferentes. Inicialmente fueron estudiados por su actividad SOD (226, 227), aunque
actualmente se conoce su reacciéon con diversos radicales libres. Son capaces de
inhibir las reacciones de lipoperoxidacién ya sea por atrapamiento de los radicales
iniciadores o por inhibicion de las cadenas de propagacién (228). También pueden

ejercer su capacidad antioxidante a través de la inhibiciéon de la formacién de radicales
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*OH por quimica de Fenton debido a su capacidad para oxidar metales de transicion
(229). Uno de los nitroxidos mas conocidos, es el tempol (4-hidroxi-2,2,6,6-tetrametil-1-
piperidina), que ha sido extensamente estudiado por su capacidad para reducir el dafo
oxidativo en distintos modelos celulares y animales (230). Se ha demostrado la
reaccion del tempol (0 de sus formas cation oxoamonio e hidroxilamina con el
peroxinitrito y sus radicales derivados (*NO,, CO3*) (224) lo cual demuestra que parte
de su actividad antioxidante y antinitrante esta basada en la detoxificacion de especies
reactivas del oxigeno. En este trabajo, el mecanismo propuesto de descomposicién de
especies nitrantes, involucra al peroxinitrito como especie responsable del retorno de
la forma oxoamonio a la forma radical nitroxido, lo cual provoca un cambio en la
quimica de nitracién a nitrosacion (Figura 2.6B) (224). En sistemas bioldgicos, el

retorno podria ser realizado por reductores celulares como el GSH, lo que debe ser

explorado.
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Figura 2.6 Mecanismo de reaccion del Tempol. Extraido de (224).
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El tempol ha sido ensayado en diversos modelos de enfermedad como la
encefalomielitis viral murina, donde se vio que el tratamiento con ésta molécula, inhibe
fuertemente la nitracién de tirosinas proteicas y revierte sensiblemente Ia
neuroinflamacion provocada por la infeccion mejorando la sobrevida de los ratones
infectados. Estos estudios apoyan el desarrollo de estrategias terapéuticas basadas en
nitroxidos y moléculas relacionadas para el tratamiento de enfermedades
neuroinflamatorias como la esclerosis multiple, lo cual tiene un gran impacto debido a
la alta prevalencia de estas enfermedades y la falta de terapias efectivas para su

tratamiento (231).

2.5.2.3 Ebselen

El ebselen es un seleno-compuesto que tiene una reactividad tipo glutation
peroxidasa capaz de reducir al peroxinitrito por dos electrones en una reaccion rapida
(k=2 x10° M"'s™” pH 8, 25°C) (232), y siendo reducido a su forma original a expensas
del glutation. Ha sido utilizado en ensayos clinicos con prominentes resultados (233), e
incluso en el tratamiento de enfermedades como el infarto cerebral donde se vio que la
administracion del mismo mejoraba sensiblemente la progresion de la enfermedad

(234, 235).

2.5.2.4 Péptidos de tirosina

Se han utilizado tanto in vivo como in vitro, péptidos de tirosina para inhibir
procesos nitroxidativos, mediante distintas estrategias para incorporar los péptidos a
las células. En el primer caso se trata de tetrapéptidos que alternan amino acidos
basicos y aromaticos (dentro de los cuales se encuentra la tirosina), con una
secuencia como la que se muestra a continuacion: Dmt-D-Arg-Phe-Lys-NH, (236), los
cuales se incorporan a las células a través de la interaccion con las membranas. La

otra estrategia es ingresar los péptidos a través de sustancias como el Charriot, o
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liposomas que son incorporados a la célula (83). Es interesante destacar que cuando
se sustituye en dichos péptidos el residuo de tirosina por fenilalanina, se pierde el
efecto citoprotector. Si bien el mecanismo intimo de accion anti-nitrante no esta
definido, se especula que altas concentraciones intracelulares de péptido sean
capaces de atrapar especies nitrantes protegiendo a tirosinas criticas de
modificaciones nitroxidativas. Alternativamente, los péptidos de tirosina podrian
interferir interaccionando con el Compuesto | de las hemoperoxidasas, aunque aun
restan por definirse los mecanismos de accion.

En suma, todos los compuestos mencionados anteriormente, proveen de una
“prueba de concepto” y potencialmente representan herramientas farmacologicas para
el tratamiento de enfermedades humanas cuya patogénesis esta directamente
relacionada con la formacion de especies reactivas del nitrogeno y oxigeno; y por lo
tanto, es importante profundizar los conocimientos en esta area para comprender
como estas moléculas que interfieren con los procesos de nitracion de tirosinas in

vitro, pueden actuar como potenciales farmacos in vivo.

2.6 Membranas biolégicas y sistemas modelo

2.6.1 Estructura de las membranas bioldgicas

Las membranas celulares son cruciales para la vida de la célula y su funcién es
rodear la célula, definir sus limites, y mantener las diferencias esenciales entre el
citosol y el medio ambiente extracelular. De la misma manera, dentro de las células
eucariotas, las membranas del reticulo endoplasmatico, aparato de Golgi,
mitocondrias, y otros organelos cumplen la funcion de mantener las diferencias
caracteristicas entre el contenido de cada organelo y el citosol. A pesar de sus
diferentes funciones, y de la variabilidad en los porcentajes de sus componentes,
todas las membranas biolégicas tienen una estructura general comun: un fluido

bidimensional (“mosaico fluido”) (237) formado por una bicapa lipidica con proteinas
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inmersas. Las membranas celulares son estructuras dinamicas y fluidas y la mayoria
de sus moléculas son capaces de moverse en el plano de la bicapa, siendo el
coeficiente de difusion para lipidos D~ 10 pm?s (238) y un valor significativamente
menor el valor para las proteinas (239) (Figura 2.7).
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Figura 2.7 Estructura de la membrana bioldgica

Las moléculas de los lipidos se disponen como una doble capa continua de
alrededor de 5-7 nm de espesor, la cual constituye la estructura basica de la
membrana y sirve como una barrera impermeable al paso de la mayoria de moléculas
solubles en agua. Los lipidos constituyen ~ 50% de la mayoria de las membranas
animales, correspondiendo el otro 50 % a las proteinas. Las moléculas lipidicas
constituyentes de las membranas son fundamentalmente fosfolipidos, moléculas
anfipaticas que se caracterizan por presentar una cabeza polar, y una region
hidrofébica constituida por las colas hidrocarbonadas de 2 acidos grasos (Figura 2.8).
También se encuentran esfingolipidos, glicolipidos y esteroides fundamentalmente
colesterol (en las membranas eucariotas), el cual cumple un importante rol en la
regulacion de la fluidez y la permeabilidad de la membrana ocupando los sitios libres
existentes, y aumentando su rigidez y grado de ordenamiento (240). El contenido de

colesterol en las membranas es variable pero normalmente constituye ~ el 23 % de los
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lipidos presentes en la bicapa. En células procariotas, los carotenoides parecen
cumplir una funcién similar a la del colesterol, regulando la fluidez de las membranas
(241).

Los acidos grasos pueden diferir en el largo pero normalmente contienen entre 14 y 24
carbonos. El acido graso de una de las colas suele presentar solo enlaces simples
entre sus atomos de carbono (saturado), mientras que el otro acido graso presenta

una o mas insaturaciones, que generan un quiebre en la estructura.
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Figura 2.8 Estructura de los fosfolipidos de membrana

La naturaleza anfipatica de los fosfolipidos hace que estas moléculas formen
bicapas espontaneamente en ambientes acuosos (Figura 2.9). Las moléculas
hidrofilicas se disuelven en agua porque contienen grupos polares (cargados o no) que
pueden formar interacciones electroestaticas o puentes de hidrogeno con las
moléculas de agua, por el contrario, las moléculas hidrofébicas son insolubles en agua
dado que todos o muchos de sus atomos son incapaces de interaccionar con el agua.
Por este motivo, los fosfolipidos se disponen de manera que las cabezas polares
quedan expuestas al solvente, y sus colas hidrocarbonadas se empaquetan en el

interior, escapando de la solucién acuosa, formando micelas o bicapas (Figura 2.9).
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Las micelas se forman habitualmente, por el empaquetamiento de moléculas lipidicas
con una sola cola (ej. un &cido graso) y las cabezas polares expuestas hacia el

solvente.
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Figura 2.9 Organizacion de los fosfolipidos en fases acuosas

El otro componente fundamental de las membranas biolégicas son las
proteinas, cuya proporcion varia dependiendo de la funcién celular, y son las
responsables de las propiedades dinamicas de las membranas. Pueden ser proteinas
integrales de membrana (intrinsecas) o periféricas (extrinsecas). Las primeras tienen
regiones hidrofébicas inmersas en la membrana y regiones hidrofilicas que se situan
hacia el exterior de la misma. La nitracion de tirosinas en estas proteinas puede tener,
como vimos, determinantes fisicoquimicas particulares por encontrarse en un entorno
hidrofébico, alejado de la fase acuosa (Tabla Ill). Las proteinas inmersas en la bicapa
lipidica median casi todas las demas funciones de la membrana, el transporte de
moléculas especificas a través de ella, y la catalisis de reacciones asociadas. En la
membrana plasmatica, algunas proteinas sirven como vinculos estructurales que
conectan distintos compartimentos, o actian como receptores para la deteccién y la

transduccion de senales quimicas en el entorno de la célula.

44



Las membranas también tienen glucidos que se encuentran asociados
mediante enlaces covalentes a lipidos (glicolipidos) y proteinas (glicoproteinas) y
generalmente se encuentran en la cara externa de la membrana formando parte del
glicocalix, donde cumplen una funcién importante en la interaccion con el medio
exterior (Figura 2.7).

Muchas propiedades fisicoquimicas de la membrana cambian con la profundidad de la
misma, tales como la hidrofobicidad, difusiéon y concentracion de moléculas como *NO
y O,, penetracion de iones y complejos metalicos, asi como parametros estructurales y
dindmicos, tales como pardmetros de ordenamiento y quiebre de las cadenas alquilo
(240). Estas propiedades cambian en funcion del grado de saturaciéon de las
membranas, y se ven afectadas por el colesterol, péptidos unidos a membrana,
proteinas integrales de membranas y otros componentes. Por este motivo el micro
entorno en el cual se encuentra ubicado el blanco biolégico en una membrana (gj. un
residuo de tirosina proteica), puede cambiar drasticamente con la composicion y la
profundidad de la membrana, y esto tiene una relevancia muy importante en el marco
de esta tesis, cuyo objetivo se centra en el estudio de los mecanismos de nitracién en
membranas y como se ven afectados dichos procesos con la profundidad de la bicapa,
lo cual refuerza el concepto de que hay que tener en cuenta los factores micro
ambientales para estudiar reacciones quimicas que tienen lugar en una bicapa lipidica

(240).

2.6.2 Sistemas modelo de membranas

Las membranas bioldgicas son sistemas muy complejos, debido a la presencia
de miles de moléculas lipidicas formando una bicapa con proteinas inmersas
ocupando una fraccién importante de la misma, lo cual hace que el estudio por
separado de los distintos componentes, y de los procesos biolégicos asociados a

membranas tenga un grado importante de dificultad. No es facil aislar membranas
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biolégicas de células enteras, ya que las preparaciones de membranas plasmaticas
suelen estar contaminadas con lipidos de membranas de otros organelos y cuya
composicion puede no ser exactamente igual a la de la membrana plasmatica, sin
embargo existen protocolos adecuados para el aislamiento de membranas
mitocondriales y microsomas. Muchos trabajos que estudian procesos asociados a las
membranas bioldgicas, han sido realizados en glébulos rojos, dado que es un sistema
que carece de membranas internas (242-244), y esta ha sido una herramienta
importante en los estudios de difusién y permeabildad a través de las membranas
biolégicas. La otra alternativa es trabajar con sistemas modelo de membranas que se
obtienen de fosfolipidos en fase acuosa que espontaneamente se agrupan formando
micelas o liposomas (Figura 2.9).

Los liposomas son esferas formadas por bicapas de fosfolipidos que semejan a
la estructura de la membrana plasmatica, y que a diferencia de las micelas, tienen en
su interior un volumen de soluciéon acuosa (Figura 2.9). Los liposomas se pueden
formar por sonicacién o agitacién vigorosa de suspensiones lipidicas en medios
acuosos y pueden tener una (liposomas unilamelares) o varias capas de membrana
(multilamelares), asi como un tamafo definido. Los liposomas unilamelares se
clasifican a su vez en funcién de su tamafno en pequefnos (small unilamellar vesicles),
intermedios (intermédiate-size unilamellar vesicles) y grandes (large unilamellar
vesicles), los cuales miden ~ 15, 100 y 1000 nm de diametro respectivamente,
mientras que los liposomas multilamelares normalmente estan conformados por una
poblacion de vesiculas con didmetros de ~ 100-1000 nm (245). Estos modelos son
sistemas que permiten la realizacion de estudios en condiciones mas controlados,
apropiados para llevar a cabo estudios mecanisticos. El uso de sistemas modelos de
membrana ha sido fundamental para el conocimiento de las propiedades fisicas y
quimicas de las mismas, ya que en ellos se puede regular el porcentaje de acidos
grasos saturados e insaturados, asi como la cantidad de colesterol. Sin embargo,

estos modelos también han sido objeto de criticas por no representar exactamente las
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propiedades de las membranas, fundamentalmente por la ausencia de las proteinas
de membrana. En un articulo publicado recientemente en la revista de la American
Chemical Society, Chemical and Engineering News (246) (ver mas adelante), se
discute la importancia del uso de estos modelos, resaltando su idoneidad para la mejor
comprension de muchos de los fendmenos fisico-quimicos asociados a membranas.
Los experimentos en modelos permiten la elucidacion del comportamiento fisico de los
lipidos y el colesterol (aun en ausencia de proteinas) y estos resultados se pueden
aplicar a los sistemas biolégicos mas complejos. Una de las aplicaciones de sistemas
modelos de membranas, es el uso de liposomas (como modelo de células artificiales),
para la incorporacion a células de drogas u otras moléculas, ya que el liposoma
encapsula una solucién acuosa en el interior de una bicapa lipidica, y de esa manera
estas moléculas pueden incorporarse a otras células al fusionarse la membrana del
liposoma con la membrana plasmatica. En esta tesis, se trabajara con un sistema
modelo de membranas (liposomas uni y multilamelares), con analogos hidrofébicos de
tirosina incorporados, que permitiran el estudio de los mecanismos de nitracién en un
sistema sumamente controlado y en el que podran ensayarse un gran numero de
variables bioquimicas y fisicoquimicas. Sin embargo, no hay que perder de vista que
se trata de un modelo y por tanto las conclusiones obtenidas deberan explorarse

luego, en la medida de lo posible, en sistemas biolégicos propiamente dichos.
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SIMULATING LIFE’S
ENVELOPES

Models provide clues about LIPID BEHAVIOR in cell
membranes, but they may have reached their limits
CELIA HENRY ARNAUD, C&EN WASHINGTON

THE PLASMA MEMBRANE, which
surrounds biological cells, consists of

hundreds—possibly even thousands—of

different lipids that are arranged in a bi-

layer. Membrane proteins embedded in the
bilayer occupy a large fraction of the mem-
brane surface, and the cytoskeleton, a lat-

ticework of intracellular protein filaments,
attaches to the inner side of the membrane.

This complexity makes the plasma mem-

brane and its constituent lipids difficult to

study directly.

‘That’s where model systems come in.
These stripped-down constructions allow
scientists to probe the behavior of lipid
membranes under carefully controlled cir-

cumstances. Scientists have garnered alot of

insight about the membrane from

searchers studying membrane model sys-
tems is whether membranes can spontane-
ously form coexisting liquid phases in the
absence of proteins. “You can understand
how lipids work and then extrapolate and
use that as a model of how they might work
inabiological system,” Baird says.

Model systems suggest membrane lipids
areina‘“very peculiar state,” says Jay T.
Groves, a chemistry professor at the Univer-
sity of California, Berkeley. The largely linear,
oily molecules, each with a polar, hydrophilic
end, seem to be near a critical point in their
phase diagram—a combination of composi-
tion, pressure, and temperature at which two
coexisting phases become identical.

The remarkable thing is that this behav-

A QUESTION OF LEAD
Companies vexed by new
consumer safety law P.28

CELL MEMEBRANES
Using models to probe
lipids' behavior P.31

ior occurs in lipid mixtures similar to those
in cells. This suggests that cell membranes
mighthover around a critical point in the
lipid phase diagram, where even small
changes in conditions can trigger large
changes in the membrane. “It’s like the cell
evolved itself a solvent that doesn’t resist
all the different things it would need todo,”
Groves says, referring to the way lipids serve
as aversatile solvent conducive to signaling
and other interactions on and among cells.

Model systems are valuable because
“you can really affirm with no ambiguity
whatsoever that lipids and cholesterol have
these physical properties as a mixture,”
Groves says. “Those physical tendencies
don’t go away when you put this mixture
into the membrane of a cell.”

One of thekey issues that can be ad-
dressed with model systems is lipid phase
behavior. Using three-component systems,
independent groups led by biophysicists
Gerald Feigenson at Cornell and Sarah
Keller at the University of Washington, Se-
attle, see lipid mixtures separate into coex-
isting phases. Seeing such phases in model
systems is a first step toward answering the
question of whether such domains existin
the intact cell membrane,

In a quest for biologically rel-

model systems, but these ideal-
ized versions of membranes may
be reaching the limits of what they
can reveal about biology.

Cell biologists and biophysi-
cists use lipid model systems to
gain a physical and chemical un-
derstanding of the plasma mem-
brane. Such models typically
contain three components—an
unsaturated lipid, a saturated
lipid, and cholesterol. These
three components stand in for
the multitude of lipids found in
the natural cell membrane. Even
such simplified mixtures can
answer questions about the be-
havior of the lipid portion of the
membrane.

With model systems “you
can get at fundamental physi-
cal chemical questions,” says
Barbara A. Baird, a chemistry
professor at Cornell University.
Such questions include how the
lipids organize themselves into
multiple liquid phases, called
domains, and under what condi-
tions those phases form.

Of particular interest tore-

the critical

LIPIDS IN FLUX This three-component unilamellar
vesicle starts with a uniform distribution of lipids (top
left). Slightly above (top right) and below (bottom left)

evant model systems, Feigensonis
moving toward more complicated
four-component systems—three
lipids plus a “judiciously chosen

ture, the lipid ition and

boundaries fluctuate. Far below the critical temperature
(bottom right), phase-separated domains appear.

protein.” He thinks such a mixture
is the minimum for a model sys-
tem toapproximate a real system.

GIANT PLASMA membrane vesi-
cles, or “blebs,” offer an even clos-
er approximation. Blebs, released
by cells either naturally or by labo-
ratory inducement, have composi-
= tions similar to cell membranes.
= Theyare more complicated than
 synthetic model systems but sim-
£ pler than intact cell membranes,
% inpart because theylack connee-
tion to an underyling cytoskeletal
network. The group led by Baird
£ and David Holowka at Cornell is
£ studying the phase behavior of
g blebs. “I see this kind of work asa
Z bridge between the well-defined
@ model systems and the more com-
2 plex biological systems,” Baird
& says. Nevertheless, she notes, “it’s
z pretty tricky business trying to
& relate it toa biological systemand
S toamodel system.”
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Mass spectrometric analysis shows that
the lipid composition of blebs appears
similar to the composition of the cell mem-
brane, to the extent that the composition
of the cell membrane is actually known,
Baird says. Plasma membrane preparations
from cells are often contaminated with
lipids from the membranes surrounding
internal organelles, which have differ-
ent lipid itions from the pl
membrane, she says. “The cleanest work
on membranes was done on red blood cells
because they don't have those internal
membranes,” Baird notes.

The work of Sarah L. Veatch, a postdoc
in Baird’s group, suggests that blebs exist

in a state near a critical point on a phase
diagram (ACS Chem. Biol. 2008, 3, 287). At
such points, the system goes through wide
fluctuations and easily switches between
a single phase and multiple phases. “This
kind of fluctuating system can be har-
nessed to cause a rather dramatic change
with the appropriate signal,” suchasa
changing temperature, Baird says.

Veatch studied membrane behavior by
fluorescence microscopy. At 20 °C, mi-
crometer-sized domains form in the mem-
branes. Extrapolating those findings vo 37
“C suggests that nanometer-sized domains
should form in biological t at

“The idea that Sarah Veatch can take
blebs and see exactly the same behavior
near critical points that we routinely see
in purely synthetic vesicles is hugely ex-
citing,” Keller says. “It says that even our
ridiculously simplified system just might
really be biologically relevant.”

One of the unanswered questions about
cell membrane phase behavior involves the
existence of so-called lipid rafts, which are
minuscule, patchlike domains that are be-
lieved to be involved in protein clustering
and cell signaling. These rafis are thought
o consist of a more highly ordered cho-
lesterol and sphingolipid-rich liquid phase
{the “liquid ordered” phase) interspersed
with a less ordered liquid phase (the “lig-
uid disordered” phase). Although liquid-
ordered phases have been seen in model

physiological temperatures.
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natural cell membranes is hard to find. Un-



2.7 Permeabilidad y difusion de oxidantes en membranas

Una de las funciones de las membranas bioldgicas es delimitar y separar los
distintos componentes de los organelos y sus funciones, y por lo tanto los sitios de
accién de algunas especies oxidantes pueden estar restringidos por las membranas.
Los mecanismos de nitracion en membranas biolégicas van a estar determinados en
parte por la permeabilidad de las especies nitrantes a través de la bicapa, su difusion
en medios hidrofébicos y su reparto, propiedades que cambian notablemente respecto
a la fase acuosa. Como regla general se puede decir que las moléculas neutras no
electroliticas pueden difundir libremente a través de la porcion lipidica de la
membrana, mientras que las especies cargadas necesitan formar su acido conjugado
o atravesarla a través de un canal iénico. Cuanto mas pequefia e hidrofébica es una

molécula, mayor sera su permeabilidad a través de las membranas (247).

2.7.1 Permeabilidad de moléculas cargadas

Las moléculas cargadas, no pueden atravesar las membranas lipidicas
libremente y su reactividad va a estar limitada a su sitio de formacion, como es el caso
de los aniones O,", ONOO" y radical CO;". La difusién pasiva a través de las
membranas de estas especies es energéticamente muy desfavorable y por lo tanto las
membranas biolégicas constituyen eficientes barreras para el paso de moléculas
ibnicas. Estas moléculas pueden atravesar las membranas mediante canales
anionicos como la banda 3 presente en globulos rojos. Estudios pioneros realizados
por Fridovich y colaboradores a finales de la década del 70 demostraron, en
experimentos realizados en membranas de eritrocitos, que el anién O,* era capaz de
atravesar las bicapas (244, 248). En dichos experimentos se encapsuld xantina
oxidasa en el interior de glébulos rojos lavados (fantasmas) y se determind la
capacidad del anién O, producido en el interior de las células de reducir al citocromo

c agregado exdégenamente. Estos trabajos demostraron por primera vez, que

49



efectivamente, el O, atravesaba la membrana reduciendo al citocromo ¢ y que ese
proceso era inhibido cuando se utilizaban inhibidores especificos de los canales
idnicos. Dado que el superdxido tiene un pK, de 4,8 a pH fisiolégico va a estar
mayoritariamente en su forma aniénica y por lo tanto la difusién de la especie
protonada (HOQO-*) es casi inexistente.

Estudios posteriores realizados en la década del 90 con peroxinitrito en
glébulos rojos demostraron a su vez que el peroxinitrito era capaz de atravesar las
membranas biolégicas por dos mecanismos: la forma protonada por difusién simple y
el anibn ONOO™ a través de los canales anidnicos (249, 250) presentes en estas
células. Dado que el peroxinitrito tiene un pK, de 6,8 a pH fisiolégico se encuentran
presentes tanto la especie anidnica como su forma protonada, y por lo tanto ambos
mecanismos de transporte (difusién pasiva e intercambio anidnico) son biolégicamente
relevantes. Estos estudios fueron realizados en glébulos rojos que tienen un numero
importante de copias del canal banda 3 (~ 10" copias/cél). Sin embargo, en otros tipos
de células existirian intercambiadores anionicos similares que serian los responsables
del transporte del anion peroxinitrito a través de la membrana (249).

Finalmente, el radical CO3*", es un oxidante mas selectivo que el radical *OH, pero mas
voluminoso y aniodnico, por lo que al igual que otras moléculas cargadas es incapaz de
atravesar las membranas libremente, y su difusién dependera de su pasaje a través de
canales anidnicos, aunque esto no se ha establecido especificamente. Debido a su
pKa (~ 0) (135) el radical CO3 se encuentra siempre desprotonado en condiciones
fisioldgicas. Trabajos realizados en nuestro laboratorio en sistemas modelo de
membranas (251) como en globulos rojos (243), asi como en membranas de
fosfolipidos (252) muestran que la permeabilidad del radical CO3;” a través de

membranas es muy limitada (Figura 2.10).
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2.7.2 Permeabilidad de moléculas neutras

A diferencia de lo que ocurre para las moléculas cargadas, las moléculas
neutras tales como el H,O, O,,*OH *NO y el *‘NO, son capaces de atravesar libremente
las bicapas y la permeabilidad dependera fundamentalmente del tamafio y la
hidrofobicidad de la molécula (247).

Para el caso del ‘O, y del *NO, la resistencia es casi nula, lo que hace que las
membranas sean altamente permeables a estas moléculas. El ‘NO es sumamente
permeable a membranas bioldgicas dada su naturaleza neutra, hidrofobicidad y
pequeno tamano (249) y el *“NO, tiene una permeabilidad similar a la observada para el
acido peroxinitroso (252). El H,O, es una molécula hidrofilica cuya permeabilidad es
similar a la del H,O, y por lo tanto la membrana ofrece una resistencia media a su
paso. Recientemente se ha demostrado que el H,O, es capaz de utilizar canales
acuosos de membrana (acuaporinas) que pueden aumentar notablemente su
permeabilidad a través de membranas (247). El radical ‘OH puede formarse por lo
homolisis del peroxinitrito o por la reduccién catalizada por metales del H,O,. Es una
molécula polar no electrolitica que se espera tenga una permeabilidad similar a la del
H,O, sin embargo, debido a su alta reactividad, reaccionara muy cerca de su sitio de
formacion, sin llegar a difundir. Al enfrentarse a una membrana reaccionara
rapidamente con los acidos grasos mas cercanos y con los grupos de las cabezas
polares, por lo que es poco probable que el *OH puede atravesar efectivamente la
bicapa (124). Sin embargo, este también podria formarse en el interior de la bicapa por
homdlisis del acido peroxinitroso que haya permeado hacia el interior, siendo esta una

posibilidad que sera estudiada en el marco de esta tesis.
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Figura 2.10 Permeabilidad de especies oxidantes y nitrantes en membranas.
Extraido de (134).

2.7.3 Difusion y reparto en fases hidrofdbicas

Otro aspecto importante a tener en cuenta es el reparto de estas moléculas en
las fases hidrofébicas que puede hacer que algunas reacciones de nitracion sean
favorecidas en el interior de la bicapa. Un trabajo realizado por Kalyanaraman y
colaboradores muestra que la nitracion dependiente de peroxinitrito de analogos
hidrofdbicos de tirosina y péptidos incorporados a membranas es mayor que la
observada en fases acuosas para la tirosina libre, sugiriendo que el entorno
hidrofébico puede favorecer el proceso de nitracion (192).

Se ha propuesto que el *NO juega un importante papel en la modulacién de reacciones
oxidativas en medios lipofiicos como membranas y lipoproteinas. Dos de los
parametros que regulan la reactividad en membranas del *NO son la difusién y el
coeficiente de reparto. El *“NO tiene un coeficiente de reparto de 3,6 en liposomas
(DLPC y EYPC) respecto al agua, y de 3,0 en LDL (189, 190), y los valores de difusion
se encuentran entre 3300-4500 um?/s en buffer (249, 253) respecto a un valor de 1500

um?/s en liposomas (134, 249).
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El ‘NO, tiene un coeficiente de reparto en membranas de 1,8 (190), lo cual

indica que tanto el ‘NO como el ‘NO, son capaces de concentrarse en entornos
hidrofdbicos como membranas y lipoproteinas. Por otro lado, trabajos realizados por
Moller y colaboradores, demostraron que la auto-oxidacién del *“NO para dar *‘NO,
ocurre a una velocidad 30 veces mayor en el interior de una membrana que en igual
volumen de fase acuosa (190) (Figura 2.10).
Asi como las reacciones de nitracion en membranas pueden verse favorecidas por la
concentracién de algunas de las especies nitrantes, es importante tener en cuenta que
la difusién de moléculas en entornos hidrofébicos suele ser mucho menor que en fases
acuosas, lo cual puede afectar el proceso. Una tirosina libre en fase acuosa tiene un
coeficiente de difusién D = 1000 pm?/s, (254) mientras que dicho valor disminuye a ~5
um?/s (255) cuando la tirosina esta en una membrana, y este valor seria ain menor en
tirosinas presentes en péptidos o proteinas integrales de membrana. Esto tiene
particular importancia en nuestro trabajo, ya que los rendimientos de dimerizacion de
tirosina seran sensiblemente menores a los de nitracion, debido a la baja difusion de
estas moléculas respecto a una fase acuosa, lo cual llevaria a que la probabilidad de
encuentro de dos radicales tirosilo en el interior de una bicapa sea muy baja (169).

En suma, la nitracién de tirosinas en membranas estara determinada por la
permeabilidad de las distintas especies nitrantes hacia el interior de la bicapa, siendo
los aniones incapaces de atravesarla libremente y por lo tanto requeriran de canales
idnicos; la difusion de las distintas especies en el interior de la misma, la cual sera
mucho mas lenta respecto a la fase acuosa, y por ultimo las propiedades de reparto,
que determinaran su capacidad de concentrarse o no en una membrana o entorno

lipoproteico (134).
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2.8 Lipoperoxidacion y otras modificaciones oxidativas en membranas

Las membranas biolégicas contienen cantidades considerables de &cidos
grasos insaturados y colesterol, que pueden sufrir oxidacion, aunque también existen
en membranas antioxidantes lipofilicos que estabilizan la estructura de la membrana y
minimizan los procesos oxidativos. Los lipidos, al igual que los acidos nucleicos,
gldcidos y proteinas, pueden reaccionar con las ROS y RNS, en procesos que dan

lugar a la formacion de una gran variedad de productos (256).

2.8.1 Etapas de la lipoperoxidacion y formacion de productos

Los lipidos pueden ser oxidados a través de tres mecanismos: enzimaticos, no
enzimaticos o a través de la reaccion con radicales libres, siendo los productos,
caracteristicos de cada mecanismo. El proceso de lipoperoxidacion en sistemas
bioldgicos, se refiere al proceso de oxidacion de lipidos, en el cual radicales libres
tales como el *OH y el *NO,, oxidan moléculas lipidicas presentes en las membranas
celulares a través de la abstraccion de un electrén de los enlaces dobles de acidos
grasos, dando lugar a la formaciéon de radicales lipidicos, lo cual resulta en dafio
celular. Este proceso ocurre a través de una reaccidbn en cadena, y afecta
fundamentalmente a los acidos grasos poli-insaturados (PUFAs), ya que los grupos
metileno (-CH) de los dobles enlaces, tienen hidrégenos especialmente suceptibles de
sufrir la abstraccion electronica. Este proceso, consta de tres etapas: iniciacion,

propagacion y terminacion (257), (Figura 2.11).

54



R H,0 R
/  + "OH —L» 7/ Lipid radical
H [
Initlation
Unsaturated lipid 0,
Propagation
% 72/
OOH H 00"
Lipid peroxide Lipid peroxyl radical

Figura 2.11 Primeras etapas de la lipoperoxidacion

La iniciacion es el proceso mediante el cual se produce un radical lipidico
alquilo (L*) mediante la reaccion de una especie oxidante (radical iniciador) como el

radical *OH, con un &cido graso (LH) (Ec. 32):

LH+ *X — L +XH (32)

El ‘OH puede reaccionar con acidos grasos saturados (k= 5 x 10® M's™) (258), e
insaturados (k= 5 x 10° M's™) (259) muy rapidamente para formar el radical L, cuando
la reaccion ocurre con un acido graso saturado, el radical peroxilo formado no sera
capaz de propagar la reaccion.

La propagacion es un proceso que depende de la presencia de O, y consiste en la
adicion de una molécula de O, al radical L* para formar el radical peroxilo (LOO*) (Ec.
33) y subsiguientemente radicales alquilo (LO*), los cuales son especies fuertemente

oxidantes capaces de causar dafio a biomoléculas como proteinas.
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L* + 0, — LOO® (33)

El radical LOO* es capaz de oxidar a otro acido graso y de esa manera propagar la
reaccion de lipoperoxidacion, produciendo también un hidroperéxido lipidico (LOOH)

(Ec. 34):

LOO* + L'H — L™ + LOOH (34)

La terminacion es el proceso mediante el cual reaccionan dos radicales libres para dar
un producto no radicalar, cortando la propagacién de la cadena. Esta reaccidén puede
ocurrir entre dos radicales peroxilo (Ec. 35) o entre un radical lipidico (L*, LO* y LOO")
y el *NO, que en estas condiciones, actia como antioxidante en membranas, y da

lugar a la formacion de lipidos nitrados (LOONO) (160, 161).

LOO* + LOO* — LOOOOH (35)

También existen diversas moléculas antioxidantes presentes en las membranas
capaces de terminar la propagacion, tales como el a-tocoferol (vitamina E),
carotenoides y el colesterol.

Durante la lipoperoxidacién se forman una gran variedad de productos
primarios y secundarios, tales como conjugados dienos, hidroperdxidos lipidicos
(LOOH), alcanos (pentano y etano), asi como los productos de escisién de acidos
grasos oxidados como el malondialdehido (MDA). Estos productos pueden ser
cuantificados por distintas técnicas y muchos trabajos actuales estan enfocados en el
estudio de los efectos biolégicos de estas moléculas producidas durante la

lipoperoxidacion (256, 257, 260) (Figura 2.12).
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Figura 2.12 Formacion de productos durante la lipoperoxidacion. Extraido de
(257).

2.8.2 El rol del a-tocoferol

Un compuesto lipofilico con importante capacidad antioxidante dentro de las
membranas es el a-tocoferol (a-TOH). En efecto, esta molécula se ubica dentro de la
bicapa lipidica, con el grupo -OH fendlico cercano a la interfase lipido-agua, y el resto
de la molécula hacia el interior de la membrana. Se ha estimado que los niveles de
tocoferol en una bicapa estan en el orden de una molécula de a-TOH por cada 100-
1000 moléculas de fosfolipidos (~10-100 yM) (261) y esta concentracidon puede
aumentar en condiciones de administracion exégena del compuesto. La principal
accion del o-TOH en membranas es actuar inhibiendo los procesos de
lipoperoxidacion actuando como un antioxidante que corta las cadenas de

propagacion; "chain-breaking antioxidant". Esta accion esta realizada principalmente
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por una rapida reaccion del radical peroxilo del acido graso (LOO*) con el a-TOH (k =5
x 10°M"s™; (262)), para rendir el correspondiente hidroperéxido lipidico y el radical o-

tocoferoxilo (a-TO*) de acuerdo a la siguiente reaccion:

LOO* + o-TOH — LOOH + a-TO* (36)

Si bien desde el punto de vista quimico esta no es una reaccion de
"terminacién" propiamente dicha, ya que genera como radical secundario el a-TOr,
desde el punto de vista biolégico inhibe el proceso oxidativo dado que el a-TO* es un
radical relativamente estable, que puede a su vez en sistemas biolégicos, ser
rapidamente re-generado a o-TOH a través de una reaccion con el acido ascorbico en
la zona de interfase lipido-agua (263). Es importante resaltar que en algunas
condiciones experimentales se ha demostrado que el a-TO¢, puede reiniciar procesos
oxidativos (264); sin embargo, a niveles fisiologicos de a-TOH los destinos del a-TO*
son: i) reciclaje por ascorbato o ii) evolucion a productos secundarios, tales como el
producto de oxidacién por un electron (a-tocoferil quinona), dimeros por combinacion
de dos moléculas de a-TO* o formacion de aductos de a-TO- con radicales lipidicos
(265). En trabajos publicados por Kalyanaraman (266, 267) y por nuestro grupo (268),
se estudié la reactividad de a-TOH con peroxinitrito y sus radicales derivados;
globalmente, las observaciones indican que los radicales derivados del peroxinitrito (ej.
*OH y *NO,) oxidan por un electrén al a-TOH a a-TO* que eventualmente puede rendir,
por una segunda oxidacion, el producto estable a-tocoferil quinona. Se espera, sin
embargo, que en los procesos de lipoperoxidacidn mediados por peroxinitrito en
membranas, el efecto mayoritario del a-TOH sea por reacciéon con LOO¢, dado que la

mayor concentracion de acidos grasos respecto a a-TOH, hace de los primeros el
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blanco preferencial de los radicales derivados de peroxinitrito. Finalmente, es
importante destacar que un analogo del a-TOH presente en menores concentraciones
en membranas, el gamma-tocoferol (y-TOH), también puede participar en los procesos
de inhibicion de la lipoperoxidacion dependientes de peroxinitrito; en efecto, el y-TOH
puede atrapar directamente *NO, y evolucionar a 5-nitro-y-TOH, dado que el anillo
fendlico contiene una posicion no sustituida que puede adicionar *NO, (266). Aunque
inicialmente se planteé que el y-TOH seria mas importante que el a-TOH para inhibir
procesos oxidativos en membranas, mediados por peroxinitrito y otras RNS (269),

experimentos posteriores (266) demostraron que el a-TOH es suficiente y el compuesto

preferencial para bloquear estos procesos.

2.8.3 Otros procesos oxidativos en membranas

Si bien el proceso predominante en membranas es el de lipoperoxidacion, este
se puede encontrar asociado a la nitracion y oxidacién de otras biomoléculas, como es
el caso de la nitracién de lipidos, que da lugar a la formacién de nitrolipidos, una nueva
clase de compuestos derivados de acidos grasos que pueden tener acciones en
sefalizacion biolégica (270-272). Ademas, se encuentran modificaciones en otros
componentes de membrana y que incluyen i) oxidacion, nitrosacién y nitraciéon de
proteinas (Tabla Il) y ii) oxidacion de glucidos, las cuales pueden modificar las
propiedades fisicas de las mismas (273, 274). Ademas, puede haber procesos de
“cross-linking” proteina-proteina y lipido proteina (Figura. 2.13). Es importante resaltar,
que los PUFAs que se encuentran en las membranas formando parte de los
fosfolipidos y que son blanco del proceso de la lipoperoxidacion, son a su vez
moléculas capaces de propagar procesos oxidativos y participan en varias
enfermedades neurodegenerativas y cardiovasculares (275), debido a su capacidad
para formar radicales LOO*. Cambios en la estructura de la membrana pueden

influenciar la permeabilidad de la misma aumentando la entrada de calcio, lo cual
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activa fosfolipasas que clivan los fosfolipidos rindiendo acidos grasos libres. Estos
acidos grasos pueden activar enzimas como las lipo-oxigenasas y ciclo-oxigenasas,
las cuales transforman los acidos grasos poli-insaturados en LOOH. En determinadas
condiciones el hierro presente en lipo-oxigenasas y en hemoproteinas (ej. grupo hemo
de la hemoglobina) es liberado, atacando los LOOH formados y desatando una
lipoperoxidacion no enzimatica. Los LOO* formados son mucho mas oxidantes que los
LOOH de los cuales provienen y pueden atacar distintas biomoléculas, incluyendo

fosfolipidos y proteinas (275) (Figura 2.13).

DISULFIDE
ClOSSUNKlNG

TEN
TRANSMEMBRANE PROTEIN STRAMND LIPID-PRO
GLYCOP ROTEIN ’% SCISSION caossummo

MEMBRANE SURFACE
PROTEINS PROTEIN-PROTEIN

BT B e 10 w%f%imwﬁﬁ“
==, (il

H -S LIPID=LIPID
CHy-5 AMING ‘mo’ CROSSLINKING
OXIDATION O MALONDIALDEHYDE FATTY ACID
RELEASED FROM OXIDATION

OXIDIZED FATTY ACIDS

Figura 2.13 Modificaciones oxidativas mediadas por radicales libres en
membranas. Extraido de (276).

En el marco de nuestra tesis, sera particularmente importante definir la

capacidad de los LOO* de oxidar residuos de tirosinas ubicados en el interior de la

membrana.

60



3. Objetivos



Objetivo General:

Estudio de los mecanismos de nitracion de tirosinas en
membranas

Objetivo Especifico # 1:

Estudio de los mecanismos de nitracion de tirosinas en membranas mediada por
peroxinitrito: utilizacién de la sonda hidrofobica N-t-BOC-tert-butil ester L- tirosina

incorporada a liposomas de fosfatidilcolina
Objetivo Especifico # 2:

Evaluacion de la participacion del proceso de lipoperoxidacion en la nitracion y

dimerizacion de tirosinas en membranas
Objetivo Especifico # 3:

Sintesis, caracterizacion y validacion de péptidos transmembrana para el estudio de

los mecanismos de nitracion de tirosinas en membranas
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4. M& M



4.1 Materiales

Los siguientes compuestos quimicos fueron adquiridos en Sigma: acido
dietilentriaminopentacético (DTPA), acido etilendiaminotetracético (EDTA), didxido de
manganeso, bicarbonato de sodio, fosfato de sodio y potasio, L-tirosina, 3-nitrotirosina,
N-acetil-tirosina, a-tocoferol, 2-metil-nitroso-propano (MNP), hemina, acido Urico,
1,1,3,3 tetrametoxipropano, acido lipoico, acido para-hidroxifenilacético (pHPA), acido
deoxicdlico, desferrioxamina mesilato y dimetilsulféxido (DMSO). Los analogos
hidrofdbicos utilizados en este trabajo: N-t-BOC tert butil ester L-tirosina (BTBE), 3-
nitro-N-t-BOC tert butil ester L-tirosina (3-nitro-BTBE), 3,3 'di-N-t-BOC tert butil ester L-
tirosina (3,3 -di-BTBE) y N-t-BOC tert butil ester fenialalanina (BPBE), asi como los
péptidos transmembrana fueron sintetizados en el Medical College of Wisconsin, USA.
Los lipidos de fosfatidilcolina 1,2-dimiristoil-sn-glicero-3-fosfocolina (DMPC), 1,2-
dilauril-sn-glicero-3-fosfocolina (DLPC), 1-palmitoil-2-linoleil-sn-glicero-3-fosfocolina
(PLPC), fosfatidilcolina de yema de huevo y fosfatidilcolina de soja (EYPC y SBPC)
fueron adquiridos en Avanti Polar Lipids (USA).

La 3,3ditirosina fue sintetizada mediante incubacion de la L-tirosina (0.5 mM),
peroxidasa de rabano (4.5 uM) y H,O, (500 uM) en buffer fosfato 50 mM (pH 7.4) por
20 minutos a 25°C. La mezcla resultante fue centrifugada en un tubo Centricon (corte
de 5000 Da) para remover la enzima y la concentracion de 3,3’-di-tirosina fue
determinada espectrofotométricamente a 315 nm (e= 5700 M'cm™, pH 7.4 y 8380
M'cm™ a pH 9.9 (277)).

El azocompuesto ABAP (2,2 '-azobis (2) amidinopropano cloruro de hidrégeno)
fue adquirido en Wako Co (USA). Las metalo porfirinas Mn-tcpp (porfirina de Mn (lII)
meso-tetrakis (4-carboxilatofenilo) y Fe-tcpp (porfirina de Fe (lll) meso-tetrakis (4-
carboxilatofenilo) fueron adquiridas en Calbiochem. El H,O, fue adquirido en Fluka.

Los disolventes organicos para la sintesis de los compuestos organicos vy
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procedimentos de cromatografia liquida fueron de Baker o Mallinckrodt, de alta
calidad.
La solucion de hemina fue preparada en el momento en 0.1 M NaOH vy

mantenida a 4°C y en oscuridad hasta su uso. Los complejos con hierro-EDTA Fe'' y

desferrioxamina-Fe""

fueron preparados mezclando volumenes iguales de EDTA vy
desferrioxamina con cloruro férrico respectivamente en una relacion 1,1:1. Las
soluciones stock de Mn-tcpp y Fe-tcpp fueron 1,21 y 1,10 mM respectivamente, y
fueron diluidas en NaOH 0.1 M.

Todos los reactivos utilizados fueron de alta pureza. Los gases utilizados, argon y
nitrogeno fueron adquiridos en AGA (Uruguay). Todas las soluciones fueron

preparadas con agua ultrapura desionizada para minimizar la contaminacion trazas de

metales.

4.2 Métodos

4.2.1 Sintesis de BTBE y Productos Derivados

El BTBE, 3-nitro-BTBE y 3,3'-di-BTBE fueron sintetizados en el Medical
College of Wisconsin, USA como de describié previamente (192). EI BPBE fue
sintetizado utilizando el mismo procedimiento que para el BTBE, pero a partir de t-
butilester L-fenilalanina disponible comercialmente (Sigma). Se prepararon soluciones

metandlicas (1M) de cada uno de ellos, inmediatamente antes de su uso.

4.2.2 Sintesis y Purificacion de Péptidos Transmembrana

Los péptidos transmembrana de 23 amino acidos conteniendo un residuo de
tirosina en la posicién 4, 8 y 12 a partir del extremo amino terminal, fueron sintetizados
por SB en el Medical College de Wisconsin, USA, mediante una sintesis en fase solida
como fue reportado previamente (191).
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Los péptidos se sintetizaron con el extremo N-terminal acetilado y el C-terminal
amidado, mediante el método de sintesis en fase sdélida utilizando la resina p-amida
metilbenzilhidrilamina (MBHA), utilizando n-(9-fluororenil) metoxicarbonilo (Fmoc),
como grupos protectores. La resina MBHA (0,72 mmol / g, Novobiochem, La Jolla,
California) se dejo overnight con N-metil piperidina (NMP) antes de iniciar la sintesis.
El acoplamiento de los amino acidos Fmoc se realizé utilizando volumenes iguales de
1-hidroxibenzotriazol (HOBt) 0,5 M y di-isopropilcarbodi-imida (DIC) 0,5 M en NMP en
un exceso molar de cinco veces en relacién con el aminoacido. El grupo protector
Fmoc se elimind con 25% de piperidina en NMP, seguido por 3 lavados con NMP vy
diclorometano (DCM). Las cadenas laterales de los amino acidos estaban protegidas
de la siguiente manera: t-butilo (Tyr), y Boc (Lys). La acetilacion del extremo N-
terminal se realiz6 con el exceso de anhidrido acético en presencia de HOBt y DIC a
temperatura ambiente durante 4 h. La desproteccion y clivaje de la resina se llevaron a
cabo usando una mezcla de acido trifluoroacético (TFA), tri-isopropilsilano (TIS) y agua
(90:5:5 v/ v/ v) durante 3 horas a temperatura ambiente. Los péptidos clivados fueron
precipitados con éter dietilico frio y luego lavados 3 veces con éter dietilico y secados
al vacio. Los péptidos crudos fueron purificados por RP-HPLC semi-preparativa en una
columna C8 de 10 micras (1.0 x 25 cm, (Vydac, Hesperia, CA) utilizando un gradiente
lineal de 10 a 80% de acetonitrilo en agua /0.1% TFA, durante 40 min. La pureza del
péptido fue verificada por RP-HPLC analitica en una columna Vydac C18 (0.46 x 25
cm). La masa molecular de los péptidos sintetizados se validd mediante

espectrometria de masa.

4.2.3 Preparacion de Liposomas e Incorporacion de las Sondas

La incorporacion del BTBE y BPBE fue realizada como se describid
inicialmente (192). Brevemente, se adiciond una solucidon metandlica de BTBE (0.35

mM) 6 BPBE (0.35 mM) a una soluciéon de lipidos de fosfatidilcolina en cloroformo
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(0.35 mM). Bajo estas condiciones se incorpora mas del 98 % del BTBE, como fue
demostrado previamente (192). Se seco la mezcla bajo corriente de nitrégeno y se
prepararon los liposomas uni y multilamelares por resuspensién en buffer fosfato 100
mM, 0.1 mM DTPA (pH 7.4), seguido de 10 ciclos de congelamiento-descongelamiento
en nitrégeno liquido, o por resuspension bajo agitacién vigorosa en buffer fosfato,
respectivamente. Los rendimientos de incorporacién y formacion de productos de
oxidacion del BTBE fueron similares en liposomas uni y multilamelares, y por lo tanto
independientes de la morfologia de la membrana, por lo que, dado que la preparacion
es mas simple, la mayoria de los estudios fueron realizados en liposomas
multilamelares. Es importante resaltar que se trabajé con un modelo de membranas lo
cual, pese a no representar exactamente las condiciones de una membrana bioldgica,
permitié realizar gran cantidad de experimentos, ensayando numerosas variables
fisicoquimicas, en un sistema muy controlado y limpio, y estudiando el efecto de una
variable por vez, lo cual seria muy dificil de realizar en sistemas de membranas
celulares, cuya complejidad genera limitantes experimentales y muchas veces impide
el analisis correcto de los resultados. En los experimentos con a-tocoferol, el mismo
(en etanol), fue incorporado a la solucién lipidica en cloroformo, previo a la
evaporacion bajo corriente de N,. Normalmente se trabajé con una concentracion final
de 30 mM liposomas y 0.3 mM de analogo hidrofébico de tirosina, salvo en los casos
que se indique de otra manera. Una vez preparados los liposomas (con la sonda
incorporada), estos fueron expuestos a los distintos agentes oxidantes, y los productos
de oxidacion fueron extraidos con metanol, cloroformo y NaCl 5M en una proporcion 1:
2.4: 0.4 viv respectivamente, con eficiencias de recuperacion mayores al 95% (192).
Se centrifugaron las muestras por 10 minutos a 5000 rpm y se descartdé el
sobrenadante. Se secé la fraccidon remanente bajo corriente de N, y se guardaron las
muestras hasta su uso. Inmediatamente antes de analizar las muestras por HPLC, se
resuspendieron en 100 pyL de una mezcla KPi 15 mM (pH 3) (15 %): metanol (85 %).
Los experimentos fueron siempre realizados a 25°C salvo cuando se trabajé con
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DMPC (realizados a 37°C), para trabajar en cada caso por encima de la temperatura
de transicién de los distintos lipidos.

En los experimentos a bajas tensiones de oxigeno, se burbujearon los
liposomas durante 30 minutos con Argon previo a la adicion del oxidante.

El péptido transmembrana (Y8, 0.35 mM), fue incorporado a los liposomas de
PC mediante el mismo procedimiento que el BTBE y tratado con peroxinitrito. Luego
de preparadas las muestras, se adicionaron 600 ul de agua y se centrifugaron a 12000
rom durante 2 hs, se removio el sobrenadante y se secaron bajo corriente de N..
Previo a su analisis por HPLC, fueron resuspendidas en 50 ul de Metanol / TFA 2.5%.
Alternativamente se realiz6é una extraccién organica de las muestras como fue descrito

para los liposomas con BTBE.

4.2.4 Sintesis y Cuantificacion de Peroxinitrito

El peroxinitrito fue sintetizado en un reactor de flujo detenido a partir de nitrito
de sodio (NaNO,) y peréxido de hidrégeno (H.O,) como se describié previamente (15).
El H,O, remanente de la sintesis fue eliminado tratando a la solucion stock de
peroxinitrito con diéxido de manganeso granular y se guardd la solucion alcalina hasta
su uso a -20°C. La concentracion de las soluciones se determiné diariamente,
espectrofotométricamente midiendo la absorbancia a 302 nm (s= 1670 M'cm™) (12,
16). La concentracion de nitrito de las muestras fue estrictamente controlada y fue
siempre menor al 20%, ya que concentraciones mayores pueden alterar los resultados
obtenidos, ya que el nitrito puede reaccionar con *OH y otros oxidantes para rendir
*NO, y favorecer reacciones de nitracion no deseadas. En los experimentos control, el
peroxinitrito fue adicionado luego de su descomposicion en buffer fosfato (100 mM) pH
7,4, para descartar el efecto de productos remanentes de su sintesis, nitrito y H,O,

(adicion reversa de peroxinitrito).
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4.2 .5 Sistemas Oxidantes

El BTBE (u otras sondas) incorporado a liposomas fue oxidado mediante la
adicidon de peroxinitrito, hemina, el dador de radicales peroxilo (ABAP) o reactivo de
Fenton.

El peroxinitrito fue adicionado en forma de bolo bajo agitacion vigorosa (t 2 =
2.5 s a 25°C (14)) o mediante infusion continua utilizando un inyector automatico (kd
Scientific). Dado que la solucién de peroxinitrito es alcalina el pH de las muestras fue
estrictamente controlado luego de su tratamiento para asegurar que las variaciones no
fueron significativas (< 0.1 unidades de pH).

La hemina fue adicionada directamente a los liposomas de fosfatidilcolina. Los
liposomas insaturados (EYPC y SBPC) contienen niveles basales de hidroperéxidos
preformados, que sirven como sustrato para la hemina.

El azocompuesto ABAP genera por termdlisis radicales peroxilo (AOQ¢), por lo
que las muestras fueron incubadas con ABAP a 37°C durante 2-3 hs para obtener una
concentracion final de (0-40 mM). ElI consumo de oxigeno dependiente de ABAP fue
medido por oximetria de alta resolucion (Oroboros 2K) rindiendo un flujo de radicales
peroxilo de 0.3 yM / min.

El reactivo de Fenton fue adicionado a los liposomas en presencia de H,0O,
mediante una solucion stock de sulfato ferroso (FeSO,4) (10 mM) en acido sulfurico

(H2S0,) (2.5 mM) con una relacién final de Fe'": H,O, = 1.

4.2.6 Cuantificacion de 3-NT y 3-NO,-BTBE por Espectrofotometria

En algunos experimentos con liposomas conteniendo acidos grasos saturados
(DLPC, DMPC), se cuantificd la formacién de 3-nitro-BTBE por medicion directa UV-
Vis. Los liposomas fueron solubilizados con deoxicolato de sodio (1,2%) (278) y la
solucién se alcalinizé a pH 10 con 5 M NaOH. Se midio la formacion de 3-nitro-BTBE a

424 nm pH 10 (e= 4.000 M cm™). Del mismo modo, se midi6 la formacién de 3-NT a
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430 nm pH 10 (e= 4.000 M cm™). Este método permite hacer rapidas determinaciones
con resultados reproducibles y comparables a los obtenidos por HPLC pero solo
puede ser usado con lipidos saturados, dado que con lipidos insaturados se obtienen

otros productos que interfieren con la deteccién a 400 nm.

4.2.7 Cromatografia Liquida de alta Performance (HPLC)

El BTBE y sus productos de oxidacion, 3-nitro-BTBE y 3,3'-di-BTBE se
separaron por cromatografia liquida de alta performance de fase reversa (RP-HPLC)
en un equipo Agilent 1200 equipado con sistema de deteccion UV-Vis y de
fluorescencia utilizando una columna C18- Agilent Eclipse XDB-C18 de 5 micras (150
mm de longitud , 4.6 mm de diametro). La fase moévil A consistiéo en 15 mM de KPi pH
3 y la fase movil B consistié en metanol. Las condiciones cromatograficas fueron: flujo
1 ml/ min, 75% de la fase mévil B durante 25 minutos, seguido de un aumento lineal
de la fase movil B a 100% durante 10 minutos. La deteccion UV-Vis se realizd a 280
nm para el BTBE (¢ = 1200 M'cm™) y a 280 y 360 nm para el 3-nitro-BTBE (e= 1500
M" cm™), que presenta una doble absorbancia caracteristica. El 3,3-di-BTBE fue
detectado fluorimétricamente (Aexe = 294 NnM, Aem = 401 nm). Se utilizaron BTBE, 3-
nitro-BTBE y 3,3'-di-BTBE auténticos como estandares.

El producto de hidroxilacion del BTBE (N-t-BOC 3,4-dihidroxi-L-fenilalanina) (3-
OH-BTBE) fue separado con condiciones cromatograficas levemente diferentes. La
fase movil A consistio de agua y la fase movil B fue metanol, realizandose un gradiente
de 50-100% metanol en 35 minutos. Se realiz6 deteccion UV-vis a 280 nm vy
fluorimétrica (Aex = 280 Nm y Aem = 306 NmM).

La tirosina y sus productos de oxidacion 3-NT y 3,3 -ditirosina se separaron por
RP-HPLC, utilizando una columna C18 Partisil SAO-3 de 10 micras (250 mm de
longitud, 4.6 mm de didmetro). La separacion se realiz6 en forma isocratica en las

siguientes condiciones cromatograficas: flujo 1 ml / min; 97% fase movil A (KPi 15mM
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pH 3) y el 3% fase movil B (metanol) durante 30 minutos. La 3-NT se detecté por UV-
Vis a 280 y 360 nm, y la 3,3'-ditirosina se midi6é por fluorescencia (Aex 280 Nmy A o =
400 nm). Se utilizaron como estandares 3-NT y 3,3'-ditirosina auténticos. La nitracién
artifactual del BTBE o tirosina durante el procedimiento cromatografico debido a la
presencia de nitrito en medio acido fue descartada realizando controles adecuados de
adicion reversa de peroxinitrito.

Los péptidos transmembrana fueron purificados por RP-HPLC en el MCW bajo
las siguientes condiciones cromatograficas: gradiente lineal de 40 % acetonitrilo / 0.1
% TFA en agua / 0.1 % TFA a 80 % acetonitrilo / 0.1 % TFA en agua durante 30
minutos. Se determind una pureza > 95%.

Los productos de oxidacion del péptido transmembrana luego de la adicion de
peroxinitrito, fueron separados por RP-HPLC, usando una columna C18-Agilent
Eclipse XDB-C18 de 5 micras (150 mm de longitud, 4.6 mm de diametro). Se utilizaron
como fases moviles acetonitrilo y H,O / 0.1% TFA, y el siguiente método de control:
gradiente de 50-60 % acetonitrilo en 40 minutos, flujo 0.35 ml / min. Se realizé
deteccion UV- Vis a 280 nm para el Y8, y a 280 y 360 nm para el derivado nitrado,

NO.-Y8.

4.2.8 Espectrometria de Masa (MS)

La formacion de 3-OH-BTBE se analizdé en un espectrométro de masa Applied
Biosystems, QTRAP triple cuadrupolo lineal (LIT) con trampa de iones equipado con
una fuente de ionizacion de iones turbo spray (ESI). El espectrometro de masa se
operé en modo positivo y la configuracion de ESI fue la siguiente: voltaje ionizacion
2500 V, temperatura 375°C; potencial de desagrupamiento 50 V, potencial de entrada
10 V, gas nebulizado 40 psi; gas accesorio 25 psi. Las muestras recogidas del HPLC
se diluyeron en metanol (con 0.1% de acido formico) y se inyectaron por infusién

continua (10 uL / min) con una concentracion estimada de 10 nM. Se identificd el ion
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molecular en m/z = 353,2 y el analisis de fragmentacion del 3-hidroxi BTBE se llevo a
cabo utilizando el LIT en el modo MS/MS usando la trampa de iones como detector.
Los experimentos de fragmentacion del ion molecular se llevaron a cabo utilizando
diferentes energias de disociacion que permitieron identificar los fragmentos del ion
parental.

Los estudios de MS en péptidos fueron realizados en un espectrometro Applied
Biosystems, QTRAP triple cuadrupolo lineal (LIT) con trampa de iones equipado con
una fuente de ionizacion de iones turbo spray (ESI). El espectrometro de masa se
operd en modo positivo. Se prepard una dilucién de péptido en metanol (10 uM) + 0.1
% acido aceético. Una vez purificados los péptidos y analizados por MS, estos fueron

liofilizados y almacenados a -20°C hasta su uso.

4.2.9 Resonancia Paramagnética Electrénica (EPR)

Los experimentos de EPR se registraron a temperatura ambiente en un
espectrometro Bruker EMX operando a 9,8 GHz. Los parametros del espectrometro
fueron los siguientes: ancho del barrido, 100 G; campo medio, 3505 G, constante de
tiempo, 20,48 ms; tiempo de exploracion, 42 s, modulacién de amplitud, 1,0 G,
modulaciéon de la frecuencia, 100 kHz, ganancia del receptor, 1x10°; potencia de
microondas, 20 mW. Para la realizacion de los registros, las muestras fueron
transferidas a un tubo capilar de 50 pyL. Dado que los radicales que se quieren detectar
son especies muy inestables, se trabajé con la técnica de “spin trapping”, para lo cual
se usa una molécula atrapadora de spin, que forma un aducto con el radical de interés
y este aducto es mas estable y puede detectarse facilmente. En este caso se trabajo
con el atrapador 2-metil nitroso propano (MNP) (20 mM), que fue incubado con los
liposomas (previo a la adicion de peroxinitrito) durante 20 min. Dado que el MNP
puede sufrir fotdlisis y generar una sefal diferente a la del radical fenoxilo, se realizé la

incubacién con las muestras cubiertas en papel de aluminio y se registraron las
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sefales en absoluta oscuridad de manera que la sefal del MNP debido a la fotdlisis

del mismo no se observé durante las condiciones experimentales.

4.2.10 Productos de la Lipoperoxidacion

El malondialdehido (MDA), uno de los subproductos de la lipoperoxidacion, se
midié espectrofotométricamente a través de la formacién del aducto coloreado que se
forma por su reaccion con el acido tiobarbiturico (TBA) midiendo la absorbancia a 532
nm, (¢ = 150.000 M" cm™), como se describié previamente (16); el aducto esta
formado por 2 moléculas de TBA y una molécula de MDA (Figura 4.1). La
lipoperoxidacion genera una variedad de productos como aldehidos e hidroperéxidos
lipidicos que aumentan a consecuencia del estrés oxidativo y pueden reaccionar con el
TBA, aunque generalmente se utiliza este método como indicador general de la
formacion de MDA a 532 nm. Las curvas de calibracion y evaluacion de los contenidos
MDA se realizaron con cantidades conocidas de MDA obtenidos a partir de la hidrdlisis
acida del 1,1,3,3 tetrametoxipropano en 20% de acido acético a pH 3,5. Para evitar la
sobreoxidacién de los lipidos durante el ensayo se afiadié butilhidroxitolueno (BHT)
0,05% (w / v) al reactivo TBARS. La formacién de hidroperoxidos lipidicos se evalud
por el ensayo de FOX (279). Brevemente, se afadieron 50 pL de liposomas a 950 pL
de reactivo de FOX que consiste en xilenol orange (100 mM), Fe?* (sulfato de amonio
ferroso) (250 mM), H,SO4 (25 mM) y BHT (4mM) / metanol 90% (v / v). Las mezclas
de reaccion se incubaron 1 hora a temperatura ambiente y se midié la absorbancia a
560 nm. La concentracion de hidroperéxidos lipidicos se estimé utilizando un
coeficiente de extincién aparente de 43.000 M “'cm ' (279). El consumo de oxigeno
durante los procesos de peroxidacion lipidica fue medido por oximetria de alta

resolucion con un 2K Oxygraph (Oroboros Instruments, Austria).
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TEA reaction with MDA

HS OH o0 S NWOH HO N\I’/SH
2 \h]::j/ v U —,ML +2H,0
OH OH H
TBA MDA

product

Figura 4.1. Formacion del aducto entre el TBA y el MDA

4.2.11 Estudios Computacionales

Se realizaron simulaciones de cinética quimica asistidas por computadora con

el software libre GEPASI 3.0 (www.gepasi.org) (280).

4.2.12 Estimacion de las distancias de difusion del peroxinitrito en
suspensiones de liposomas

Se estimo la distancia de difusion del peroxinitrito, asumiendo liposomas
multilamelares de 5 capas concéntricas, con una concentracién de 20 mg / ml, y un
diametro promedio externo de 1000 nm (245). De acuerdo a datos previos (252, 281),
puede estimarse una concentracion de vesiculas de 0.20 nM, que corresponden a 3.65
x 10" vesiculas / ml. Basados en un modelo desarrollado en nuestro laboratorio (243),
se puede calcular la distancia de difusién promedio del peroxinitrito en fase acuosa,

antes de alcanzar una vesicula liposomal de la siguiente manera (Ec. 37):

2
Ax = ro 2]y (37)
4V 3

Donde n representa la relacion entre volumen total de suspension y volumen total de
liposomas, y r representa el radio de la vesicula. De esta ecuacion se obtiene una
distancia Ax de 1.1 um. El porcentaje de peroxinitrito adicionado que efectivamente

puede alcanzar a un liposoma se puede determinar por la siguiente ecuacion (Ec. 38):
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donde ty, representa la vida media del peroxinitrito en el medio extracelular, Donoo- ,
es el coeficiente de difusion del peroxinitrito, considerado igual al del nitrato (NO3"),

1500 um?s™ (242, 254).

4.2 .13 Andlisis de los Resultados

Todos los experimentos reportados en esta tesis fueron repetidos un minimo de
tres veces. Los resultados son expresados como los valores promedios con sus
desvios estandares correspondientes. Los graficos y los andlisis matematicos fueron

realizados con el software OriginPro 8.0.
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5. Resultados & Discusion
Obj. #1



5. Objetivo # 1. Estudio de los mecanismos de nitracion de tirosinas en
membranas mediada por peroxinitrito: utilizacion de la sonda hidrofébica N-#-
BOC- tert-butilester L-tirosina incorporada a liposomas de fosfatidilcolina.

El peroxinitrito es capaz de difundir a través de membranas y lipoproteinas e
interaccionar con ellas, promoviendo reacciones de oxidacion y nitracion en lipidos y
proteinas. Sin embargo, todavia no se han realizado estudios mecanisticos profundos
sobre la nitracion de tirosinas en fases hidrofébicas, y muchos de las suposiciones
aceptadas para sistemas acuosos, pueden no ser validas para entornos hidrofébicos,
debido a la diferente polaridad, las restricciones espaciales, y la difusion limitada tanto
de moléculas blanco como de especies reactivas, entre otros factores. También se
debe profundizar en el estudio del proceso de dimerizacion de tirosinas en membranas
e hidroxilaciéon, lo que no ha sido previamente estudiado. En el siguiente Objetivo
Especifico pretendemos profundizar en los mecanismos de oxidacion de tirosinas en
membranas, mediante el uso del andlogo hidrofébico de la tirosina, el BTBE,
incorporado a liposomas de PC como sistema modelo de membranas, y peroxinitrito
como agente oxidante y nitrante para estudiar las determinantes fisico-quimicas y

bioquimicas que rigen el proceso de oxidacion de tirosinas mediado por peroxinitrito.

5.1 Andlisis del BTBE y sus productos de oxidacion 3-nitro-BTBE and 3,3 -
di- BTBE

Para estudiar los factores fisico-quimicos y bioquimicos que controlan la
nitracion de tirosinas en membranas, los liposomas de PC con BTBE incorporado
fueron tratados con peroxinitrito. EI BTBE, y sus productos de oxidacién se
cuantificaron por UV-Vis y / o fluorescencia luego de: i) la separacion de los productos
de oxidacion por RP-HPLC del material obtenido en la extraccion quimica organica o
ii) la solubilizacién de los liposomas con acido deoxicdlico. La figura 5.1A muestra un

cromatograma de HPLC tipico obtenido de las muestras tratadas con peroxinitrito,
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donde el BTBE, el 3-nitro-BTBE y el 3,3 '-di-BTBE eluyen a los 7, 9 y 19 minutos,
respectivamente. Por otra parte, el andlisis espectrofotométrico de los liposomas luego
de la solubilizacién con &cido deoxicdlico (1.2 %), midiendo la absorbancia a 424 nm a
pH 10, muestra la formacién de 3-nitro-BTBE (Figura 5.1B). En liposomas de DLPC
(30 mM) a pH 7,4 (Figura 5.1C), el peroxinitrito (0-2 mM) causo la formacion de 3-nitro-
BTBE en una forma dependiente de la concentracién con rendimientos de ~ 3% (15
mM 3-nitro-BTBE con 500 uM peroxinitrito), y estos resultados fueron similares a los

obtenidos por HPLC (Figura 5.1C).

Es importante destacar que si bien, la medicién espectrofotométrica directa de 3-nitro-
BTBE luego de la solubilizacién con deoxicolato es un método muy practico y
reproducible para liposomas que contienen acidos grasos saturados (DLPC, DMPC),
este método no debe ser aplicado a liposomas con acidos grasos insaturados (EYPC y
SBPC), dado que el peroxinitrito conduce a la formacién de otras especies como
lipidos nitrados y oxidados, los cuales pueden absorber en la misma region del

espectro y por lo tanto interferir con la deteccién de 3-nitro-BTBE (16).

Al

Y
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3-nitro-BTBE
\l/ 3,3’- di-BTBE

Time (min)

Figura 5.1A
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Figura 5.1 Andlisis del 3-nitro-BTBE y 3,3'-di-BTBE después de la adicion
peroxinitrito. El BTBE (0.3 mM) en liposomas de DLPC (30 mM) fue expuesto a
peroxinitrito en buffer fosfato (100 mM), pH 7,4 / 0,1 mM de dtpa. (A) Los productos
fueron separados luego de la extraccion organica por RP-HPLC. El cromatograma de
HPLC muestra la elucién del BTBE, 3-nitro-BTBE y 3,3'-di-BTBE luego del tratamiento
con ONOO™ (1 mM). Se indican las estructuras de los compuestos sobre los picos
correspondientes. La deteccion se hizo por UV-Vis a 280 nm para BTBE (linea
continua)y a 360 nm para 3-nitro-BTBE (linea discontinua). El 3,3'-di-BTBE se midio
fluorimétricamente a 294 y 401 nm, A de excitacion y de emisién, respectivamente
(linea punteada). (B) Los liposomas con BTBE incorporado fueron tratados con
peroxinitrito y solubilizados con deoxicolato 1,2%, llevados a pH 10 con NaOH 5M y se
registré6 el espectro UV-Vis del 3-nitro-BTBE en diferentes concentraciones de
peroxinitrito. (C) Se realizd la cuantificacion del 3-nitro-BTBE en funcion de la
concentracion de peroxinitrito, luego de la separacion por HPLC (m) o de la
solubilizacién con deoxicolato (e).
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5.2 Hidroxilacion del BTBE mediada por peroxinitrito en liposomas de DLPC

Trabajos previos, realizados por Zhang y colaboradores, mostraron la
formacion de 3-nitro-BTBE y 3,3"-di-BTBE, al tratar al BTBE incorporado a liposomas
con peroxinitrito o el sistema MPO/H,0,/NO;" ; sin embargo la formacién del derivado
hidroxilado del BTBE en liposomas no habia sido estudiada (192). Dado que es un
compuesto mas polar que el BTBE, las condiciones cromatograficas se ajustaron con
el objetivo de detectar productos que eluyeran a tiempos menores de retencion que el
propio BTBE. Los experimentos se realizaron inicialmente a pH 6, ya que la
hidroxilacion como consecuencia de la homolisis del ONOOH, estaria favorecida en
condiciones acidas, y como control positivo de reaccion de hidroxilacion se utilizé un
sistema de Fenton. Tanto en la condicidon con peroxnitrito, como con reactivo de
Fenton, se detectd un nuevo pico, que eluyé a los 11 minutos (Figura 5.2A), el cual no
pudo detectarse cuando los experimentos fueron realizados a pH 7,4 (no se muestra).
El pico obtenido fue recolectado y analizado por MS (Figura 5.2B), y la masa molecular
del i6n resultante (m/z) fue de 353,2. El analisis ESI-MS en el modo positivo,
normalmente genera iones protonados (M + H), con lo cual para el derivado
hidroxilado del BTBE se detectaria un ién con una relacion m/z de 354,2, sin embargo
se detectd el ion molecular tal y como ocurre con la N-acetil-tirosina y el a-tocoferol
(datos no mostrados) (282, 283). La ausencia de un grupo capaz de protonarse, y el
grupo fendlico oxidable del BTBE favorecen este tipo de ionizacion. El ién con relacion
m/z de 353.2 corresponde al cation radical molecular del derivado hidroxilado del
BTBE, que por analogia con el sitio preferencial de hidroxilacion para la tirosina y otros
fendlicos, asighamos como 3-hidroxi-BTBE (32, 170). Es importante resaltar que el
patron de fragmentacién obtenido en la condiciéon con peroxinitrito y Fenton fue el
mismo. Entre los fragmentos se encontrd un ién con una relacion m/z de 335,3; que
corresponderia a la pérdida de una molécula de agua del ién parental. Asumiendo que

el rendimiento cuantico de fluorescencia del 3-hidroxi-BTBE es similar al derivado
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hidroxilado de la tirosina (3,4-dihidroxi-fenilalanina), se puede estimar que se formé 5
nM de producto hidroxilado a partir de 1 mM peroxinitrito a pH 6, lo cual indica que es
un proceso de bajo rendimiento. En la Figura 5.2C, se puede observar la cuantificacion
comparativa de la formacion de derivado hidroxilado en las diferentes condiciones
estudiadas. La hidroxilacion en presencia de Fe?* sélo, se debe a su rapida oxidacion
en condiciones aerobias para dar O,"/H,0,, generandose en forma secundaria reactivo
de Fenton. Sin embargo, el H,O, sélo fue incapaz de hidroxilar al BTBE en ausencia
de Fe*, lo cual indica que la generacion de radical *OH requiere una reaccion
catalizada por Fe?. El reactivo de Fenton fue capaz de promover la hidroxilacién del
BTBE en una forma dependiente de la concentracién de reactivo (ej. 0.3 mM y 0.6
mM), sin embargo la presencia de NO," que reacciona rapidamente con *OH para dar
‘NO, (k = 6 x 10° M's™) inhibi6 completamente la formacién de producto. El
peroxinitrito (1 mM) también fue capaz de promover la hidroxilacion del BTBE de una
manera menos eficiente que con el reactivo de Fenton, y de vuelta la presencia de
NO, fue completamente inhibitoria.

Se pudo determinar la formacion de los tres productos de oxidacién del BTBE,
3-nitro-BTBE, 3,3°-di-BTBE y 3-hydroxi-BTBE (Figura 5.2A), y sus rendimientos
relativos (Figura 8.1). Con el objetivo de determinar si la formacién de estos productos

tiene lugar a través de un mecanismo radicalar, se realizaron estudios de EPR.
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Figura 5.2 Separacion por HPLC y caracterizacion por MS del 3-hidroxi-

BTBE. Los liposomas de DLPC (30 mM) (linea discontinua) con BTBE incorporado
(0.3 mM) fueron expuestos a FeSO, (0.3 mM) + H,O, (0.3 mM) (linea continua) o
peroxinitrito (1 mM) (linea discontinua- puntos) en KPi (20 mM), pH 6 / 0.4 mM de dtpa.
(A) La separacion de los productos se realizd por RP-HPLC y se detecté un nuevo
pico que eluyd a tiempos menores que el BTBE (12 min) y esta presente en las
condiciones con reactivo de Fenton y peroxinitrito. Caracterizacion del pico eluido a
los 11 min por ES-MS. (B) El andlisis por scan de masa de alta resolucién muestra la
formacion del ion molecular con una m/z de 353,2 y su distribucién isotopica. Se
muestra la estructura propuesta para el 3-hidroxi-BTBE. (C) Analisis MS/MS (usando
la LIT como detector) del ion m/z 353,2 muestra el patron de fragmentaciéon de la 3-
hidroxi-BTBE. (D) Cuantificaciéon de la formacion de 3-hidroxi-BTBE por un
sistema de Fenton o peroxinitrito y el efecto del nitrito. Las reacciones se llevaron
a cabo a pH 6 y las condiciones se indican en el grafico. Los valores de 3-hidroxi-
BTBE se estimaron suponiendo un rendimiento cuantico de fluorescencia similar al de
la 3,4-di-hidroxi-fenilalanina (derivado hidroxilado de la tirosina).

5.3 Deteccion del radical fenoxilo derivado del BTBE por EPR

Se utilizé la técnica de EPR spin-trapping para estudiar la formacion del radical
fenoxilo derivado del BTBE durante la nitracién mediada por los radicales derivados
del peroxinitrito, utilizando el aducto de spin MNP, como se describié previamente
(191). La adicion de peroxinitrito a liposomas de DLPC con BTBE pre-incorporado
resultd en una sefal de 3 lineas parcialmente inmovilizada (Figura 5.3, linea a) similar
a la que se obtiene con el radical tirosilo. No se observé la formacion del radical
cuando los liposomas fueron tratados con peroxinitrito descompuesto (Figura 5.3, linea
b), o en ausencia de BTBE (Figura 5.3, linea c). Cuando los liposomas fueron disueltos
en etanol, se obtiene una clara senal de tres lineas, dada la mayor movilidad del
aducto de spin. (Figura 5.3, linea d). La fotdlisis del MNP también puede dar lugar a
una sefial de 3 lineas pero con un ay diferente (Figura 5.3, linea e). Debido a la baja
relacion sefial ruido, no se pudo resolver el espectro del aducto de spin para resolver
los pardametros de desdoblamiento hiperfino, sin embargo los datos son
completamente consistentes con la oxidacién (mediada por los radicales derivados del
peroxinitrito) por un electréon del BTBE para dar la formacién del radical fenoxilo
derivado del BTBE en el interior de la membrana, lo cual demostraria que la nitracion
de tirosinas en membranas tiene lugar a través de un mecanismo que involucra la

81



formacion intermediaria del radical tirosilo, tal y como ocurre para las tirosinas en fases

acuosas.

|25G|

Figura 5.3. Deteccion del radical fenoxilo en liposomas saturados. Los
liposomas de DLPC (45 mM) con BTBE (2.25 mM) pre-incorporado en buffer fosfato
(100 mM), pH 7,4 / 0,1 mM de dtpa fueron incubados durante 20 minutos con el spin
trap MNP (20 mM) y las muestras fueron posteriormente transferidas a una celda
capilar de 100 uL para las mediciones de EPR (a) muestras tratadas con peroxinitrito
(5 mM); (b) adicion reversa del peroxinitrito; (c) adicién de peroxinitrito a liposomas sin
BTBE; (d) adicion de peroxinitrito en presencia de MNP a liposomas con BTBE,
disueltos en etanol y su correspondiente simulacion y (e) sefal obtenida de la fotdlisis
del MNP y su correspondiente simulacion. Los datos corresponden al promedio de 100
scans.
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5.4 Oxidacion del BTBE mediada por peroxinitrito: liposomas saturados e
insaturados

Los radicales *OH y *NO, reaccionan rapidamente con los &cidos grasos
insaturados, por lo que estudiamos los rendimientos de nitracion y dimerizacion del
BTBE en liposomas de PC con cantidades variables de acidos grasos insaturados,
para determinar si estos son capaces de competir por las especies nitrantes e inhibir el
proceso de nitracién. La adicion de peroxinitrito (0-2 mM) causé un aumento en los
rendimientos de nitracion y dimerizacion del BTBE pre-incorporado en forma dosis
dependiente tanto en liposomas saturados de DLPC y DMPC, como insaturados de
EYPC y SBPC (Figura 5.4A). Los rendimientos de nitracion fueron muy similares en
DLPC y DMPC, pero, sin embargo, fueron mayores en los liposomas de EYPC, a
pesar del alto porcentaje de acidos grasos insaturados (~ 24%) presentes en estos
fosfolipidos. El peroxinitrito, ademas de promover la nitracion en todos los tipos de
liposomas, también causé Ila oxidacion del BTBE para rendir el dimero
correspondiente, 3,3 -di-BTBE, siendo los rendimientos maximos de dimerizacion a
250 yM de peroxinitrito, y sensiblemente mayores para EYPC que para DLPC (~
0.11% y 0.02%, respectivamente; Figura. 5.4B). El perfil de la dosis respuesta de
dimerizacion del BTBE fue similar al obtenido previamente para tirosina libre, que
presenté rendimientos maximos a 200 yM peroxinitrito (~ 0.24%) (192). En todos los
casos, los rendimientos de nitracion fueron significativamente mayores que los de
dimerizacion a pH 7.4, fortaleciendo la idea de que la nitracién es la modificacion
oxidativa mediada por peroxinitrito predominante en membranas, a pH fisiolégico

(192).
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Figura 5.4 Nitracion y dimerizacion del BTBE mediada por peroxinitrito en
liposomas con distinto grado de insaturacion. El BTBE (0.3 mM), incorporado a

liposomas de DLPC (m), DMPC (o) y EYPC (¢) (30 mM) fue tratado con distintas
concentraciones de peroxinitrito en buffer KPi (100 mM), pH 7,4 / 0,1 mM dtpa; la
temperatura de incubacion fue 21°C para todos los liposomas, excepto para DMPC
que fue 37°C. (A) 3-nitro-BTBE y (B) 3,3°-di-BTBE fueron determinados luego de la
separacion por RP-HPLC.
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5.5 Inhibicion de la oxidacion del BTBE por atrapadores de peroxinitrito y/o
radicales derivados

Con el objetivo de profundizar en el estudio de los mecanismos de nitracion
mediados por peroxinitrito en membranas, estudiamos el efecto de varios atrapadores
seleccionados, que reaccionan con constantes de velocidad conocidas con el
peroxinitrito o con sus radicales derivados *‘OH y *NO, (Tablas V y VI). Es importante
resaltar que, salvo el acido lipoico (LA), que tiene un caracter hidrofébico y puede
reaccionar en la fase lipidica o en la interfase lipido/agua, el resto de los atrapadores
ensayados son polares y por lo tanto reaccionaran principalmente en la fase acuosa
(218). La nitracion y dimerizacion del BTBE fueron inhibidas por glutatién, acido
lipoico, pHPA, tirosina, dimetilsulféxido (DMSO), manitol y acido urico (Tabla IV), en
una forma que fue compatible con sus distintas reactividades con el peroxinitrito o sus
radicales derivados (Tabla V). El quelante de metales, DTPA no tuvo efecto en la
nitracion del BTBE, sin embargo, la desferrioxamina (DF) inhibié fuertemente la
formacion de 3-nitro-BTBE y 3,3°-di-BTBE, en una forma dosis dependiente (Figuras.
5.5A e inset), en un grado que es compatible con sus reacciones con *OH y *NO,
(284), lo cual fue recapitulado en simulaciones asistidas por computadora (Figura
5.5B), para lo cual se utilizaron las constantes de reaccion de la Tabla VI, que
involucran las reacciones del peroxinitrito y sus radicales derivados con la tirosina, asi
como las reacciones con la DF. Finalmente, la presencia de NO, también inhibié la
nitracion del BTBE lo que resalta el papel de los radicales *OH, en la formacion de 3-
nitro-BTBE, a pesar de la importante formacion de *NO, que tiene lugar en esta

condicion.
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Tabla IV: Efecto de distintos atrapadores en la oxidacion del BTBE

Condicion ° NO.-BTBE (uM) Di-BTBE (vM)

ONOO (0.5 mM) 9.06 + 0.78 0.017 £ 0.002

+ GSH (0.1 mM) 51+ 1.0 ND

+ GSH (1.0 mM) 1.65 + 0.26 ND

+ LA (0.1 mM) 1.32 + 0.01 0.011 £ 0.002

+ pHPA (0.3 mM) 5.60 + 0.77 0.012 £ 0.002

+ Tirosina (1 mM) 410+ 0.66 ND

+ DMSO (10 mM) 6.59 + 0.60 0.006 + 0.001

+ Manitol (50 mM) 215 + 0.87 0

+ Acido Urico (0.3 mM) 0 0

+ dtpa (0.1 mM) 98 + 1.1 0.007 £+ 0.001

+ DF (0.1 mM) 0.71 = 0.15 0

+ Nitrito (50 mM) 56+ 1.1 ND

+ HCOg3 (25 mM) 232+ 0 0.008 £ 0
Adicion Reversa de ONOO" 0 0

Los liposomas de DLPC (30 mM) con BTBE (0.3 mM) pre-incorporado fueron
expuestos a peroxinitrito (0.5 mM) en presencia de las concentraciones indicadas de
los distintos atrapadores, y la formacion de 3-nitro-BTBE y 3,3"-di-BTBE fue analizada
luego de la separacion por RP-HPLC. En los casos donde solo se reporta la formacion
de 3-nitro-BTBE, las determinaciones fueron realizadas por medidas
espectrofotométricas directas luego de la solubilizacion con deoxicolato (1.2%). La
adicion reversa de peroxinitrito representa una condicidon control con peroxinitrito
descompuesto en buffer. (ND: no determinado). ® Las constantes de velocidad
individuales de los atrapadores estudiados con el peroxinitrito o con sus radicales
derivados se muestran en la Tabla V.
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Tabla V. Constantes de reaccion de atrapadores con peroxinitrito y sus
radicales derivados

Compuesto Peroxinitrito *NO; CO5” *OH

k(M 's') Ref. ko(M!s') Ref. koM!s!) Ref. ko(M!s!) Ref.

DF 0 (284) 7.6x10° (284) 1.7x10° (284) 1.3x10" (285)
GSH 650 (14) 2 x10"  (211) 53x10° (286) 23x10"° (287)
LA 800 (217) 1.3x10° (218) 1.6x10° (218) 4.3x10"° (288)
dtpa 0? ND 1.7x10"° (289) 53x10° (289)
Acido Urico 155° (290) 1.8x10" (211) 1.7x10° (218) 7.2x10° (291)
DMSO 2.6° ND ND 6.5x 10°¢ (292)
Manitol 0 (293) ND ND 21x10°  (294)
Tirosina 0 (295) 3.2x10° (171) 45x10" (286) 1.3x10"° (170)

Los valores fueron reportados a pH 7.4 y 25°C a no ser que se indique lo contrario
ND: No determinado
@ A concentraciones < 100 uM, el dtpa no aumenta la velocidad de descomposicion del
Eeroxnitrito
37°C
°pH = 11
9pH 6.8y 23°C
°*pH 4-5
"Mismos valores que los asumidos para pHPA
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Figura 5.5A Efecto de la desferrioxamina en la nitracion y dimerizacion del

BTBE. Los liposomas de DLPC (30 mM) con BTBE (0.3 mM) pre-incorporado fueron
expuestos a distintas concentraciones de desferrioxamina (0-1mM) y tratados con
peroxinitrito (0.5 mM). Se cuantificé la formacién de 3-nitro-BTBE por UV-vis, luego de
la separaciéon por RP-HPLC de los productos de extraccion organica de las
susepensiones de liposomas. Inset: El 3,3'di-BTBE fue medido fluorimétricamente
luego de la separacién por RP-HPLC.
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Figura 5.5B Simulacion cinética quimica del efecto de la desferrioxamina sobre
la nitracion del BTBE. Se realizaron simulaciones quimicas asistidas por
computadora, considerando las mismas concentraciones iniciales de BTBE,
peroxinitrito, nitrito, dtpa y KPi que se utilizaron en las condiciones experimentales.
Para las simulaciones se utilizaron las reacciones 1-40 de la Tabla VI.
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Tabla VI. Constantes de velocidad de las reacciones involucradas en la oxidacion de tirosina/BTBE por

peroxinitrito

Reaction k Referencia

1) ONOOH - NOj 09s (296)"
2) ONOOH — 'NO, + ‘OH 0.35s" (296)
3) Tyr+ OH— Tyr + OH 6.5x10°M™" s (a7o)’
4) Tyr + OH - OH -Tyr 1.24x10°M's” (170)?
5)Tyr + OH — Tyr+ OH 6.5x 10°M™".s” (170Y
6) Tyr + OH - OH-Tyr 1.24x10"°M"s™ 170y
7) ‘OH-Tyr + HPO,Z— Tyr + H,0 + HPO,* 58x10°M"s” (297)

8) ‘OH -Tyr + O, » OH -Tyr-0O° 2x10°M's” (297)

9) OH -Tyr-OO" - OH -Tyr+ O,” 1.3x10°s (297)
10) Tyr "+ NO, — Tyr+ NOy 29x10 M's” (298)
11) 2 Tyr — Di-Tyr 2.25x 108 M™.s™ (299)°
12) Tyr + NO, — NOTyr 1.35x 10°M™".s™ (171, 300)*
13) Tyr + NO, — Products 1.65x10°M'.s™ (171, 300)*
14) 2 NO, 2 N,O, ki=4.5x10°M".s™ k =6900s" (301, 302)
15) N;O, —» NO; + NOg + 2 H' 1000 s™ (301, 302)
16) 'NO, + OH — NO;j + H,0 45x10°M's™” (303)
17) NO; + OH — NO, + H,0 6x10°M".s” (303)
18) ‘OH + ONOO — OH + NO, + O, 48x10°M"s™ (304)
19) ONOOH 2 H" + ONOO ki=15800s" k,=1x 10" M"s" (15)
20) Tyr2 H +Tyr’ ki=10s" k,=1x 10" M'.s™ °

21) H,PO, 2 H'+HPO ki =15800s", k, = 1x 10" M".s” °

22) ONOO 2 O, + NO ki=0.02s", k,=6.7x10°M".s™ (126, 305)
23) NO + NO, 2 N,Os ki=1.1x10°M".s" k.= 8.4 x10*s (302)
24) N,Oz — NO, + NOy + 2 H* 80000 s (306, 307)°
25) N,O3 + ONOO™ — 2 NO; + NO,- 1x10"M".s” (307)
26) O, + NO, 2 O,NOO k=45x10°M"s" k =1.35s" (308)
27) O,NOO™ — O, + NO; 1.05s (308)
28) O,NOOH 2 O,NOO + H* ki=1.3x10°s", k,=1x10"M".s™ (309)
29) Tyr + O,” — Products 15x10°M"s™ (299)
30) ‘OH + HPO,> — Products 15x10°M"s™” (310)
31) OH + H,PO, — Products 2x10*M".s™ (310)
32)2 0, +2H" - H,0, + O, 2x10°M™'.s™ (311)
33)2'NO + 0, > 2 'NO, 29x10°MZs” (140)
34) Tyr + NO =2 TyrONO k=1x10°M's" k =1x10°s" (300, 312)
35) TyrONO — Products 0.18s™ (300)
36) ‘OH + Lipids — Products 6.4x10°M"s” (258)
37) ‘OH + dtpa — Products 53x10°M" s (289)
38) ‘OH + DF — DF + OH" 1.3x10"° M's” (285)
39) 'NO, + DF - DF + NO, 76x10°M"s™ (284)
40) Tyr + DF — DF + Tyr 6.3x10°M™.s™ (284)
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' Las constantes de reaccién para las reacciones 1y 2 fueron calculadas a partir de la
constante de homdlisis del peroxinitrito independiente de pH a 25°C (1.25 s™),
teniendo en cuenta que durante la homdlisis catalizada por proton, se forman *NO, y
*OH en rendimientos de 30%.

2 La constante global para la reaccién entre tirosina y *OH es 1,3 x 10'° M's™. Esta
reaccion lleva a la formacion de aductos Tyr-OH* en rendimientos de 95%
(predominantemente en la posicién 3) y radical *Tyr en el 5% restante (170).

% La constante de velocidad para la reaccion de entre 2 radicales *BTBE para dar 3,3'-
di BTBE es 100 veces menor que la observada para tirosina libre (k = 2.25 x 10° M's™)
debido a la baja difusién del BTBE en la membrana.

* Las constantes de velocidad apra las reacciones 12 y 13 fueron calculadas a partir de
la constante reportada de segundo orden para la recombinacion entre *Tyr y *NO, (k =
3 x 10° M's™) (171), resultando en la formacién del aducto que lleva a la formacion de
3-NT en rendimientos de 45% (300).

® Los valores K; para las reacciones 19-21 y 28 fueron calculados a partir de los
valores de pKa reportados de los acidos correspondientes, y asumiendo una
protonacioén controlada por difusién de sus bases conjugadas.

® Las constantes de velocidad para la reaccion 24 fue calculada como: ks = 2 x 10% s™
+ 8 x 10° M's™ [fostato](M) (306, 307).
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5.6 Efecto del CO, en la oxidacion del BTBE

Es importante destacar, que en sistemas acuosos el par bicarbonato/anhidrido
carboénico (HCO3;/CQO,) es capaz de promover un aumento en los rendimientos de
nitracion, ya que el radical CO3* formado, es capaz de promover la oxidacion por un
electréon de la tirosina para dar radical tirosilo de forma muy eficiente. Sin embargo,
hasta el momento no se habia estudiado el efecto del CO, en compartimentos
hidrofébicos. Cuando se trataron los liposomas con peroxinitrito en presencia de 25
mM HCOg, (1.3 mM CO,), se inhibio la nitracion del BTBE (Tabla V). La presencia de
HCOg’, inhibio la nitracion y la dimerizacion del BTBE en una forma dosis dependiente
(Figuras 5.6A y 5.6B). En presencia de CO,, el peroxinitrito forma radical CO3* el cual
es incapaz de atravesar las membranas debido a su naturaleza cargada, lo cual
indicaria que la inhibicién observada puede deberse a la falta de permeabilidad del

COs" hacia el interior de la membrana.
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Figura 5.6 Efecto del bicarbonato sobre la nitracion y dimerizacion del BTBE
mediada por peroxinitrito. Los liposomas de DLPC (30 mM) con BTBE pre-
incorporado (0.3 mM) fueron tratados con peroxinitrito (0.5 mM) en presencia de
distintas concentraciones de bicarbonato (0- 100 mM) en KPi (100 mM) pH 7,4 / 0,1
mM dtpa. Los productos de nitracion (A) y dimerizacién (B) fueron analizados por UV-
Vis y fluorescencia respectivamente, luego de la separacion por RP-HPLC (m) o de la
solubilizacién con 1,2% de deoxicolato (e). La formacion de 3-nitrotirosina fue medida

directamente por espectrofotometria ().
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5.7 Efecto de complejos metdlicos de transicion sobre la nitracion del BTBE
mediada por peroxinitrito

Algunos complejos metdlicos de transicibn son capaces de aumentar la
nitracion mediada por peroxinitrito de compuestos fendlicos en medios acuosos a
través de un mecanismo de catalisis redox (3, 67). Con el fin de determinar el rol de
los metales en membranas, se estudio el efecto de diferentes complejos metalicos en
la nitracion y dimerizacion del BTBE en liposomas con &acidos grasos saturados
(DLPC) e insaturados (EYPC). Los rendimientos de nitracion en liposomas de DLPC
aumentaron significativamente en presencia de hemina, Fe-EDTA y las metalo
porfirinas de manganeso y hierro, Mn-tcpp y Fe-tcpp, mientras que la ferrioxamina
(complejo desferrioxamina-hierro) no tuvo ningun efecto sobre la nitraciéon. En
liposomas de EYPC, la nitracién aumentd en presencia de hemina y Mn-tcpp, mientras
que el Fe-edta y Fe-tcpp no tuvieron efecto (Tabla VII). De los resultados obtenidos,
surge que en sistemas simples que contienen fosfolipidos saturados (DLPC), los
complejos metalicos de transicion actuaron catalizando la nitracién. De hecho, en
liposomas de DPLC la hemina y Mn-tcpp promovieron un aumento de la nitracion y
dimerizacion (no se muestra) del BTBE en una forma dependiente de la concentracion.
En particular, la hemina resulté ser un potente catalizador de la nitracion, provocando
un aumento ~ 5 veces en los rendimientos (15% a pH 7. 4) a 25 yM hemina (Figura

5.7).

93



—HE— hemin
—e— Mn-tcpp

[NO,-BTBE] pM

— §/¥

30 4 /§

\
\

0 5 10 15 20 25
[Compuesto] uM

Figura 5.7 Catdlisis de la nitracion del BTBE por hemina y Mn-tcpp. Los
liposomas de DLPC (30 mM) con BTBE pre-incorporado (0.3 mM) fueron tratados con
peroxinitrito (0.5 mM) en la presencia de distintas concentraciones de hemina (m) y
Mn-tcpp (e) a pH 7,4, y el contenido de 3-nitro-BTBE fue analizado luego de la
separacion por RP-HPLC.
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Tabla VII. Efecto del los complejos metdlicos de transicion en la nitracion del
BTBE

NO,-BTBE (uM)

Condicion
DLPC EYPC
ONOO" (0.5 mM) 14.1+1.9 18.0+2.8
+ Fe-edta (0.1 mM) 225+22 75+1.7
+ Fe-DF (0.1 mM) 152+ 1.1 ND
+ Hemina (25 uM) 78.0t5.5 97.1+t44
+ Mn-tccp (20 uM) 412+1.2 20.6+2.0
+ Fe-tcep (50 pM) 31.5+£5.0 571 £0.05
Adicion reversa de ONOO" 0 0

Los liposomas de DLPC y EYPC (30 mM) con BTBE incorporado (0.3 mM) fueron
incubados con las concentraciones indicadas de los diferentes complejos metalicos y
tratados con peroxinitrito (0.5 mM). La formacién de 3-nitro-BTBE fue analizada luego
de la separacién por RP-HPLC.

5.8 Efecto del pH en la nitracion, dimerizacion e hidroxilacion del BTBE

Se estudié el efecto del pH en la nitracién, dimerizacion e hidroxilacion del
BTBE, para determinar en qué medida su incorporacién en un ambiente hidrofébico
afecta a la dependencia observada en la tirosina libre. Los cambios en el pH alteraran
la concentracién de protones en la fase acuosa e indirectamente estos pueden influir la
quimica del BTBE incorporado en los liposomas. Se estudi6 la formacién de 3-nitro-
BTBE en funcion del pH, observandose una curva en forma de campana con un

rendimiento maximo a un pH de 7.5 (Figura 5.8A) y comparable a la curva observada
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para la 3-NT libre. La formacién de 3,3'-di-BTBE fue muy baja a pH <8, pero aument6
significativamente a pH alcalino (Figura 5.8B). Como se indicé anteriormente, el 3-
hidroxi-BTBE se detecté a un pH de 6, pero no a pH 7.4. Los perfiles de nitracion,
dimerizacion e hidroxilacién para tirosina y BTBE (Figuras 5.8C y D) fueron
recapitulados mediante simulaciones asistidas por computadora, considerarando un
mecanismo radicalar de oxidacion de la tirosina mediada por peroxinitrito (3, 300, 313)
y un rendimiento de dimerizacion relativamente bajo (reaccién entre dos radicales
fenoxilos derivados del BTBE). Por otro lado, los perfiles de nitracion del BTBE en
funcion del pH presentaron un comportamiento completamente diferente en presencia
de hemina y Mn-tcpp, resultando un aumento continuo de 3-nitro-BTBE a pH alcalino

(Figura 5.8E), alcanzando rendimientos nitracion de 17 y 20%, respectivamente, a pH

9.
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Figura 5.8A-B Oxidacion del BTBE en funcion del pH. Los liposomas de DLPC
(30 mM) con BTBE pre-incorporado fueron preparados luego de la resuspension de
lipidos en KPi (100 mM) / 0,1 mM dtpa a los diferentes pH estudiados. Luego, estos
liposomas con BTBE (0.3 mM), o tirosina libre (0.3 mM) fueron tratados con
peroxinitrito (0.5 mM) a los distintos pH. (A) 3-nitro-BTBE (e) y (B) 3,3°-di-BTBE (m)
fueron analizados luego de la separaciéon por RP-HPLC, mientras que la 3-nitro-
tirosina (¢) fue medida directamente por espectrofotometria.
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Figura 5.8C-D Simulacion cinética quimica del efecto del pH sobre la oxidacion

de la tirosina y el BTBE. Se estudi6 el efecto del pH en la formacién dependiente
de peroxinitrito de 3-NT (e), 3,4-dihidroxifenialalina (A) y 3,3 -ditirosina (m) (C), y 3-
nitro-BTBE (e), 3-hidroxi-BTBE (A) y 3,3'-di-BTBE (m) (D), por simulaciones asistidas
por computadora. Las concentraciones iniciales de BTBE, peroxynitrito y buffer KPi,
fueron de 0.3 mM, 0.5 mM y 100 mM, respectivamente. Las concentraciones de nitrito
y dtpa fueron de 0.15 y 0.1 mM, respectivamente. Para las simulaciones se utilizaron
las reacciones 1-37 de la Tabla VI.
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Figura 5.8E Efecto del pH en la nitracion del BTBE catalizada por metales.
Los liposomas de DLPC (30 mM) con BTBE pre-incorporado (0.3 mM) fueron
preparados como en la figura 5.8A y tratados con peroxinitrito (0.5 mM) en presencia
de hemina (25 pM) y Mn-tcpp (20 uM) a los distintos pH.

5.9 Discusion

En este Objetivo Especifico hemos utilizado la sonda hidrofébica de tirosina, el
BTBE, para establecer los mecanismos de nitraciéon de tirosina dependientes de
peroxinitrito en membranas y explorar factores que controlan el nivel de nitracion, asi
como otras modificaciones oxidativas tales como la dimerizacién y la hidroxilaciéon de
tirosina. Aqui se confirmé que el peroxinitrito fue capaz de inducir la formacién de 3-
nitro-BTBE y 3,3°-di-BTBE en liposomas de DLPC (Figura 5.1); mas aun, un derivado
hidroxilado de BTBE, asignado como el 3-hidroxi-BTBE, fue detectado por primera vez
(Figura 5.2). A pH 7.4, la nitracion fue el proceso predominante con un rendimiento de

3% respecto al peroxinitrito adicionado, en liposomas de DPLC (frente a 6-8% en
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tirosina libre) en comparacion a la dimerizacion (0.02% de rendimiento) e hidroxilacién
(0% de rendimiento).

Ademas de ser formado en liposomas que contienen acidos grasos saturados
(DLPC y DMPC), el 3-nitro-BTBE también fue medido en liposomas con acidos grasos
insaturados como EYPC (Figura 5.4A) y SBPC (datos no mostrados), que contienen
cantidades sustanciales de acidos grasos poli-insaturados que son facilmente
oxidables por especies derivadas del peroxinitrito (16, 161). Por otra parte, los
rendimientos de dimerizacién a pesar de ser relativamente bajos, fueron mas altos en
liposomas de EYPC que en liposomas de DLPC (Figura 5.4B), lo que sugiere que los
procesos secundarios, como la lipoperoxidacion pueden participar en reacciones de
oxidacion del BTBE cuando estan presentes acidos grasos poli-insaturados (ver mas
abajo y Objetivo Especifico #2 de la tesis). La tirosina en solucién acuosa no reacciona
directamente con el peroxinitrito (295), y por tanto la formacién de 3-NT depende de
las reacciones de los radicales derivados del peroxinitrito (*OH, *NO,, CO3*") (3). En el
caso de la nitracion del BTBE, los datos también apoyan a un mecanismo mediado por
radicales libres iniciado por la homdlisis de ONOOH ya sea en las proximidades o
dentro de la membrana. En primer lugar, la hidroxilacién del BTBE (Figura 5.2) se
explica por una reaccion de adicion de *OH al BTBE en la cercania del sitio de
homdlisis ya que el *OH reacciona con las moléculas blanco a pocos diametros
moleculares de su lugar de formacion; el *OH, formado a partir de ONOOH en la fase
acuosa, sobre la superficie de los liposomas, es capaz de penetrar las vesiculas de PC
y reaccionar con las porciones aromaticas de la sonda incorporada en el interior de
membrana, como se ha demostrado en estudios de radidlisis del agua (258). Es
importante resaltar que, el *OH podria también formarse en el interior de los liposomas
dado que el ONOOH es capaz de atravesar la bicapa lipidica (242, 250), y ya ha sido
establecido que la homdlisis de ONOOH ocurre en solventes aproticos (192). En
segundo lugar, las inhibiciones de la nitracion y dimerizacion (Tabla V) podrian
explicarse en buena parte, sobre la base de la cinética de competencia simple con
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atrapadores de radicales libres. En tercer lugar, la deteccion del radical fenoxilo
derivado del BTBE vy el perfil de pH de la nitracion son plenamente consistentes con un
mecanismo de reaccioén radicalar que lleva a las modificaciones oxidativas observadas
en el BTBE. Es importante destacar que en este trabajo, los procesos de nitracion,
dimerizacion, e hidroxilacion de la tirosina (tirosina en fase acuosa y analégo
hidrofébico) dependientes de la homdlisis de peroxinitrito en funcién del pH se
racionalizaron con un modelo cinético donde participan reacciones de radicales libres
(Figuras 5.8C y D). Tanto los perfiles de pH como los rendimientos de oxidacion
obtenidos in silico concuerdan bien con los datos experimentales obtenidos in vitro
para tirosina y BTBE. En el caso de BTBE, las constantes de reaccién de velocidad
reales con los radicales primarios (es decir, *OH y *NO,), no se conocen y se supone
que son iguales a las de tirosina, sin embargo, para la reaccién de dimerizacion (es
decir, la combinacién de dos radicales fenoxilos derivados del BTBE para formar 3,3"-
di-BTBE, el valor de la constante de velocidad se redujo a 100 veces (k = 2.25 x 10° M’
's™) con respecto a la correspondiente de los radicales tirosilo (k = 2.25x 10® M's™)
debido a la restriccion en el movimiento lateral de moléculas en la organizada
estructura de la bicapa, lo que resulta en un bajo rendimiento de dimerizacion con
respecto al de nitracion (Figuras 5.4 y 5.8). De hecho, mientras que el valor de
coeficiente de difusion (D) para aminoacidos como la tirosina en la fase acuosa es del
orden de 800-1000 um? s™ (254), se estima que D para el BTBE en liposomas de PC
puede ser ~ 5 um? s , como puede extrapolarse a partir de datos de fluorescencia
obtenidos con sondas aromaticas hidrofébicas de pireno (255), infiiendo una
disminuciéon de 100 a 200 veces en la difusion del radical tirosilo en el interior de la
membrana. La dimerizacion intermolecular de tirosinas integrada a péptidos y
proteinas, sera aun menos probable ya que los valores de D son ~10°-10* veces
menores que en solucion (239, 255) y de acuerdo con datos recientes que indican la
ausencia de dimerizacion de tirosina en péptidos transmembrana expuestos a

peroxinitrito (191). Por otra parte, el *NO y el *‘NO, se concentran 4-5-veces en
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ambientes hidrofébicos, siendo el valor aparente de D (D'no) = 1500 um? s™), el cual
es muy cercano al obtenido en fase acuosa de 4500 um?s™ (189).

El modelo cinético propuesto en esta investigacién también predice que el
grupo hidroxilo fendlico de BTBE incorporado a liposomas juega un papel, como en el
caso de la tirosina, en la dependencia del pH (pKa ~ 10) y que no hay necesidad de
implicar a otros grupos disociables presentes en las moléculas de PC, como el grupo
fosfato y la colina de la cabeza polar del fosfolipido. Asi, los datos cinéticos sostienen
que el BTBE incorporado a liposomas acomoda sus grupo hidroxilo hacia la interfase
lipido/agua, de acuerdo con los datos estructurales (192), que indican que la
concentraciéon mas alta de BTBE esta presente cerca de la esqueleto del glicerol de
los fosfolipidos. Contrariamente a lo observado para la tirosina (Figura 5.6), la
presencia de bicarbonato disminuy6 la nitracién y dimerizacion del BTBE (Figura 5.6).
En los sistemas heterogéneos la presencia de bicarbonato puede limitar las acciones
oxidantes del peroxinitrito (172, 243, 313) por mecanismos que involucran la reaccion
rapida del ONOO™ con el CO, en la fase acuosa. En condiciones con 25 mM de
bicarbonato a pH 7.4 (1.3 mM de CO,) y 25° C, la vida media de peroxinitrito se reduce
de 2.7s a 24 ms (172, 243), lo cual corresponnde a una distancia de difusion media en
solucion homogénea de ~ 8,5 um. Sin embargo, como se indica en la seccion de
Materiales y Métodos, en la ecuacion 33, a la concentracion de vesiculas de nuestros
experimentos (es decir, 3.65 x 10" vesiculas / mL), la distancia media de difusién del
peroxinitrito a un liposoma (Ax) es de sélo el 1.1 um. Asi, de acuerdo a la ecuacién 34
en presencia de 1.3 mM de CO, menos de 2% de peroxinitrito adicionado reacciona
con el CO, antes de encontrar una vesicula liposomal. Incluso en la condicion de
mayor concentracion de CO, estudiada (5.4 mM de CO, en equilibrio con 100 mM de
HCO; °, Figura 5.6) menos del 5% de la difusién del peroxinitrito sera inhibida por el
CO, externo. Por lo tanto, el peroxinitrito agregado tuvo acceso a las vesiculas en

suspension en todas las condiciones experimentales, y la inhibicién de las oxidaciones
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BTBE por el CO, no puede ser consecuencia de una difusion limitada debido a la
disminucion de la vida media de peroxinitrito (172, 243). EI ONOOH, es capaz de
atravesar la membrana liposomal, pero no el anién peroxinitrito (242, 250, 252); sin
embargo, el acido ONOOH no reacciona directamente con las moléculas de PC o con
el BTBE, y por lo tanto su consumo en el interior la membrana dependera solo de la
homolisis a *OH y *NO,, lo cual sera un proceso relativamente lento y en este
escenario, se establece un cuasi-equilibrio entre el peroxinitrito en el medio acuoso y
la fase lipidica (252) (Figura 5.9). En presencia de CO,, sélo la fraccion de peroxinitrito
anién presente en la fase acuosa reaccionara facilmente para producir ONOOCO, y
subsiguientemente radicales CO3*- y *NO,. EI CO;* posee una carga negativa (pKa
<0) (148) y es incapaz de permear hacia el interior de la bicapa lipidica (148) para
promover la oxidacion de un electron de BTBE, como ha sido bien establecido en
estudios de la reaccion de membranas de PC con otros radicales anionicos tales como
Bry” y Cl; " (258). A medida que el peroxinitrito “extraliposomal " se consume, ocurre
una retro-difusion de ONOOH a la solucién, el cual luego de desprotonarse reacciona
con el CO, con un efecto global de una disminuciéon en los rendimientos de la
oxidacion BTBE. Globalmente, los datos apoyan que el bicarbonato facilitara la
nitraciéon de residuos de tirosina expuestos al solvente, mientras que inhibira la
nitracion de residuos de tirosina ubicados en los dominios transmembrana o asociados
a los entornos de las lipoproteinas.

Una observacion interesante de este trabajo fue que complejos metalicos de
transicion fueron capaces de aumentar significativamente la nitracion del BTBE
dependiente de peroxinitrito (Tabla VII y Figura 5.7). En particular, la hemina y la
metalo porfirina, Mn-tcpp fueron fuertes catalizadores de la nitracion. La hemina es
extremadamente toxica cuando es liberada de su anclaje natural, la molécula de
globina, como se observa en una variedad de condiciones fisiopatolégicas y en los
glébulos rojos envejecidos (314). Al ser una molécula hidrofébica, la hemina tiene
afinidad por las membranas celulares, intercalandose entre los fosfolipidos de la
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bicapa, donde puede participar en reacciones de oxidacion y nitraciéon (315, 316). El
Mn-tcpp (también conocido como Mn-tbap) y otras porfirinas de manganeso, han sido
ampliamente utilizadas como compuestos miméticos de la enzima SOD y por su
actividad peroxinitrito reductasa. Mientras que la nitracién de tirosina catalizada por
Mn-tcpp es inhibida en fases acuosas por agentes reductores solubles tales como el
glutatién, el ascorbato y el acido urico (por su rapida reaccién con O=Mn** formado por
la oxidacién por un electron del Mn**, mediada por peroxinitrito) (Figura 2.4), estos
reductores no pueden atravesar las membranas, y por lo tanto las acciones pro-
oxidantes en ambientes hidrofébicos del O=Mn**-tcpp y O=Fe*-hemina pueden ser
mas pronunciadas (250) y explicar parte de su toxicidad. Con hemina y Mn-tccp, los
rendimientos de la nitracién se incrementaron considerablemente (Figura 5.7), lo que
indica que los complejos metalicos se encontraban en las proximidades de BTBE vy
sostienen un mecanismo de reaccion en que el metal de transicion (Me**X, Ec. 35)
sirve como un acido de Lewis para facilitar la formacién de un complejo transitorio con
peroxinitrito (ONOO-Me**X); en este complejo el enlace O-O se debilita y sufre
homolisis a *NO, y una forma del intermediario oxo-metal con un estado de oxidacion
alto (3) lo que promueve eficientemente la oxidacién por un electrén de BTBE a su

correspondiente radical fenoxilo (‘BTBE) (Ecs. 39 - 41):

ONOO™ + Me*’X - ONOO-Me**X — *NO; + *O-Me**X— *NO, + O=Me**X (39)
BTBE (H) + O=Me*X — BTBE*+ Me*X + OH (40)
BTBE: + °‘NO, — 3-NO,-BTBE (41)

El mecanismo de reaccién planteado en las ecuaciones anteriores (Ecs. 39-41)

se ve reforzado por la dependencia del pH de los rendimientos de nitracién en
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presencia de complejos de metales de transicion (Figura 5.8E), que es completamente
diferente a lo observado en su ausencia (Figura 5.8A), totalmente coherente con la
mayor estabilidad de los complejos oxo-metalicos a pH alcalino (317), y en
consonancia con datos anteriores (315, 316).

Se determind que la nitracion y dimerizacion del BTBE, tanto en la ausencia
(Figura 5.4) como en presencia (Figura 5.7) de los complejos de metales de transicion
ocurre en liposomas con acidos grasos saturados (DLPC y DMPC) y poli-insaturados
(EYPC y SBPC). Los acidos grasos poli-insaturados son buenos blancos de oxidantes
fuertes, tales como el *‘OH y complejos oxo-metalicos. Por otra parte, tanto en
liposomas de EYPC como SBPC (30 mM) la concentracion de acidos grasos poli-
insaturados (7,3 y 17 mM, respectivamente) (245) es mucho mayor que la de BTBE
(0,3 mM) y por lo tanto, esto compiten por la reaccién con los radicales derivados del
peroxinitrito que participan en la lipoperoxidacién (16) y la nitracion de tirosina (161).
Por lo tanto, teniendo en cuenta un mecanismo cinético de competencia simple, se
deberia esperar una profunda inhibicién en las oxidaciones del BTBE en liposomas de
EYPC y SBPC, salvo que la oxidacion del BTBE esté asociada al proceso de oxidacion
de los lipidos, lo cual sera objeto de estudio en el Objetivo #2 de la presente tesis.

El BTBE es relativamente facil de sintetizar, estable y puede ser facilmente
utilizado como una sonda para realizar una amplia gama de estudios sobre la nitracion
de tirosina en ambientes hidrofobicos. El BTBE incorporado en liposomas representa
un sistema modelo para estudiar una variedad de factores que pueden controlar
procesos de nitracion en biomembranas, y que incluyen la influencia de atrapadores
de radicales libres y catalizadores de la nitracién. En ese sentido, ademas del método
que consiste en la separacion de los productos derivados de BTBE con la técnica de
HPLC mas demandante para el experimentador (Figura 5.1A), se puso a punto el
protocolo presentado en esta tesis, que consiste en la solubilizacién de liposomas
conteniendo acidos grasos saturados por deoxicolato seguido por espectrofotometria
directa para la determinacion de 3-nitro-BTBE (Figura 5.1B), el cual resulté ser muy
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simple y reproducible (Figuras 5.1C). Como una alternativa para el BTBE, pueden ser
utilizados péptidos transmembrana conteniendo tirosinas a distintas profundidades e
incorporados a liposomas (169, 191), lo cual sera evaluado en el Objetivo #3 de la
presente tesis.

En resumen, en este Objetivo Especifico, se mostré que el BTBE fue una
sonda util para definir mecanismos de nitracién dependientes de peroxinitrito en una
membrana modelo y se pudo obtener informacion importante acerca de los factores
biolégicamente relevantes tales como el efecto del CO, y la hemina, que modulan la
nitracion y otros procesos de oxidacion de tirosinas en entornos hidrofobicos. Ademas,
debido a la difusiéon minima del *OH, la deteccién de la 3-hidroxi-BTBE confirmé la
homolisis “sitio especifica’del ONOOH a *OH y *NO, en la cercania o incluso dentro de
la bicapa lipidica, lo cual es coherente con los mayores rendimientos de nitracién en
péptidos transmembrana conteniendo residuos de tirosina localizados mas
profundamente en la bicapa (191). Los estudios que utilizan BTBE incorporado en
liposomas, membranas celulares y lipoproteinas serviran para profundizar los estudios
de mecanismos de nitracion y conocer otros factores que controlan la nitracion de
proteinas por mecanismos peroxinitrito-dependientes e independientes (por ejemplo, a
través hemina y metaloproteinas en presencia de NO, y H,0,). La figura 5.9 resume

los distintos aspectos mecanisticos abarcados durante este objetivo experimental.
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Figura 5.9 Mecanismo propuesto de nitracion para el BTBE incorporado a

membranas. El ONOO" adicionado en la fase acuosa esta en equilibrio con el
ONOOH (1), el cual puede rapidamente atravesar la membrana (2), y sufrir homoélisis
tanto en la fase acuosa como en la fase lipidica (3), o reaccionar con CO, en la fase
acuosa (4) para dar lugar a la formacién de los radicales *‘NO, y CO3*. En la fase
lipidica, el ONOOH podria reaccionar directamente con la hemina para rendir el
complejo oxo-metalico O=Fe** y *NO, (5). EI BTBE se incorpora a la membrana con el
grupo fendlico cercano a la interfase lipido-agua (6), y puede sufrir oxidacion por un
electrén para rendir el radical fenoxilo derivado del BTBE que a su vez puede
reaccionar con *NO, para dar el derivado nitrado (7). El radical CO3;* formado en la
fase acuosa es incapaz de atravesar las membranas e ingresar al compartimento
donde se encuentra ubicado el BTBE (8). En presencia de acidos grasos insaturados,
los radicales primarios reaccionaran con ellos preferencialmente e iniciaran
lipoperoxidacion, y los radicales peroxilo y alcoxilo (9) formados durante la
lipoperoxidacion pueden promover la oxidacion del BTBE y llevar a la formacién de
productos de nitracién y dimerizacion. El proceso indicado en (9) sera especificamente
estudiado en el Objetivo Especifico #2.
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6. Objetivo # 2 Evaluacion de la participacion del proceso de lipoperoxidacion
en la nitracion y dimerizacion de tirosinas en membranas.

Los radicales lipidicos (alcoxilo y peroxilo) formados durante la lipoperoxidacion
son especies capaces de oxidar blancos biolégicos (RH), incluyendo cadenas laterales
de proteinas (275). Dados los potenciales de reduccién, (E° Lo./Lon = 1.76 V, para
alcoxilo y E° | 00./ Loon = 1.02 V para el radical peroxilo), es termodinamicamente
posible que dichos radicales oxiden a la tirosina para formar radical fenoxilo, (E° 1y /1y
n = 0.88 V), sin embargo los radicales alquilo son incapaces de llevar a cabo dicha
reaccion (E° L.,y = 0.6 V). En este Objetivo Especifico nos planteamos estudiar si los
radicales lipidicos son capaces de oxidar a la tirosina para dar lugar a la formacién de
radical tirosilo, y alimentar de esa manera el proceso de nitracion en compartimentos
hidrofobicos. Para testear esta hipétesis, estudiamos la nitracion y dimerizacién del
analogo hidrofébico de la tirosina, BTBE en liposomas con distinto grado de
insaturacion promovida por distintos agentes oxidantes, peroxinitrito, hemina y el dador
de radicales peroxilo, ABAP, y la relacibn que tienen dichos procesos con la

lipoperoxidacion.

6.1 Participacion de los radicales lipidicos en la oxidacion del BTBE

Con el objetivo de analizar la relacion de los procesos de nitracion y
lipoperoxidacion, estudiamos la oxidacion del BTBE en sistemas formados por
liposomas con distinto grado de insaturacién: DLPC (contiene solamente acidos
grasos saturados) y EYPC y SBPC (que tienen 24 y 57% de insaturacion)
respectivamente. Al tratar los liposomas de DLPC (con BTBE incorporado) con
peroxinitrito (1 mM), se detectd la formacion de 3-nitro-BTBE y 3,3'-di-BTBE con
rendimientos de hasta el 2.5% y 0.01% respecto a la concentracién inicial de
peroxinitrito, respectivamente (Figuras 6.1A y B), de acuerdo con resultados previos

(192, 251). Cuando se trabajo con liposomas de EYPC y SBPC, que tienen un
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importante porcentaje de acidos grasos insaturados, también se detectaron niveles
significativos de ambos productos de oxidacion (Figuras 6.1A y B). Estos resultados
indican que la oxidacion del BTBE ocurre aun en presencia de altas concentraciones
de &cidos grasos insaturados (~ 15 y 34 mM para EYPC y SBPC respectivamente),
mucho mayores que las del propio BTBE (0.3 mM). Para evaluar la participacion de los
radicales derivados de la lipoperoxidacion en la oxidacion del BTBE, los experimentos
también se llevaron a cabo a bajas tensiones de oxigeno (Figura 6.1), lo cual deberia
dar lugar a una inhibicion en la formacion LOO*, dado que es un proceso que implica la
participacién del oxigeno (Ec. 29) tanto en liposomas saturados (258) como
insaturados. De hecho, a bajas tensiones de oxigeno, los rendimientos de nitracién y
dimerizacion del BTBE fueron sustancialmente menores, en ambos tipos de liposomas
(Figura 6.1A y B). Por el contrario, cuando se expuso tirosina (0.3 mM) a peroxinitrito
(1 mM) en buffer fosfato (100 mM, pH 7.3, 0.1 mM dtpa), la ausencia de oxigeno no
tuvo efecto sobre los rendimientos de nitracién y dimerizacién (~ 6 % and 0.25 %
respectivamente) en fase acuosa (datos no mostrados), indicando que la formacién de

LOO- es un evento clave en la oxidacion del BTBE.

Paralelamente, se evalud la lipoperoxidacion en las muestras mediante la
cuantificacion de malondialdehido (MDA), un importante producto de la degradacion
de lipidos durante el proceso de la lipoperoxidaciéon. El peroxinitrito provoco la
formacion de MDA en liposomas de EYPC y SBPC con BTBE incorporado (Figura
6.1C), de acuerdo con nuestras observaciones previas (251). Cabe resaltar que los
niveles de MDA fueron sensiblemente menores a bajas tensiones de oxigeno,
revelando la inhibicién de la formacion de radicales peroxilo durante la peroxidacion
lipidica. Como es de esperar, no se detectdé la formaciéon de MDA en liposomas
saturados de DLPC. Por lo tanto, en liposomas con acidos grasos insaturados, como
EYPC y SBPC, la oxidacion del BTBE, y la lipoperoxidacién ocurren simultdneamente

siendo ambos procesos inhibidos a bajas tensiones de oxigeno.
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Los niveles de LOOH fueron significativamente mayores que los de productos de
oxidacion del BTBE, lo cual soporta que lipoperoxidacién es el proceso oxidativo

mayoritario dentro de la membrana.
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Figura 6.1 Efecto del oxigeno en la oxidacion del BTBE mediada por
peroxinitrito. EI BTBE (0.3 mM) fue incorporado a los distintos liposomas de DLPC,
EYPC y SBPC (30 mM) que fueron expuestos a peroxinitrito (1 mM) en la presencia de
oxigeno (200 uM) o a bajas tensiones de oxigeno (~ 5 uM). Se analizaron las muestras
para (A) 3-nitro-BTBE, (B) 3,3"-di-BTBE y (C) MDA. Los niveles basales de MDA en
EYPC, SBPC y DLPC fueron 4.88 +1,09; 4.97 +0.72 and 0, respectivamente. Las
estructuras del 3-nitro-BTBE vy el 3,3 -di-BTBE se muestran en los respectivos paneles.
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6.2 Deteccion de los radicales lipidicos en la oxidacion del BTBE por EPR

Se realizaron estudios de EPR-spin trapping para la deteccién de los radicales
lipidicos y fenoxilo derivados del BTBE, formados durante la exposicion a peroxinitrito
en presencia de MNP, como se describié previamente (193, 251). No se detectd
ninguna sefal al exponer a los liposomas de DPLC a peroxinitrito en ausencia de
BTBE (Figura 6.2 linea a). Por otro lado cuando, se trataron con peroxinitrito liposomas
de DLPC con BTBE incorporado, se obtuvo una sefal anisotrépica de 3 lineas,
confirmando la formacion de un radical fenoxilo parcialmente inmovilizado en el interior
de la membrana (Figura 6.2 linea b), de acuerdo con trabajos previos (193, 251).
Cuando los liposomas de DLPC tratados con peroxinitrito, se disolvieron con etanol
(con BTBE incorporado), se obtuvo una sefial de 3 lineas mas clara y bien resuelta,
que a pesar de la baja relacidon senal / ruido, permitié la determinacion de una
constante de desdoblamiento hiperfino de ay ~ 13.8 G, lo cual es consistente con la
formacion de un aducto entre el MNP y el producto de oxidacién por un electron del
BTBE (318). En liposomas de EYPC, el peroxinitrito causé la formacién de un aducto,
en ausencia de BTBE, lo cual es compatible con la formacién de un aducto MNP-
radical alquilo (aducto centrado en un carbono) con una constante de desdoblamiento
hiperfino estimada de ay~ 15 G (Figura 6.2 linea c). Cuando el BTBE fue incorporado
a los liposomas de EYPC, la senal obtenida fue mucho mayor (Figura 6.2 linea d),
sugiriendo la coexistencia de radicales lipidicos y radicales fenoxilo dervidados del
BTBE, y confirmando la asociaciéon temporal entre los procesos de lipoperoxidacién y
oxidacion del BTBE. No se detecté senal, cuando se traté los liposomas de DLPC y
EYPC con peroxinitrito descompuesto (Figura 6.2 lineas e y f), o si el MNP fue
adicionado luego del peroxinitrito (Figura 6.2 linea g). Las estructuras de los
respectivos aductos (MNP-radical fenoxilo, y MNP-radical alquilo) se muestran debajo

de las sefiales.
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Figura 6.2 EPR-spin trapping de los radicales lipidicos y del radical fenoxilo

derivado del BTBE. Liposomas de DLPC o EYPC (45 mM) con BTBE (2.5 mM) pre-
incorporado en buffer fosfato (100 mM) pH 7,4 / 0,1 mM dpta, fueron incubados
durante 20 minutos con el spin-trap MNP (20 mM) y expuestos a peroxinitrito (5 mM).
Las muestras fueron posteriormente transferidas a una celda capilar de 50 pl para los
registros de EPR. (A) (a) Liposomas de DLPC + peroxinitrito; (b) liposomas de DLPC
con BTBE + peroxinitrito; (¢) liposomas de EYPC + peroxinitrito; (d) liposomas EYPC
con BTBE + peroxinitrito, (e) igual que en b, pero con adicién reversa de peroxinitrito
(f) igual que en d con adicion reversa de peroxinitrito; (g) peroxinitrito solamente. (B)
Las estructuras de los aductos MNP-radical fenoxilo y MNP-radical alquilo se muestran
y se corresponden con las sefales obtenidas en las lineas b y ¢ del panel A,
respectivamente.
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6.3 Lipoperoxidacion y oxidacion del BTBE mediadas por peroxinitrito: bolo vs
infusion lenta.

El peroxinitrito tiene una corta vida media en buffer fosfato (100 mM, pH 7,4 y
25° C) (t42 2.5 s), debido a la homolisis catalizada por protén para dar *‘OH and *NO,
con un rendimiento del 30 % (14). Por lo tanto, la adicién de peroxinitrito mediante un
unico bolo, a una mezcla de reaccion, puede resultar en una alta concentracién inicial
de radicales, que pueden provocar procesos oxidativos importantes en moléculas
blanco, aunque no necesariamente reflejan la magnitud de dichos procesos, en
condiciones biolégicamente relevantes, donde el peroxinitrito se forma en un flujo
continuo (300, 319). Esta consideracion es relevante para procesos como la
lipoperoxidacion, que dependen de reacciones de propagacion, las cuales pueden
terminar prematuramente si se tiene un flujo muy grande de radicales iniciales. En este
sentido, los experimentos fueron realizados para estudiar la lipoperoxidacion y la
oxidacién del BTBE, adicionando el peroxinitrito como un unico bolo o a través de una
infusién continua durante 30 minutos (1 uM / min). La adicién de peroxinitrito al BTBE
incorporado a liposomas de EYPC, resulté en una formacion de MDA dependiente de
la concentraciéon (Figura 6.3A), siendo los rendimientos de formacion de MDA, 2-3
veces mayores cuando el peroxinitrito se adiciond mediante una infusion lenta. De
modo similar, los rendimientos de nitracién y dimerizacion del BTBE (Figura 6.3B, C y
D), en ambos tipos de liposomas (DLPC y EYPC), fueron hasta 3 veces mayores en la
adicién por infusion lenta de peroxinitrito. Adicionalmente, la oxidacion del BTBE, y la
formacion de MDA (Figura 6.3E) en liposomas de EYPC, fueron significativamente
menores, cuando el peroxinitrito en infusion lenta se adicion6 en condiciones de baja
tension de oxigeno, todo lo cual indicaria una asociacién entre el proceso de oxidacién

del BTBE y la lipoperoxidacion.
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Figura 6.3 Oxidacion del BTBE mediada por peroxinitrito: infusion lenta vs

adicion en bolo. Liposomas de DLPC y EYPC (30 mM) con BTBE (0.3 mM) pre-
incorporado fueron tratados con peroxinitrito ya sea mediante una infusion continua (o)
0 por un bolo unico (m), de manera de alcanzar una concentracion final de 0.2-2 mM.
Se analizaron las muestras para 3-nitro-BTBE, 3,3°-di-BTBE y MDA. EYPC: (A) MDA,
(B) 3-nitro-BTBE, (C) 3,3"-di-BTBE. DLPC: (D) 3-nitro-BTBE y 3,3"-di-BTBE (inset). (E)
Liposomas con BTBE (0.3 mM) fueron expuestos a una infusion de peroxinitrito (1 mM)
en presencia y ausencia de O,, y se determiné la formacién de 3-nitro-BTBE y 3,3"-di-
BTBE como previamente.
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6.4 Efecto del grado de insaturacion en la oxidacion del BTBE mediada por
peroxinitrito.

Se estudid la oxidacion del BTBE en funcion del porcentaje de acidos grasos
insaturados presentes en los fosfolipidos, utilizando mezclas con proporciones
variables de DLPC y PLPC. Los rendimientos de nitracién y dimerizaciéon fueron
significativos en todo el rango de insaturacién (0-100%), observandose una tendencia
al aumento en los rendimientos de oxidacion del BTBE, cuando el contenido de PLPC
fue cercano al 40%, y una disminucion en valores cercanos al 100% de PLPC. Estos
resultados muestran, que a pesar del porcentaje variable de acidos grasos insaturados
en las mezclas de liposomas (~ 0-30 mM acido linolénico), la oxidacion del BTBE
ocurrié de manera consistente en todo el rango de insaturacién estudiado. Estos datos
sostienen que no seria aplicable un modelo de competencia simple, donde los acidos
grasos insaturados compiten con el BTBE por los radicales derivados del peroxinitrito,
y que las reacciones secundarias de radicales lipidicos con el BTBE pueden también

contribuir a las reacciones de nitracion y dimerizacion (Figura 6.4).
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Figura 6.4 Efecto del grado de insaturacion en la oxidacion del BTBE. Se
estudio la nitracion (m) y dimerizacion (o) del BTBE en funcién de la composicion de
acidos grasos insaturados, usando liposomas con mezclas de DLPC y PLPC (0-100 %
PLPC), con BTBE (0.3 mM) pre-incorporado y tratados con peroxinitrito (1 mM).

6.5 Lipoperoxidacion inducida por hemina y ABAP

Para demostrar que la lipoperoxidacion y la oxidacion del BTBE estan
relacionadas, se expusieron liposomas con BTBE incorporado a dos sistemas de
oxidacion distintos: hemina y ABAP, los cuales dan lugar a la formacion de radicales
LOO* en liposomas que contienen &cidos grasos insaturados. La hemina libre
interactua facilmente con membranas (320) e inicia la lipoperoxidacion en liposomas
insaturados por reaccidon con los hidroperéxidos lipidicos preformados que estan
siempre presentes en distinta proporcion en liposomas insaturados (el contenido de
hidroperéxidos en preparaciones bien conservadas representan en nuestras muestras
de 30 mM liposomas, una concentracion de ~ 45-80 mM, es decir entre 0.075-0.13%
del total de acidos grasos insaturados, determinado por el ensayo de FOX). La

118



Hemina-(Fe®*) promueve la oxidacién por un electron de LOOH rindiendo LOO- y
hemina en el estado redox Fe*" (Figura 6.5). A su vez, la hemina reducida puede
generar LOe+ por reduccion de LOOH. Reacciones secundarias pueden a su vez
generar cantidades variables de O,, H,O, y compuestos oxo hemo-Fe**=0, que

pueden amplificar el proceso de oxidacion mediado por hemina (320).

H+

J .

LOOH / \\ = LOO°
o, + ® +— O, + ®
LO" - \ LOOH

—

OH-

Figura 6.5. Reacciones de los hidroperéxidos con hemina y formacion de
radicales lipidicos.

En liposomas de EYPC, la hemina provoco la formacion de 3,3°-di-BTBE y MDA
en una forma dosis dependiente (Figura 6.6A y B). Por el contrario, en liposomas de
DLPC (saturados), en los cuales la hemina no es capaz de promover lipoperoxidacion,
no se detectd la formacién de of 3,3°-di-BTBE. Estos datos, implican la participacion de
los radicales LOO* formados durante la reaccién de la hemina con los hidroperéxidos

lipidicos en la dimerizacion del BTBE (Figura 6.5).
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Figura 6.6 Lipoperoxidacion y oxidacion del BTBE inducida por hemina.
Liposomas de DLPC y EYPC (30 mM) con BTBE (0.3 mM) fueron expuestos a hemina
(0-20 uM) en KPi (100 mM) pH 7,3 / 0,1 mM dtpa, y se determind la formacién de (A)
3,3’-di-BTBE, y (B) MDA. Las flechas indican los valores correspondientes a los
liposomas de DLPC, que fue cero para todas las condiciones.
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Posteriormente, realizamos experimentos utilizando el dador de peroxilos organicos,

ABAP, que genera un flujo de radicales peroxilo por termdlisis:

A-N=N-A — 2A- (42)
2A*+ O, — AOO* (43)
AOO*+ LH — AOOH + L- (44)

El ABAP inicia el proceso de lipoperoxidacién en liposomas con acidos grasos
insaturados como EYPC, por la reaccién de los radicales peroxilo dericados del ABAP
(AOO*) con un acido graso insaturado para dar un radical alquilo (L*), que luego de la
adicion de oxigeno, forma radicales LOO* (Ecs. 42-44). La adicién de ABAP a
liposomas de DLPC y EYPC con BTBE pre-incorporado, resulté en la formacion de
3,3-di-BTBE en ambos tipos de liposomas (Figura 6.7A y 6.8A), pero solo en los

liposomas de EYPC pudo detectarse la formacion de MDA.
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Figura 6.7 Oxidacion del BTBE mediada por ABAP. Los liposomas de DLPC y
EYPC (30 mM) con BTBE incorporado (0.3 mM) fueron incubados con ABAP (10 mM,
flujo 0,3 uM /min) durante 2hs a 37°C en presencia y ausencia de NO; (20 mM) y las
muestras analizadas para 3-nitro-BTBE y 3,3 -di-BTBE luego de la separacion por RP-
HPLC. Se realizé el mismo experimento a bajas tensiones de oxigeno (~ 5 uyM). La
Tabla VIII resume los datos obtenidos en las distintas condiciones.
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Tabla VITI. Efecto del ABAP en la nitracion y dimerizacion del BTBE

EYPC DLPC
Condicién NO,-BTBE Di-BTBE NO,-BTBE Di-BTBE
(uM) (uM) (M) (uM)
Control 0 0 0 0
ABAP 0 0.011 £ 0.001 0 0.79+0.164
ABAP + NO, 25+0.76 0.043 +£0.008 16.15+1.39 0.537 £ 0.029
ABAP — O, 0 0 0 0.32+ 0.065
ABAP + NOy - O, 146 +0.8 ND’ 943+ 2 ND
NO, 0 0 0 0

*ND: No determinada

Tanto los radicales peroxilo derivados del ABAP (en DLPC), como los radicales
LOO:- formados durante la lipoperoxidaciéon (en EYPC), son capaces de reaccionar con
el BTBE para rendir el radical fenoxilo derivado del BTBE, y subsecuentemente formar
3,3’-di-BTBE. Es interesante resaltar, que cuando las muestras fueron expuestas a
ABAP en presencia de NO,", se pudo detectar la formacién de 3,3 -di-BTBE y 3-nitro-
BTBE, demostrando que los radicales peroxilo derivados del ABAP, también son
capaces de oxidar al NO,™ para rendir *NO, (321) (Tablas VIl y IX, Figuras 6.7A y B).
Bajas tensiones de oxigeno, disminuyeron los rendimientos de oxidacion del BTBE
inducido por ABAP + NO., en ambos tipos de liposomas, confirmando el rol de los
radicales LOO* en este proceso. En experimentos control realizados Unicamente en
presencia de NO,, no pudo observarse la formacion de productos (Tabla VIII). La
figura 6.8A muestra los cromatogramas obtenidos de las condiciones mencionadas
anteriormente, donde se puede ver la formacion de 3,3'-di-BTBE y 3-nitro-BTBE

cuando las muestras estan en presencia de NO,'.
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Figura 6.8A Separacion por RP-HPLC de los productos de la oxidacion del

BTBE mediada por ABAP. Los liposomas de DLPC y EYPC (30 mM) con BTBE
incorporado (0.3 mM) fueron incubados con ABAP (10 mM, flujo 0,3 uM /min) durante
2hs a 37°C en presencia y ausencia de NO, (20 mM) y las muestras analizadas para
3-nitro-BTBE y 3,3"-di-BTBE luego de la separacion por RP-HPLC.

Para determinar especificamente la reaccion entre los radicales peroxilo y la
tirosina, estudiamos el efecto del ABAP en la oxidacion de tirosina libre en fase acuosa
(Figura 6.8B). La exposicion de tirosina a radicales peroxilos derivados del ABAP,
resulté en la formacién de 3,3-ditirosina (Figura 6.8B, linea b). Cuando la incubacion
fue realizada en presencia de NO,, pudo detectarse la formacién de ambos productos,
3,3-ditirosina y 3-NT (Figura 6.8B, linea c). Los rendimientos de nitracion y
dimerizacion fueron menores para la tirosina en fase acuosa que para el BTBE
incorporado en liposomas, lo cual puede sugerir que la oxidacion de la tirosina por
radicales peroxilo puede ocurrir mas facilmente en entornos no polares. Este resultado

muestra de manera contundente que la tirosina (ademas del BTBE) puede ser oxidada
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por radicales peroxilo, lo cual genera una fuerte evidencia sobre la participacion del
proceso de la lipoperoxidacion en la nitracién de tirosinas asociadas a compartimentos

hidrofébicos.
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Figura 6.8B Separacion por RP-HPLC de los productos de oxidacion de la

tirosina mediada por ABAP. Tirosina libre en fase acuosa (0.3 mM) en KPi (100
mM) pH 7,3 / 0,1 mM dtpa, fue incubada con ABAP (10 mM) durante 2h a 37°C y se
analizé la formacion de 3-NT y 3,3 -ditirosina luego de la separacion por RP-HPLC.

La Tabla IX resume las constantes de velocidad de las reacciones que
involucran por un lado, la oxidacion de tirosina para dar lugar a la formacion de
productos tales como 3-NT y 3,3’-ditirosina, y por otros las reacciones involucradas en
el proceso de lipoperoxidacion, y la accion del a-tocoferol. Esta serie de ecuaciones
fueron utilzadas en las simulaciones quimicas que recapitularon los datos
experimentales y apoyaron la vinculacion entre el proceso de nitracion de la

tirosina/BTBE, y el de la lipoperoxidacion.
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Tabla IX. Reacciones involucradas en la oxidacion de tirosina

y la lipoperoxidacion.

Reaccidn k(M !s™) Ref.

L+ +OH — L+ + OH 1x 10" (259)

2x10° (171)
L + NO, — L+ + NOy

1.24 x 10" (170)
Tyr + «OH — «Tyr + OH’

6.5 x 10° (170)
Tyr + *OH — *TyrOH °+ OH
Tyr + *NO; — *Tyr + NOy’ 3.2x10° (171)
Tyr + *NO, — 3-nitro-Tyr 3x10° (171)
2 «Tyr — 3-3°-diTyr 2.25x 10° (299)

°2.25 x 10° (251)
Le + O, — LOO- 3x 108 (322)
LOO+ +L — LOOH + <L 37 (323)
2 LO0+s —» LOOH + 0, 10’ (322)
LOO- + L — LOOL 5x10’ (322)
2L— LL 5x 108 (322)
LOO- + NO, — LOOH + *NO, 4.5x 10° (321)°
LOOs + Tyr —» LOOH + «Tyr 4.8x10° Esta tesis
°a-TOH + LOO*— a-TO++ LOOH 5x10° (324)
a- TOH + *NO, — a- TO*+ NO, 1x10° (324)
a- TOH + *OH — q-TOs+ OH" 3.8 x 10° (262)

Las reacciones que involucran lipidos se refieren a aquellos que contienen acidos grasos
insaturados a no ser que se indique lo contrario.

? Los lipidos que contienen acidos grasos saturados también son oxidados por *OH (258).

® Este radical se deshidrata rapidamente y evoluciona a radical tirosilo bajo las condiciones
experimentales utilizadas.

° La dimerizacién de tirosina en membranas ocurre a una velocidad al menos 100 veces menor
que en fases acuosas.

9 Esta constante de reaccion fue reportada para el la reduccion del radical acetoperoxilo por
nitrito.

¢ Se indican los mecanismos de descomposicion de radicales por el a-TOH.
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6.6 Efecto del o-tocoferol en la oxidacion del BTBE y en la lipoperoxidacion

El a-tocoferol es un conocido antioxidante, capaz de cortar las cadenas de
propagacion, al reaccionar con radicales LOO* con una constante de velocidad k = 5 x
10° M"'s™ (262) para rendir hidroperéxidos y el radical estable a-tocoferoxilo (a—TO*)
(Ec. 31). La incorporacion de a-tocoferol a liposomas de EYPC, inhibié la nitracién del
BTBE mediada por peroxinitrito (Figura 6.9A), la dimerizacion (no se muestra) y la
lipoperoxidacion en una forma dosis dependiente (Figura 6.9B). Es interesante notar
que el a-tocoferol, también inhibié la oxidacion del BTBE en liposomas de DLPC,
incapaces de sufrir lipoperoxidacion. El efecto del a-tocoferol se explica por la reaccion
entre a-tocoferol y LOO*. En el caso de los liposomas de DLPC, la reaccion del a-
tocoferol con *NO, (k= 1 x 10° M's™") (324) se torna relevante para explicar el efecto

del a-tocoferol en sistemas con acidos grasos saturados.
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Figura 6.9A
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Figura 6.9 Efecto del a-tocoferol en la nitracion del BTBE y la
lipoperoxidacion. Liposomas de EYPC y DLPC (30 mM) con las cantidades indicadas

de a-tocoferol pre-incorporadas (0.1 -1 mM) ademas del BTBE (0.3 mM), fueron
tratados con peroxinitrito (1 mM). Se analizé la formacién de (A) 3-nitro-BTBE y (B)
MDA.

6.7 Consumo de oxigeno y determinacion cinética de la reaccion entre
radicales LOO" y BTBE

Se realizaron experimentos para medir el consumo de oxigeno asociado a la
lipoperoxidacion iniciada por hemina y ABAP vy la potencial accién antioxidante del
BTBE para cortar cadenas de propagacion. Si los radicales lipidicos efectivamente
reaccionan de manera significativa con el BTBE, el analogo hidrofébico de la tirosina
deberia inhibir el consumo de oxigeno. En liposomas de EYPC (pero no de DPLC) (en
ausencia de BTBE) se muestra una disminucion en la concentracion de oxigeno basal.
Se observa un consumo de oxigeno luego de la adiciéon de ABAP o hemina (Figura

6.10A), de acuerdo con las fases de iniciacion y propagacion de la lipoperoxidacion.
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Por el contrario, en liposomas de DLPC, no se observdé consumo de oxigeno
luego de la adicion de ABAP o hemina (Figura 6.10A). La incorporacion de o -tocoferol
a liposomas de EYPC resulté en una disminucion significativa en la tasa de consumo
de oxigeno inducida por los oxidantes hemina y ABAP (Figura 6.10B). El grado de
inhibicion en el consumo de oxigeno por a-tocoferol fue compatible con las constantes
de velocidad de LOO- con cadenas alquilicas adyacentes (k = 36 M's™) (323) y con a-
tocoferol (k = 5 x 10° M's™") (262), como se menciond previamente. La accién
inhibitoria del a-tocoferol también se observé cuando este fue afadido exdbgenamente
durante el curso temporal de los estudios de consumo de oxigeno, pero en este caso,
su efecto fue menos potente que cuando fue pre-incorporado a los liposomas, debido
a la mas baja penetracion a la estructura del liposoma preformado en el marco de
tiempo del experimento. La incorporacion del BTBE a los liposomas de EYPC dio lugar
a una inhibicion en el consumo de oxigeno dosis-dependiente, durante la oxidacion
inducida por hemina y ABAP, lo cual es consistente con una reaccién entre el BTBE y

los radicales lipidicos derivados de la lipoperoxidacion (Figura 6.10B).
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Para descartar efectos sutiles en la estructura de las membranas liposomales
debido a la incorporacién del BTBE, los experimentos se realizaron con un analogo
hidrofébico de la fenilalanina (BTPE) pre-incorporado a los liposomas (Figura 6.10C).
En estas condiciones, el consumo de oxigeno fue idéntico al observado para la
condicion control de EYPC (sin BTBE), lo cual esta de acuerdo con una participacion
directa del grupo fenol (-OH) del BTBE en la reacciéon que conduce a la inhibicion del
consumo de oxigeno dependiente de la lipoperoxidacion, dado que este grupo no esta

presente en el derivado hidrofébico de la fenilalanina (Figura 6.10C).
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Se analizaron los distintos valores de inhibicién del consumo de oxigeno
obtenidos con concentraciones crecientes de BTBE pre-incorporado a liposomas de
EYPC, con el fin de obtener una constante de reaccién estimada de segundo orden
entre los radicales LOO- y el BTBE. Un grafico que relaciona la fraccién de inhibicion
del consumo de oxigeno en funcién de la concentracion del BTBE muestra una
competencia directa del BTBE por los radicales peroxilo derivados de la

lipoperoxidacion (Figura 6.10D).
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Figura 6.10 Estudios de Oximetria. Se realizaron estudios de oximetria para
determinar la lipoperoxidacién inducida por ABAP (10 mM) y hemina (1 uM) en NaPi
100 mM (pH 7,3) / 0,1 mM dtpa. (A) Liposomas de EYPC y DLPC (6.25 mM). (B)
Liposomas de EYPC conteniendo BTBE (0.3 mM) o a-tocoferol (0.3 mM). La flecha
indica la adicién exégena de a-tocoferol (0.25 mM). (C) BPBE (0.3 mM) incorporado a
liposomas de EYPC. (D) Liposomas de EYPC con distintas concentraciones de BTBE
(0.1-3 mM) fueron expuestos a ABAP (10 mM) y hemina (1 uM) y se determiné la
inhibicion en el consumo de oxigeno en funcién de la concentracion de BTBE. La
estructura del BPBE se muestra en el panel correspondiente.

Se calculé para cada concentraciéon de BTBE el porcentaje de inhibicion y se
graficaron en funcién de la concentracion del BTBE. Estos datos, nos permiten estimar

una constante de reaccién de segundo orden aparente k = 4.8 x 10° M's™ para la

siguiente reaccion (Ec. 45):

LOO*+ BTBE-OH — LOOH + BTBE-O* (45)
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Este valor de constante, es comparable con el obtenido independientemente a partir
de los experimentos con a-tocoferol. De los datos obtenidos en las Figuras 6.10B y C,
uno puede concluir que se obtiene una inhibiciéon de 87 %, con 5 pM a-tocoferol, y 1
mM BTBE. Considerando un factor estequiométrico de n = 2 para el a-tocoferol (325),

se puede plantear la siguiente ecuacion:

2 X ko [o-tocoferol] = kgrge [BTBE] (46)

De manera que: 2 X ki [a-tocoferol]/ [BTBE] = kgrge = 5 x 10°M™'s™, valor muy similar
al obtenido experimentalmente. Por otro lado, los rendimientos de hidroperdxidos y
MDA disminuyeron en presencia de BTBE (Figuras 6.11A, B y C), lo cual estaria de
acuerdo con una reaccion entre el BTBE y los radicales LOO* y con los datos de

oximetria.

0,20 1
0,16 1

0,12

Abs.

0,08 1

T T T T 1
500 550 600 650 700
A (m)

Figura 6.11A

132



600

500

400

300

[LOOH] (uM)

200

100

0-
BTBE  + - + - +

control 20 mM ABAP 20 yM Hemina

Figura 6.11B
80
70
60 -
50 -
=
a2
T 404
a
=
= 304
20
10 4
04
BTBE + - + - +
control 20 mM ABAP 20uM Hemina
Figura 6.11C

Figura 6.11 Formacion de productos de la lipoperoxidacion iniciada por hemina

y ABAP. Liposomas de EYPC en ausencia y presencia de BTBE (0.3 mM), fueron
expuestos a hemina (30 min) y ABAP (2.5hs) y se determiné el contenido de
hidroperéxidos lipidicos por el ensayo de FOX. (A) Espectros UV-Vis de las muestras:
(a) — BTBE; (b) + BTBE; (c) + BTBE + hemina; (d) + BTBE + ABAP; (e) — BTBE +
ABAP; (f) — BTBE + hemina, con las concentraciones indicadas (B) Determinacion de
los hidroperoxidos lipidicos de las muestras analizadas en A. (C) Formacion de MDA
en las mismas muestras que en A.
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6.8 Discusion

Los radicales *OH, CO3*, *NO,; los compuestos | y Il de las hemoperoxidasas y
los centros metalicos de transicion con alto estado de oxidacién (3), son oxidantes
biolégicamente relevantes, capaces de oxidar a la tirosina por un electrén en fases
acuosas. Sin embargo, no se habia estudiado en profundidad que tipo de oxidantes
participan en la oxidacion de tirosinas asociadas a entornos hidrofébicos tales como
membranas o lipoproteinas, y en ese sentido se debe considerar que: por un lado,
algunos de los oxidantes pueden tener dificultad para permear hacia la fase lipidica (ej.
oxidantes aniénicos) y por otro, los acidos grasos insaturados presentes en altas
concentraciones en dichos compartimentos y con importante reactividad, pueden
constituir el blanco preferencial para el ataque oxidativo inicial, inhibiendo de esa
manera las reacciones de oxidacién de las tirosinas presentes en membrana. Por este
motivo, los mecanismos por los cuales los residuos de tirosina sufren reacciones de
oxidacion (nitracion, dimerizacion e hidroxilacién) en compartimentos hidrofébicos
pueden tener caracteristicas diferentes a las descritas previamente para fases

acuosas.

En este Objetivo Especifico, hemos estudiado mediante un sistema modelo de
membranas formado por liposomas de PC con un analogo hidrofébico de la tirosina
pre-incorporado, si los radicales derivados de la lipoperoxidacion, son capaces de
mediar el proceso de oxidacion de la tirosina, para dar lugar a la formaciéon de radical

tirosilo que posteriormente puede formar 3-NT y 3,3 -ditirosina.

La lipoperoxidacion fue iniciada por tres sistemas de oxidaciéon independientes:
peroxinitrito, hemina y ABAP. EIl peroxinitrito promueve la lipoperoxidacién y nitracion
de tirosina en compartimentos hidrofébicos luego de la homodlisis del acido
peroxinitroso (ONOOH) para dar *OH y *NO, en el interior o en las proximidades de la
membrana lipidica (16, 22, 251). En liposomas insaturados de EYPC, la relacién de

concentracién acidos grasos insaturados / BTBE (50 / 1) y las constantes de velocidad
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participantes (Tabla 1X), determinan que el ataque inicial de los radicales derivados del
peroxinitrito se produce sobre los acidos grasos, generando radicales alquilo
(pentadienilo) que evolucionan a radicales LOO¢, que son las especies que propagan
el proceso. Alternativamente, se generaron radicales lipidicos por la reaccién de la
hemina con hidroperéxidos preformados para rendir LOO* (326), o por ABAP, cuyos
radicales peroxilos difunden hacia los liposomas y reaccionan con las cadenas alquilo
de los acidos grasos insaturados iniciando la lipoperoxidacién. Los radicales LOO¢,
reaccionan rapidamente con compuestos fendlicos, que pueden ejercer actividades
antioxidantes in vitro e in vivo. Por ejemplo, los radicales peroxilo del linoleato
reaccionan con compuestos tales como el a-tocoferol, curcumina y quercetina con
constantes de velocidad que se encuentran en el rango de k~10°-10" M's™ (327-330).
En el caso de la tirosina, que es otro compuesto fendlico, la reaccién con radicales
LOO: es termodinamicamente posible, sin embargo, la tirosina no es un buen dador de
electrones, y por lo tanto la reaccidén puede estar cinéticamente desfavorecida. Es
interesante notar que los ambientes hidrofébicos pueden aumentar la reactividad de
compuestos fendlicos tales como la tirosina, por los radicales LOO-. En ese sentido, se
realizaron analisis con el objetivo de demostrar la reaccion entre los radicales LOO* y

el analogo hidrofébico de la tirosina, BTBE.

Los radicales LO* también se forman durante el proceso de la lipoperoxidacién, a
través de la oxidacion por un electron de los LOOH (331), o por ruptura de
intermediarios tetréoxidos formados durante la reaccién de 2 radicales LOO-. Estas
especies son potentes oxidantes incluso mas que los radicales LOO* pero una vez
formados normalmente rearreglan para formar radicales epoxialilicos, que a su vez
luego de reaccionar con O, forman radicales peroxilo (332), y por este motivo no se ha
considerado al radical LO*, como posible oxidante de la tirosina, ya que una vez

formado rapidamente evolucionara hacia otras especies.
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La evidencia que hemos reunido para apoyar la participacion de los radicales
LOO:- en los procesos de oxidacion de la tirosina promovidos por los tres sistemas de
oxidacion ensayados se pueden resumir de la siguiente manera: a) la oxidacién de
tirosina (BTBE) ocurre en forma significativa en liposomas de PC que contienen acidos
grasos insaturados; b) la oxidacion de la tirosina en liposomas (BTBE), pero no en
fases acuosas, se redujo cuando las muestras se encontraban a bajas
concentraciones de oxigeno; c) se pudieron detectar simultaneamente los radicales
lipidicos y radicales tirosilo; d) el a-tocoferol inhibié fuertemente la oxidacion de
tirosina; e) el BTBE (pero no el BPBE) inhibid parcialmente el proceso de la
lipoperoxidacion; f) los cambios en los niveles de oxidacion de la tirosina y los
productos de la peroxidacion siguieron una tendencia paralela y g) los datos estan de
acuerdo con un proceso conjunto que incluye los mecanismos radicalares de la
lipoperoxidacion y la oxidacién de la tirosina, vinculados por una “reaccién de
conexion”, representada por la oxidacion de la tirosina por un electron mediada por
LOO. (Ec.29 y Tabla IX). En lo que respecta a la reactividad de los radicales peroxilo
con la tirosina, los datos mostraron que los radicales peroxilo derivados del ABAP son
capaces de oxidar tanto al BTBE en liposomas de DLPC (saturados), como a la
tirosina libre (Tabla VIl y Fig. 6.8A y B), pero los rendimientos de reaccion fueron
mucho mayores para el BTBE, lo cual es compatible con el concepto de que la
reaccion de los compuestos fendlicos con los radicales oxidantes se ve influida por un
efecto cinético del solvente (333, 334). De hecho, diferentes compuestos fendlicos (por
ejemplo, la quercetina y epicatequina) reaccionan con radicales peroxilo a velocidades
similares que las observadas para el a-tocoferol en solventes no polares, pero no en
solventes polares capaces de formar puentes de hidrégeno. En solventes que son
fuertes aceptores de enlaces de hidrogeno, las constantes de velocidad de los
radicales peroxilo con compuestos fendlicos son mucho menores, e incluso dichas
constantes pueden llegar a ser indetectables (335). Los solventes polares pueden por

un lado interferir con la estabilizacién intramolecular (puentes de hidrégeno) del radical
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fenoxilo, y por otro generar un impedimento estérico para la aproximacion del radical
peroxilo a los complejos solvente-fenol, o que reduce la constante de velocidad de la
abstraccion del atbmo de hidrégeno. Estas consideraciones adquieren importancia en
las fases heterogéneas de bicapas lipidicas, donde la localizacién de los grupos
fendlicos influira en su eficacia para reaccionar con radicales. En el caso de radicales
LOO. generados en EYPC, se estimd una constante de velocidad de segundo orden
con BTBE, obtenida mediante estudios de consumo de oxigeno, usando dos enfoques
diferentes, considerando "blancos primarios" independientes; es decir, acidos grasos
insaturados (kuy ~ 10-50 M™'s™ y a-tocoferol (k aron = 1 x 10° , (262)) (Fig. 6.10). El
valor de constante de reaccion entre el radical peroxilo y el BTBE fue kgtge = 4.8 X 10°
M's™, el cual es compatible con las propiedades redox de la tirosina. Se han reportado
las reacciones de radicales organicos peroxilo halogenados (conocidos por ser mas
reactivos que los radicales peroxilo lipidos) con tirosina a pH alcalino, donde la mayor
parte de la tirosina esta en la forma desprotonada (pKryr.on ~ 10), con constantes de
velocidad elevadas, cercanas a 108 M”'s™ (336). La oxidacién de la forma protonada
del fenol por radicales peroxilo (como se esperaba a un pH neutro o dentro de una
estructura hidrofébica) es significativamente menos favorable, lo cual esta de acuerdo

con el valor relativamente bajo ksrse en el rango de 10° M's™ obtenidos.

Los rendimientos relativos de la dimerizacidon de la tirosina y la oxidacion se
ven afectados por la estructura de biomembranas (192, 251, 337), y hemos estimado
un coeficiente de difusién (D) para el BTBE en liposomas de PC ~ 5 ym? s™ (251). Por
lo tanto, el valor de la constante de velocidad se reduce de 100-200 veces (k ~ 1.2 x
10° M's™) con respecto al valor correspondiente a los radicales tirosilo (k = 2,25 x 10°
M's™). Por otra parte, el :NO, es capaz de concentrarse en entornos hidrofébicos
(190), y el valor D (D .no2) €s de ~ 1500 pm?s™, muy préximo al obtenido en fase

acuosa de 4500 pm?s™ (189), por lo tanto la nitracidon esta cinéticamente impedida en
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membranas, de acuerdo con las mayores relaciones 3-nitro-BTBE / 3,3-diBTBE

obtenidas durante la exposicion a peroxinitirto del BTBE incorporado a membranas.

Nuestros datos también indican que el a-tocoferol es capaz de modular la
oxidacion de tirosinas en membranas a través de la inhibicién de la lipoperoxidacion.
En este sentido, es importante considerar que el grado de inhibicién es una funcién de
los niveles de a-tocoferol que, en condiciones bioldgicamente relevantes (~ 1 molécula
de a-tocoferol por cada 100-1000 moléculas de fosfolipidos de membrana; (261))
puede no ser suficiente para evitar plenamente los eventos de oxidacién de tirosina en
biomembranas (337, 338) o en sistemas de membranas modelo (este trabajo, ver Fig.
6.9A de 0-0.3 mM a-tocoferol en 30 mM DLPC). Por lo tanto, podemos predecir que un
aumento en los niveles de a-tocoferol en células / tejidos deberia resultar en una
atenuacion de la oxidacion de las tirosinas proteicas tanto en membranas como en
lipoproteinas. Ademas de los productos formados durante la lipoperoxidacion, tienen
lugar reacciones secundarias con los radicales lipidicos intermediarios, cuando se
encuentran presentes peroxinitrito y / o -NO,, que llevan a la formacién de lipidos

nitrados (161) (Ec. 47).

LOO. +-NO, — LOONO, (47)

Ademas, puede tener lugar una reaccién de terminacion entre -LOO y -Tyr para

producir aductos con estructura del tipo Diels-Alder (339)(Ec. 48):

LOO- + Tyr- —Tyr-LOO (48)

Los fosfolipidos de membrana tienen un bajo valor D (Dp.~ 0.5-1 pm? s, (239)), pero
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debido a su abundancia la formacién de aductos tirosilo-fosfolipidos es un proceso

probable y debera ser abordado en trabajos futuros.

En resumen, los datos presentados en este documento confirman que los
radicales LOO. formados durante el proceso de la lipoperoxidacion, participan en los
procesos de oxidacion de tirosina en biocompartimentos hidrofébicos y proporcionan
una nueva vision mecanistica para la comprension de la nitracién de proteinas en
lipoproteinas y membranas (Fig. 6.12). En particular, los niveles celulares y tisulares
de oxigeno representan un factor no reconocido previamente que puede afectar
seriamente los rendimientos de la oxidacién de tirosina mediante la intermediacién de

los radicales peroxilo

\/:\/:\/R unsaturated fatty acid

R\/'—\/z\/R alkyl radical
'00,,' HOO., R
Ri s —_F I
peroxyl radical lipid hydroperoxide

oH 0" OH
[ j [ j ‘NO2 [ ]r NO2
R R R
tyrosine tyrosyl radical 3-NOg-tyrosine

lZX

OH OH
R R
3,3 -dityrosine

Figura 6.12 Mecanismo propuesto de reaccion segin el cual los radicales
peroxilo son capaces de oxidar a la tirosina.
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Los resultados también determinaron que la nitracion del analogo hidrofébico
de la tirosina, BTBE, fue inhibida por la presencia de CO,, contrariamente a lo
observado para tirosinas en fases acuosas, probablemente debido a la imposibilidad
que tiene el radical carbonato formado en la reaccion con peroxinitrito de entrar hacia
el interior de las membranas (251). De la misma manera se demostré que la nitracion
era favorecida en presencia de complejos metalicos de transicion como porfirinas de
hierro y manganeso y que los acidos grasos insaturados de las membranas pueden
promover las reacciones de nitracion a través de la reaccion del radical peroxilo
formado durante la lipoperoxidacién y la tirosina, dando lugar a la formacion del radical
tirosilo. En este trabajo se demuestra por primera vez la fuerte asociacion que existe
entre los procesos de nitracion de tirosinas asociadas a compartimentos hidrofébicos y
las reacciones de lipoperoxidacién de los lipidos de membrana (340), que se conectan
a través de la formacién de radicales LOO-, los cuales son capaces de oxidar a la
tirosina y alimentar el proceso de oxidacion de tirosinas, a través de la formacion del

intermediario radical tirosilo.
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7. Resultados y Discusion
Obj. #3



7. Objetivo # 3 Sintesis, caracterizacion y validacion de péptidos
transmembrana para el estudio de los mecanismos de nitracion de tirosinas en
membranas.

En este Objetivo Especifico, nos proponemos sintetizar, caracterizar y validar
péptidos de tirosina, con capacidad de incorporarse en membranas, y con el residuo
de tirosina en distintas posiciones respecto al extremo amino terminal, concretamente
en la posicién 4, 8 y 12 (Y4, Y8 e Y12); con el fin de aplicar los conocimientos
adquiridos en los Objetivos Especificos #1 y #2 en un sistema modelo de mayor
similitud con proteinas. Estos péptidos nos permiten seguir profundizando en los
mecanismos de nitracidn de tirosinas en membranas, con estudios mas comparables a
lo que ocurriria en, por ejemplo, un “loop” de una proteina transmembrana, y por lo
tanto, de mayor relevancia biolégica. Para ello generamos esta herramienta, e
incorporamos los péptidos a un sistema modelo de membranas, formado por
liposomas de PC, y evaluamos la nitracion de estos péptidos por peroxinitrito. Se
complet6 la sintesis y purificacion de los diferentes péptidos en forma exitosa. Los
experimentos llevados a cabo hasta el momento han sido realizados con el péptido Y8
para trabajar inicialmente con la condicién mas intermedia, en cuanto a la profundidad
de tirosina dentro de la bicapa. Futuros experimentos incluirdn a toda la serie de

pétidos sintetizados de manera de poder realizar estudios comparativos.

7.1 Sintesis de los péptidos

Los péptidos transmembrana de 23 amino acidos conteniendo tirosina en
diferentes posiciones (Y4, Y8 e Y12) fueron sintetizados tal cual lo indicado en

Materiales y Métodos. La secuencia de los péptidos sintetizados es la siguiente:
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Péptido Secuencia PM

Y4 Ac-NH-KKAYALALALALALALALALAKK-CONH, 2350
Y8 Ac-NH-KKALALAYALALALALALALAKK-CONH, 2350
Y12 Ac-NH-KKALALALALAYALALALALAKK-CONH, 2350

Como se observa en las secuencias, los péptidos tienen 23 amino &cidos y
contienen el amino &cido basico lisina (K) en los extremos amino y carboxilo terminal,
seguidos de una alternancia de amino &cidos alifaticos alanina-leucina (A-L), y el
amino acido tirosina (Y) ubicado en la posicion 4, 8 o 12 respecto al extremo amino
terminal (péptidos Y4, Y8 e Y12). Esta secuencia primaria aporta amino acidos
hidrélificos en sus extremos para la interacciobn en la interfase lipido-agua que
permiten su anclaje en los extremos de la bicapa (lisinas), y amino acidos de menor
solubilidad en agua en la zona central, para facilitar su insercién y estabilidad dentro
de la bicapa fosfolipidica (alaninas y leucinas). Se espera que el péptido
interaccionando con la membrana, adquiera una estructura secundaria de a-hélice, la

cual se estabilizara por puentes de hidrégeno (Fig. 7.1).
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BTBE Y4 Y8 Y12

Figura 7.1 Péptidos transmembrana y BTBE insertos en la bicapa. El BTBE se
ancla en la bicapa a través de su porcion tert-butilo, mientras que el anillo aromatico
queda inmerso en la misma, con el grupo OH cercano a la interfase lipido-agua. Los
péptidos tienen el residuo de tirosina ubicado a distintas profundidades: Y4 con la
tirosina muy superficial cercana a la interfase, Y8 e Y12 con el residuo de tirosina
ubicado en la profundidad de la bicapa. Extraido de (169).

Alternativamente, se realiz6 un procedimiento de sintesis similar al anterior
pero agregando un residuo mas de lisina en el extremo carboxi-terminal de los tres
péptidos (Y'4, Y'8 e Y 12), con la secuencia que se muestra a continuacion, teniendo
en este caso, un péptido de 24 amino acidos, con el objetivo de aumentar la
solubilidad de los mismos y poder hacer estudios comparativos. Estos estudios nos
permitirdn mas adelante sintetizar péptidos con més cantidad de lisinas e incorporar
tirosinas en este extremo (incluido en la fase acuosa), de manera de comparar la
nitracién de residuos de tirosinas ubicados en el interior de la membrana, con residuos

de tirosina presentes en la region del péptido que queda expuesta al solvente, como
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ocurre en proteinas que tienen una regién integral de membrana y una porcion

periférica.
Péptido Secuencia PM
Y4 Ac-NH-KKAYALALALALALALALALAKKK-CONH, 2478
Y8 Ac-NH-KKALALAYALALALALALALAKKK-CONH, 2478
Y12 Ac-NH-KKALALALALAYALALALALAKKK-CONH, 2478

7.2 Purificacion y caracterizacion de los péptidos

Se sintetizaron cada uno de los péptidos como se describié previamente, y el
producto crudo resultante de la sintesis fue sometido a RP-HPLC, siendo la fraccion
mayoritaria en cada caso, recolectada, y sometida a andlisis de MS para confirmar su
identidad. Se muestran los cromatogramas obtenidos de la purificacién de los péptidos
Y4, Y8 e Y12 respectivamente (Figura 7.2 A, By C). Los datos de MS confirmaron la
presencia de 2 iones mayoritarios con relaciones m/z de 588 y 784 para los péptidos
de 23 amino acidos (cuya masa es 2350 Da), que corresponden a las especies con
dos y tres cargas respectivamente (Figura 7.3A). Cuando se hizo la reconstruccion de
masa a partir de estos datos se obtuvo un ion de m/z = 2352 (Figura 7.3B). La figura
muestra el andlisis del péptido Y8 que serd utilizado en los futuros experimentos, pero
los resultados fueron idénticos para los péptidos Y4 e Y12.

De manera similar los péptidos Y'4, Y8 e Y'12 fueron purificados y analizados
por MS, obteniéndose en este caso un i6bn mayoritario de relaciéon m/z = 2479 (no se
muestra), lo cual estad de acuerdo con la masa calculada de 2478 + H*. Una vez
confirmada la identidad de los péptidos, estos fueron liofilizados y almacenados a -

20°C hasta su uso.
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Figura 7.2C

Figura 7.2 Purificacion del péptido transmembrana por RP-HPLC. Luego de la
sintesis, los péptidos fueron sometidos a RP-HPLC y la fraccion mayoritaria fue
recolectada. Dicha fraccion se analizé por MS y se volvié a someter a HPLC para
comprobar su pureza. (A) Y4, (B) Y8 y (C) Y12. Las condiciones cromatograficas de
purificacion fueron: gradiente lineal de 40 % acetonitrilo - 0.1 % TFA en agua / 0.1 %
TFA a 80 % acetonitrilo - 0.1 % TFA en agua / 0.1 % TFA durante 30 minutos. Se
determiné una pureza > 95%.
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Los experimentos preliminares mostrados en este Objetivo Especifico fueron
realizados con el péptido Y8 de 23 amino &cidos, con lo que futuros experimentos

incluiran a los otros tipos de péptidos presentados anteriormente.
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Figura 7.3B

Figura 7.3 Caracterizacion de los péptidos transmembrana por ESI-MS. El
péptido Y8 (10 uM) en metanol / &cido acético (0.1 %) de 23 aminoacidos fue sometido
a andlisis de ESI-MS en modo positivo. (A) Scan de masa en Q1 (B) Reconstruccion
de masa. Se calcularon las masas de la siguiente manera: 128,2 Da para K, 71,1 Da
para A, 113,1 Da para L y 163,2 Da para Y. El grupo amida provoca un aumento
adicional de 16 Da, lo cual da una masa molecular de 2350 Da para los péptidos de 23
amino acidos.

7.3 Formacion de NO.-Y8 dependiente de peroxinitrito.

A los efectos de validar la utilidad del péptido de tirosina para estudiar procesos
de nitracibn en membranas, en primer lugar, se desarroll6 un método de RP-HPLC
para separar el péptido de su producto de nitracién, ya que lo reportado previamente
fue realizado en un equipo de HPLC capilar (191), para lo cual se hicieron varias
pruebas hasta lograr las condiciones 6ptimas de analisis en el equipamiento disponible
actualmente. Inicialmente, el péptido Y8 disuelto en metanol (sin liposomas) fue
expuesto a peroxinitrito e inyectado en la columna de HPLC directamente. Este
estudio preliminar, mostrd la presencia de un segundo pico en el cromotograma de

HPLC con un tiempo de retencion mayor al del péptido nativo y en el que utilizando el
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detector UV-Vis se observd una doble absorbancia (280/360), compatible con la

nitracion del residuo tirosina en Y8 (Figura 7.4A).

Y8
control
280nm
360 nm
NO,-Y8
+1mMMQONOO
/\ 280nm
360 nm
r~rr~rrr~1rr—1r+~ 11+ rr 7 rvrTvir T
5 6 7 8 9 10 11 12 13 14 15 16
Tiempo (min)

Figura 7.4A

Este pico fue recolectado y su identidad confirmada por MS, al encontrarse un
i6n con un aumento neto de masa de 45 Da, sobre la masa de 2350 Da
correspondiente al péptido Y8, e indicativo de la presencia de un grupo nitro (-NO;) en
la molécula. La figura 7.4B muestra el analisis de scan de MS en Q1, en el cual se
puede observar la presencia de 2 iones mayoritarios con relacion m/z = 799 y 600 que
corresponden a los iones di y tricargados + un grupo -NO, respectivamente. La
reconstruccion de masa para estos datos da un i6n de 2396 de acuerdo a la masa
esperada (2350 + 45 + H") (no se muestra). Los datos fueron corroborados usando un
standard de nitro-Y8 provisto por el MCW y que fue preparado por exposicion a

tetranitrometano.
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799

Figura 7.4B

Figura 7.4 Caracterizacion del péptido NO.-Y8 por RP-HPLC/MS. El péptido Y8
en metanol fue tratado con peroxinitrito (ImM) y los productos resultantes de la
reaccion fueron (A) separados por RP-HPLC con deteccién UV-Vis a 280 y 360 nm.
(B) Los picos fueron recolectados y sometidos a andlisis de ESI-MS en modo positivo.
Se muestra la caracterizacion por MS del NO,-Y8.

En los siguientes experimentos, los péptidos purificados fueron incorporados a
liposomas multilamerales de PC tal cual se describié previamente (191), obteniéndose
un rendimiento de incorporacion mayor al 95%. Los liposomas de DLPC y EYPC
conteniendo el péptido Y8 fueron expuestos a peroxinitrito en diferentes condiciones
experimentales; en primer lugar, para liposomas de DLPC se observo la formacion de
nitro-Y8 al tratarlos con peroxinitrito (Figura 7.5). El rendimiento de nitracién para 1

mM peroxinitrito fue menor al observado con BTBE, en el orden de 0,4 % en relacién a

la concentracién de peroxinitrito adicionado.
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Figura 7.5 Formacion de NO,-Y8 en liposomas de DLPC. Liposomas de DLPC
(30 mM) con Y8 pre-incorporado (0.3 mM) fueron tratados con peroxinitrito (1 mM) en
KPi (100 mM) pH 7,3/ 0,1 mM dtpa y sometidos a RP-HPLC con deteccion UV-Vis a
280y 360 nm.
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En segundo lugar, se compararon rendimientos de nitraciébn en liposomas
conteniendo fosfolipidos con acidos grasos saturados e insaturados (ej. DLPC y
EYPC), habiéndose observado nitracién significativa en ambos tipos de liposomas

(Figura 7.6).
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Figura 7.6 Comparacion de los rendimientos de nitracion en EYPC y DLPC.
Liposomas de DLPC y EYPC (30 mM) con Y8 pre-incorporado (0.3 mM) fueron
tratados con peroxinitrito (0.5 mM) en KPi (100 mM) pH 7,4 / 0,1 mM dtpa. Los
productos Y8 y NO,-Y8 fueron separados por RP-HPLC midiendo la absorbancia a

280y 360 nm.

En tercer lugar, se realizaron experimentos con liposomas de DLPC y EYPC en
condiciones de baja tension de oxigeno con el objetivo de determinar si los procesos
de lipoperoxidacion se asocian a la nitracion de tirosina, tal cual lo observado para el
BTBE en el Objetivo Especifico #2. Estos resultados preliminares muestran un
rendimiento de nitracién levemente inferior cuando los liposomas son burbujeados con

Argon, lo cual estaria de acuerdo con los datos obtenidos en el Objetivo Especifico # 2
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(Figura 7.7) e implicarian la participacion de los radicales lipidicos formados durante la

lipoperoxidacion en las reacciones de nitracion en el interior de la bicapa.
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Figura 7.7 Efecto de oxigeno en la nitracion de Y8. Liposomas de DLPC y
EYPC (30 mM) con Y8 pre-incorporado (0.3 mM) fueron expuestos a peroxinitrito (1
mM) en presencia 0 a bajas tensiones de oxigeno (burbujeados durante 30 minutos
con argon). Las muestras fueron analizadas por RP-HPLC con deteccion UV-Vis a 280

y 360 nm.

Es importante resaltar que no se detecto la formacion de dimeros de tirosina en
ninguna de las condiciones testeadas, lo que esta en linea con un reporte previo (191),
y es consistente con la baja probabilidad de colisién de dos radicales tirosilo dentro de

la membrana, debido a su bajo coeficiente de difusion estimado (D < 1 pm s™; (254)).
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7.4 Discusion

Globalmente, los resultados demostraron nuestra capacidad para sintetizar
péptidos con residuos de tirosina ubicados a distintas alturas y purificarlos con altos
rendimientos, ademas de incorporarlos en forma eficiente a sistemas modelo de
membranas, para estudiar el proceso de nitracion de tirosinas en compartimentos
hidrofébicos. En este Objetivo Especifico, pudimos detectar la formacién del derivado
nitrado del péptido tratado con peroxinitrito (NO,-Y8) con rendimientos significativos
(0,4 % respecto al peroxinitrito adicionado), y que no pudo detectarse, como era
esperado, la formacion de productos de dimerizacion, y de acuerdo con trabajos
anteriores (191). Ademas, la presencia de nitro-tirosina en forma significativa en
liposomas insaturados de EYPC vy el efecto inhibitorio de la disminucion de la tension
de oxigeno, estan en absoluta concordancia con lo observado en el Objetivo
Especifico #2 acerca de la conexion entre los procesos de lipoperoxidacion y nitracion
de tirosinas en entornos hidrofobicos, la cual ocurre a través de la formacion del
radical tirosilo mediada por radicales peroxilo lipidicos; por lo tanto los resultados
obtenidos en el Objetivo # 3 en péptidos conteniendo tirosina reproducen nuestros
resultados con BTBE de los Objetivos #1 y #2 de esta tesis. De esta manera podemos
concluir que dichos péptidos fueron sintetizados, purificados y validados para su uso
como sondas hidrofébicas en el estudio de mecanismos de nitracion de tirosinas en
membranas y que los estudios preliminares obtenidos recapitulan los experimentos
realizados con el BTBE.

Si bien nuestros resultados son preliminares, en relacién al rol de la
lipoperoxidacion en procesos de nitracion de residuos de tirosina en péptidos, un
trabajo previo realizado por Zhang y colaboradores, (191) mostré que la nitracion de
Y8 mediada por peroxinitrito-derivado de SIN-1, en liposomas con relaciones variables
de PLPC/DLPC (0-100 %), disminuye a medida que el grado de insaturacién de los

liposomas aumenta, o que a primera vista puede aparecer como discordante. Sin
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embargo, un analisis detallado de los resultados y su confrontacidon contra datos
generados por nosotros por simulaciones cinéticas, claramente muestran que el grado
de inhibicibn experimental observado es significativamente menor al esperado
tedricamente en una competencia simple donde los radicales derivados de peroxinitrito
(es decir -OH y -NO,) reaccionaran contra el acido graso 6 la tirosina. Por ejemplo, en
un valor de 40% de insaturacién y considerando las constantes de reaccion reportadas
para la oxidacion de tirosina y acidos grasos por -NO, y -OH, se esperaria una
inhibicion > 90%, mientras que solo se observa un 40 % de inhibicién. Esta
observacién apoya la existencia de reacciones secundarias de radicales derivados de
lipidos con la tirosina, lo que debera ser confirmado con experimentos disefiados
especificamente con peroxinitrito auténtico a tal fin.

Trabajos anteriores demostraron que el BTBE se incorpora eficientemente en
membranas, distribuyéndose a lo largo de toda la bicapa, pero estando su mayor
concentracion en la zona del esqueleto de glicerol del fosfolipido con el grupo OH
fendlico en la zona de la interfase con agua (192), lo cual le confiere a este grupo
capacidad para disociarse al correspondiente fenolato (pKa ~ 10). Sin embargo,
cuando el residuo de tirosina se encuentra inmerso en la profundidad de la bicapa la
capacidad de interaccidn con agua se pierde progresivamente lo que a su vez puede
tener importante influencia en la quimica de nitracion. En efecto, estudios preliminares
de spin-labeling aportaron acerca de la ubicacion precisa de las tirosinas en los
péptidos Y4, Y8 e Y12 en la profundidad de la membrana (191). Estudios de dinamica
molecular que estamos realizando en colaboracion con el equipo del Dr. Dario Estrin
(Facultad de Ciencias Exactas, Universidad de Buenos Aires) se han enfocado a
caracterizar la relacion entre la posicién de los residuos de tirosina en los péptidos
transmembrana dentro de la bicapa y su interaccion con el agua circundante. Estos
estudios muestran que las moléculas de agua se ubican interaccionando con las
cabezas polares de los fosfolipidos en un nimero de ~ 50 moléculas de agua por cada
molécula de fosfolipido, y que la cantidad de moléculas de agua en el interior de la
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bicapa disminuye a medida que aumenta la profundidad, estando practicamente
excluida en el centro de la bicapa (~ 20-25 A de la superficie) (Figura 7.8A).

Se realizaron analisis similares incorporando a la bicapa los péptidos Y4, Y8 e
Y12, y se pudo determinar que, mientras el residuo Y4, a través de su grupo OH
fendlico interacciona con moléculas de agua en la region de la interfase (similar a lo
que ocurria con una parte mayoritaria del BTBE), los residuos Y8 (no se muestra) e
Y12 estan mayoritariamente exentos de agua, ubicados en la region interna de la

bicapa (Figuras 7.8By C y D).
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Figura 7.8 Estudios de dinamica molecular de péptidos transmembrana y su

interaccion con moléculas de agua. (A) Distribucién relativa de las moléculas de
agua en el exterior, superficie e interior de una bicapa y su relacién con una secuencia
polipeptidica transmembrana. Ubicacion relativa del residuo de tirosina en posicion (B)
4 (Y4) y (C) 12 (Y12) de una secuencia polipeptidica transmembrana. Nétese que
mientras Y4 aproxima el grupo OH fendlico a la interase lipido/agua, el grupo -OH del
péptido Y12 se encuentra en el centro de la bicapa, lo que impide su interaccién con el
agua. El péptido Y8 se encuentra en una situacion intermedia entre Y4 e Y12.

Los datos de dinamica molecular indican que mientras que el péptido Y4 podria

estar parcialmente disociado a nivel del grupo —OH (pKa ~ 10), dada su cercania con
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la interfase lipido / agua; en el caso de los péptidos Y8 e Y12, la ionizacién del grupo -
OH es préacticamente inexistente debido a la ausencia de moléculas de agua en esa
region de la membrana. Restan por estudiar los efectos de estos fendmenos sobre la
reactividad de las tirosinas con los oxidantes, dado que, mientras la pérdida de la
ionizacion disminuye la reactividad con -NO, (porque este reacciona mas rapidamente
con la forma fenolato de la tirosina), por otro lado, la exclusion de agua, favoreceria la
reaccion con los radicales peroxilo, entre otros varios aspectos a considerar.

La confirmacion de estos resultados iniciales, abren la posibilidad de realizar en
forma més exhaustiva, estudios similares a los realizados en los Objetivos Especificos
#1 y #2, explorando asuntos como el rendimiento relativo de nitracion de tirosina
mediada por peroxinitrito en residuos ubicados a diferentes profundidades (ej. Y4, Y8,
Y12), el rol del grado de insaturacion lipidica, la relacion espacial dentro de la
membrana de los residuos peroxilo lipidicos y la tirosina, y los efectos moduladores en
la nitraciébn de cambios en la secuencia primaria del péptido (ej. incorporacién de
residuos de cisteina). También pretendemos realizar estudios de hidroxilacion de
tirosina en péptidos que contengan residuos a diferentes profundidades en la
membrana de manera de ayudar a definir la ocurrencia de la homolisis del ONOOH y
poder definir la relevancia de este proceso en la fase hidrofobica respecto a lo que
tiene lugar en la fase acuosa (207, 251).

En suma, si bien la sintesis de péptidos transmembrana conteniendo tirosinas
es una tarea mas compleja y costosa que la correspondiente a BTBE, la quimica de
reaccién con especies oxidantes y nitrantes seguramente reflejen mejor lo que puede
ocurrir con proteinas de la membrana (187, 192) y deberan ser usadas mas
extensivamente en el futuro. Una limitante es que, a diferencia del BTBE, resulta poco
probable que se incorporen en las membranas biolégicas. Por lo tanto, los péptidos
transmembrana aparecen como valiosas sondas complementarias al BTBE para el

estudio de los mecanismos de nitracion de tirosinas en membranas.
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8. Conclusiones

& Perspectivas



8.1 Conclusiones

Los resultados obtenidos durante el desarrollo de los Objetivos Especificos de
esta tesis, nos han permitido llegar a una serie de conclusiones respecto a los
mecanismos bioquimicos de la nitracion de tirosinas en membranas y que podemos

resumir de la siguiente manera:

v' Tanto el BTBE con los péptidos transmembrana con residuos de tirosina en
diferentes posiciones (Y4, Y8 e Y12), fueron exitosamente utilizados como
sondas, para comprender los mecanismos de nitracion y oxidacion de tirosinas
en membranas, a través de su incorporacién a liposomas de PC.

v' Los mecanismos de nitracién por peroxinitrito en membranas dependen de
procesos radicalares, que requieren la formacion intermediaria de radical
tirosilo, tal y como ocurre en sistemas acuosos.

v/ La nitracién de tirosinas en membranas es un proceso significativamente mas
favorecido que la dimerizacién debido, entre otros factores, a la difusion
facilitada del -NO; en la bicapa, y su mayor concentracion respecto a la fase
acuosa, en contraste con la baja difusion del radical tirosilo en la estructura
organizada de la bicapa.

v' La identificacion del derivado hidroxilado de la tirosina (3-hidroxi-BTBE) es
consistente con la homdlisis del acido peroxinitroso (ONOOH) en la superficie
y/o dentro de la bicapa.

v/ Las reacciones de nitracién en membranas son inhibidas por compuestos que
atrapan peroxinitrito o sus radicales derivados, mientras que son estimuladas
por centros metalicos de transicion (ej. hemina) que catalizan reacciones de

nitracién dentro de la bicapa.
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v' A diferencia de lo que ocurre para tirosinas en fases acuosas, el CO,, inhibe la
nitracion y dimerizacion del BTBE, debido a la baja permeabilidad del radical

carbonato hacia el interior de la membrana.

La figura 8.1 muestra la oxidacién del BTBE en membranas mediada por
peroxinitrito, y los productos resultantes, los cuales fueron caracterizados en el
Objetivo Especifico #1, asi como sus rendimientos relativos, donde se destaca la
formacion de 3-NO,-BTBE como producto mayoritario en el interior de la membrana,

asi como la formacién intermediaria del radical fenoxilo derivado del BTBE.
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Figura 8.1 Productos de oxidacion del BTBE por peroxinitrito y sus
rendimientos relativos.Extraido de (193).

Respecto al Objetivo Especifico #2 podemaos destacar las siguientes conclusiones:

v/ La nitracién de tirosinas en membranas es un proceso que se encuentra
intimamente relacionado con el proceso de lipoperoxidacion.

v En efecto, una nueva reaccion de oxidacion de tirosina a radical tirosilo ha sido
identificada en sistemas de membrana, la cual depende de la formacién de
radicales peroxilo de &cidos grasos insaturados.

v' La constante de velocidad entre los radicales peroxilo, derivados de la

lipoperoxidacion y la tirosina fue deterimada como k= 4.800 M*s™, la cual es
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suficiente para competir con las reacciones de propagacion de la
lipoperoxidacion (Ver articulo Tyrosine vs Lipids).

v' La identificacion de esta reaccién establece una conexién entre los procesos
de lipoperoxidacion y nitracion/oxidacion de tirosinas en sistemas biolégicos.

v' Dada su vinculacién con la formacién de radicales peroxilo lipidicos, los
procesos de nitracion de tirosina en membranas son estimulados en la
presencia de oxigeno molecular e inhibidos por antioxidantes lipofilicos

cortadores de cadenas tal como el a-tocoferol.

La figura 8.2 muestra la asociacion existente entre las reacciones de nitracion
en membranas y la lipoperoxidacién demostrada en el Objetivo Especifico #2, asi
como la molécula responsable de llevar a cabo la reaccion de conexion, el radical
peroxilo, capaz de oxidar a la tirosina para rendir radical tirosilo, especie

intermediaria en la formacién de productos de nitracion y dimerizacion.

'NO2

tyrosyl radical

tyrosine oxidation

Figura 8.2 Asociacion de los procesos de oxidacion de tirosinas vy
lipoperoxidacion en membranas. Extraido de (340).
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v' Podemos agregar que estudios realizados en células y en tejidos animales
en condiciones de estrés oxidativo, apoyan el concepto de la nitracion de
tirosinas en membranas por procesos radicalares dependientes de la
lipoperoxidacion, asi como la asociacion espacial de ambos procesos

determinada por andlisis inmunohistoquimicos en dichos modelos

Respecto al Objetivo Especifico #3 podemos realizar las siguientes consideraciones:

v' Fuimos capaces de sintetizar, purificar y validar los péptidos
transmembrana con los residuos de tirosina en distintas posiciones.

v'El tratamiento de dichos péptidos con peroxinitrito permitio la deteccién del
producto nitrado (NO»,-Y8) mientras que no se pudo detectar la formacion
de dimero de tirosina.

v'Los rendimientos de nitracion fueron significativos en liposomas con acidos
grasos saturados (DLPC) e insaturados (EYPC), siendo mayores en estos
ultimos, sugiriendo que la lipoperoxidacion, al igual que lo ocurre con el
BTBE, esta alimentando el proceso de nitracion.

v' Los experimentos preliminares realizados a bajas tensiones de oxigeno
muestran que los rendimientos de nitracién son menores que cuando nos
encontramos frente a tensiones de oxigeno normales, lo cual apoya la
participacién de la lipoperoxidacién en la nitracion de los residuos de
tirosina de los péptidos.

v" Finalmente podemos concluir que el trabajo presentado en esta tesis, ha
permitido el uso y validacién de sondas hidrofébicas de tirosina, aportando
informacion mecanistica fundamental para la comprension de los procesos
de nitracion y oxidacién de tirosinas presentes en biocompartimentos
hidrofébicos, lo cual es de relevancia para comprender los procesos de

oxidacion y nitracion de tirosinas en lipoproteinas y membranas bioldgicas.
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8.2 Perspectivas

Los estudios realizados durante el transcurso de esta tesis seran profundizados
abarcando otros aspectos relacionados con lo estudiado hasta el momento, y que

pueden resumirse de la siguiente manera:

v/ Andlisis con otros agentes oxidantes y nitrantes en liposomas con BTBE pre-
incorporado (Ej. MPO/H,0,/NOy), y péptidos transmembrana.

v Profundizacion en los estudios preliminares realizados con péptidos, acerca de
la relacién entre la lipoperoxidacion y la nitracion de tirosina, en liposomas con
diferentes grados de insaturacion y péptidos transmembrana con tirosinas
ubicadas a diferentes profundidades de la membrana.

v/ Estudiar la modulacién de la nitracion de tirosina de péptidos transmembrana
conteniendo residuos de cisteina; rol de la transferencia electronica
intramolecular en los rendimientos de nitracion.

v' Evaluacion del posible efecto modulador del dafio nitro-oxidativo en sistemas
celulares de analogos hidrofébicos de tirosina que se concentran en distintos
compartimientos celulares (Ej. mito-BTBE).

v/ Estudio de las bases mecanisticas de los efectos citoprotectores de péptidos
conteniendo tirosinas que penetran a células.

v' Establecimiento de la relacion fenomendlogica y mecanistica entre los
procesos de lipoperoxidacion y nitraciébn proteica en modelos animales de

enfermedad.
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Protein tyrosine dimerization and nitration by biologically relevant oxidants usually depend on the
intermediate formation of tyrosyl radical ("Tyr). In the case of tyrosine oxidation in proteins associated
with hydrophobic biocompartments, the participation of unsaturated fatty acids in the process must be
considered since they typically constitute preferential targets for the initial oxidative attack. Thus, we
postulate that lipid-derived radicals mediate the one-electron oxidation of tyrosine to “Tyr, which can
afterward react with another “Tyr or with nitrogen dioxide (‘"NO,) to yield 3,3’-dityrosine or 3-nitrotyrosine
within the hydrophobic structure, respectively. To test this hypothesis, we have studied tyrosine oxidation
in saturated and unsaturated fatty acid-containing phosphatidylcholine (PC) liposomes with an incorporated
hydrophobic tyrosine analogue BTBE (N-#-BOC L-tyrosine zerz-butyl ester) and its relationship with lipid
peroxidation promoted by three oxidation systems, namely, peroxynitrite, hemin, and 2,2’-azobis (2-
amidinopropane) hydrochloride. In all cases, significant tyrosine (BTBE) oxidation was seen in unsaturated
PC liposomes, in a way that was largely decreased at low oxygen concentrations. Tyrosine oxidation
levels paralleled those of lipid peroxidation (i.e., malondialdehyde and lipid hydroperoxides), lipid-derived
radicals and BTBE phenoxyl radicals were simultaneously detected by electron spin resonance spin
trapping, supporting an association between the two processes. Indeed, o-tocopherol, a known reactant
with lipid peroxyl radicals (LOQO"), inhibited both tyrosine oxidation and lipid peroxidation induced by
all three oxidation systems. Moreover, oxidant-stimulated liposomal oxygen consumption was dose
dependently inhibited by BTBE but not by its phenylalanine analogue, BPBE (N---BOC L-phenylalanine
tert-butyl ester), providing direct evidence for the reaction between LOO" and the phenol moiety in BTBE,
with an estimated second-order rate constant of 4.8 x 10* M~ s™!. In summary, the data presented
herein demonstrate that LOO® mediates tyrosine oxidation processes in hydrophobic biocompartments
and provide a new mechanistic insight to understand protein oxidation and nitration in lipoproteins and
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biomembranes.

Introduction

Tyrosine dimerization and nitration to 3,3’-dityrosine and
3-nitrotyrosine (3-nitro-Tyr)," respectively, represent biologically
relevant oxidative post-translational modifications in proteins
generated by the reactions with reactive oxygen and nitrogen

* To whom correspondence should be addressed. Tel: +598-2-9249561.
Fax: +598-2-9249563. E-mail: rradi@fmed.edu.uy.

" Departamento de Histologia y Embriologia, Facultad de Medicina,
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! Abbreviations: BTBE, N--BOC L-tyrosine fert butyl ester; BPBE, N-t-
BOC L-phenylalanine fert butyl ester; DLPC, 1,2-dilauroyl-sn-glycero-3-
phosphocholine; PLPC, 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocho-
line; EYPC, egg chicken yolk L-a-phosphatidylcholine; SBPC, soybean-
L-a-phosphatidylcholine; dtpa, diethylentriaminepentaacetic acid; ‘NO, nitric
oxide; O,"", superoxide; 3-nitro-Tyr, 3-nitrotyrosine; “Tyr, tyrosyl radical;
PC, phosphatidylcholine; RP-HPLC, reverse-phase high-performance liquid
chromatography; ABAP, 2,2’-azobis (2-amidinopropane) hydrochloride;
MDA, malondialdehyde; FOX, ferrous oxide-xylenol orange assay; LOO",
lipid peroxyl radical; LO", lipid alkoxyl radical; TBARS, thiobarbituric acid
reactive species; ESR, electron spin resonance; BHT, butylated hydroxy-
toluene; MNP, 2-methyl nitrosopropane; BOC, butoxypyrocarbonate.

intermediates both in vitro and in vivo. These tyrosine oxidation
processes depend on the intermediate formation of tyrosyl
radical ("Tyr), a transient species formed by the one-electron
oxidation of tyrosine. For instance, 3,3’-dityrosine formation
results from the termination reaction between two “Tyr radicals
with the formation of a new C—C bond; 3,3’-dityrosine
participates in protein cross-linking (/) and also serves as a
marker for oxidatively damaged proteins. Indeed, elevated levels
of 3,3’-dityrosine can be found as a product of aging, inflam-
mation, exposure to UV and y-radiation, and other oxidative
stress conditions (2—4). Tyrosine nitration in biological systems
is also a free radical process (5) produced by nitric oxide ("NO)-
derived oxidants such as peroxynitrite* and nitrogen dioxide
radical ("NO,) (5); typically, the final step in nitration involves
the diffusion-controlled reaction of “Tyr with "NO,. The product
of this reaction, 3-nitro-Tyr, is a footprint of nitro-oxidative
damage in vivo, being revealed as a strong biomarker and
predictor of disease progression in conditions such as inflam-
mation, cardiovascular disease, and neurodegeneration (6-9).

2 JUPAC-recommended names for peroxynitrite anion (ONOO™) and
peroxynitrous acid (ONOOH) (pK, = 6.8) are oxoperoxonitrate (1—) and
hydrogen oxoperoxonitrate, respectively. The term peroxynitrite is used to
refer to the sum of ONOO™ and ONOOH.

10.1021/tx900446r  © 2010 American Chemical Society
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Protein tyrosine nitration could result in dramatic changes in
protein structure and can affect biological activity either by a
loss [e.g., Mn-SOD (10-12)] or by a gain of function [e.g., nerve
growth factor (/3) and cytochrome c (14, 15); recently reviewed
in ref 16].

As 3,3'-dityrosine and 3-nitro-Tyr formation require the
intermediacy of “Tyr, both tyrosine oxidation products can be
formed simultaneously in oxidizing environments where ‘NO
and reactive oxygen intermediate radicals (e.g., superoxide
radical, O,"", hydrogen peroxide, H,O,) coexist. Specifically,
this chemistry can be performed by peroxynitrite, a powerful
oxidant and cytotoxic species formed in vivo by the diffusion-
controlled reaction between ‘NO and O, (5, 17-19). Peroxy-
nitrite does not directly react with tyrosine (20) but promotes
tyrosine dimerization and nitration due to the reactions of
peroxynitrite-derived species such as hydroxyl radical ("OH),
carbonate radical (CO;""), "NO, and the high oxidation state of
redox-active metal centers [Me®™tD)'=0, where Me is Fe, Cu,
or Mn] (recently reviewed in ref 27) that can oxidize tyrosine
to yield "Tyr, which then combines with another “Tyr or "NO,
to yield 3,3’-dityrosine or 3-nitro-Tyr, respectively (22). For free
tyrosine or tyrosine analogues in aqueous solution, the 3,3’-
dityrosine/3-nitro-Tyr ratio after peroxynitrite exposure typically
range in values of 1/20—1/25; however, this ratio may change
if peroxynitrite is added as a single bolus or by slow infusion,
depends on the tyrosine and peroxynitrite concentration, and
may become smaller in proteins, reflecting the relative ease of
the nitration reaction with respect to the dimerization reaction,
due to diffusional and steric limitations. In addition, other
tyrosine oxidation products from peroxynitrite can be formed,
including the hydroxylated derivative 3,4-dihydroxyphenyl-
alanine (DOPA) (23). Of note, 3-nitro-Tyr was initially con-
sidered a specific marker of peroxynitrite; however, there is now
agreement that tyrosine nitration can also occur biologically by
peroxynitrite-independent mechanisms, which include hydrogen
peroxide (H,0,)-dependent nitrite oxidation catalyzed by heme
(24) and hemoperoxidases [e.g., myeloperoxidase (25) and
eosinophil peroxidase (26); reviewed in ref 5], pathways that
also lead to the formation of 3,3’-dityrosine.

Protein tyrosine dimerization and nitration sites and yields
depend on the protein structure, oxidation mechanism, and the
environment where the protein tyrosine residues are located
(22, 27). In this last regard, most of the mechanistic studies of
oxidation for free and protein tyrosines have been performed
in aqueous solution (10, 11, 28). However, many protein tyrosine
residues shown to be dimerized and nitrated either in vitro and
in vivo are associated with nonpolar compartments, such as red
cell membrane proteins (29-37), mitochondrial membrane
proteins (32—34), sarcoplasmic reticulum Ca?>" ATPase, mi-
crosomal glutathione S-transferase (35), and apolipoproteins A
and B (3, 25, 36). Within these proteins, in some cases, oxidized
tyrosines have been shown in cytosolic or extracellular domains
[e.g., Tyr 192 and apoA-I (36)] but in other cases in domains
closely related to lipids [e.g., Tyr 39 in a-synuclein (37)]. Also,
reversible interactions of phospholipids with proteins can
modulate tyrosine oxidation yields and sites, as observed for
the cases of apoA-I (36), a-synuclein (38), and matrix metal-
loproteinase MMP-13 during wound repair (39).

Physicochemical factors controlling tyrosine oxidation in
hydrophobic biocompartments such as biomembranes and
lipoproteins differ from those in aqueous solution. For example,
hydrophobic phases contain a high concentration of unsaturated
fatty acids and exclude key antioxidant molecules that are potent
inhibitors of tyrosine oxidation in aqueous phases such as
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glutathione (22). In addition, there is a differential distribution
of oxidizing species in the lipid vs aqueous phase: While ‘NO,
can readily diffuse, concentrate, and react in the hydrophobic
compartment (40), CO;"~ and hemeproteins have limited action
due to the restricted permeation and steric restrictions, respec-
tively. Another important aspect to consider is the restricted
lateral diffusion of "Tyr in the organized structure of membranes,
which limits the dimerization process and results in smaller 3,3’-
dityrosine/3-nitro-Tyr ratios than those observed in aqueous
phases (~1/100—1/400) (41).

The need to further investigate tyrosine oxidation mechanisms
in hydrophobic environments has led to the development of
probes such as hydrophobic tyrosine analogues (47, 42) and
tyrosine-containing transmembrane peptides (42). In this regard,
N-t-BOC L-tyrosine fert-butyl ester (BTBE) is a stable tyrosine
analogue that we have previously used to study peroxynitrite
and MPO-mediated tyrosine oxidation in lipid phases including
liposomes and biomembranes (4/—43). BTBE can be efficiently
incorporated (>98%) into phosphatidylcholine (PC) liposomes,
and the formation of BTBE-derived phenoxyl radicals and
oxidation products (i.e., 3-nitro-BTBE, 3,3’-di-BTBE, and
3-hydroxy-BTBE) has been evaluated (4/—43). Previous ob-
servations (41, 43) and kinetic considerations prompted us to
investigate in depth how the unsaturated fatty acids present in
high concentrations in membranes and other hydrophobic
compartments may influence peroxynitrite-mediated tyrosine
oxidation mechanisms and yields. Indeed, peroxynitrite is a
known inductor of lipid peroxidation via free radical reactions
(44) initiated after the homolysis of ONOOH to ‘OH and "NO,
(21); unsaturated fatty acids readily react with ‘OH
(k=1 x 10" M~ s7") (45) and to a lesser extent with "NO, (k
=2 x 10° M™! s7! for linoleate at pH 9.4) (46, 47), both of
which promote hydrogen abstraction from a bis-allylic hydrogen
to initiate a chain reaction. 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 (47). These data indicate that a simple competition
kinetic model does not apply and suggest that lipid-derived
radicals mediate tyrosine oxidation within the membrane.
Indeed, lipid peroxidation is an oxygen-dependent process that
results in the formation of peroxyl (LOO") (eqs 1—3) and,
secondarily, alkoxyl radicals (LO") (48-50).

LH+ X — L+ XH (D)
L'+ 0, — LOO" )
LOO® + L'H — L” + LOOH 3)

These lipid-derived radicals are reactive species that can in turn
oxidize biological targets (RH) including protein side chains
(51). According to the one-electron redox potential of alkoxyl
(E°Loon = 1.76 V) and peroxyl radicals (E° oo.00n = 1.02
V), it is thermodynamically possible for both species to oxidize
tyrosine to the phenoxyl radical (E°ry g = 0.88 V), while
the alkyl radicals (E° - g = 0.6 V) are not able to perform that
oxidation. Herein, we postulate that LOO" is capable of oxidizing
tyrosine to “Tyr, therefore, fueling the tyrosine oxidation pathway
in hydrophobic biocompartments. To test this hypothesis, we
have studied BTBE dimerization and nitration in PC liposomes
of different unsaturation degrees promoted by three different
oxidation systems, namely, peroxynitrite, hemin, and the peroxyl
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radical donor 2,2"-azobis (2-amidinopropane) hydrochloride
(ABAP), and their relationship with the lipid peroxidation
process.

Experimental Procedures

Chemicals. Diethylentriaminepentaacetic acid (dtpa), manganese
dioxide, sodium bicarbonate, mono- and dibasic potassium phos-
phate, L-tyrosine, 3-nitro-Tyr, o-tochopherol, 2-methyl nitrosopro-
pane (MNP), 1,1,3,3 tetramethoxypropane, and hemin were pur-
chased from Sigma. BTBE, 3-nitro-N--BOC L-tyrosine tert-butyl
ester (3-nitro-BTBE) and 3,3’-di-N--BOC L-tyrosine tert-butyl ester
(3,3’-di-BTBE) were prepared and handled as previously (42). N-t-
BOC L-phenylalanine fert-butyl ester (BPBE) was synthesized for
the first time using an identical procedure as the one previously
described for BTBE but starting from commercially available
(Sigma) L-phenylalanine-z-butylester (42). Stock BTBE solutions
(1 M) were prepared in methanol immediately before use. 3,3’
Dityrosine was synthesized by incubating 0.5 mM L-tyrosine, 0.2
mg/mL (4.5 uM) horseradish peroxidase, and 500 uM H,0, in 50
mM phosphate buffer (pH 7.4) for 20 min at 25 °C. The resulting
mixture was centrifuged through a Centricon tube (molecular mass
cutoff 5000 Da) to remove the enzyme, and the concentration of
3,3’-dityrosine was obtained and determined spectrophotometrically
at 315 nm using an extinction coefficient of 5700 M~! cm™' (pH
7.4) and 8380 M~ cm™! (pH 9.9) (52). 1,2-Dilauroyl-sn-glycero-
3-phosphocholine (DLPC), 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (PLPC), and egg yolk and soybean PC [egg chicken
yolk L-a-phosphatidylcholine (EYPC) and soybean-L-o.-phosphati-
dylcholine (SBPC)] were from Avanti Polar Lipids. Organic
solvents for the synthesis of standards and chromatography were
from Baker or Mallinckrodt. All other compounds were reagent
grade.

A stock hemin solution was freshly prepared in 0.1 N NaOH
and kept in the dark at 4 °C until use. ABAP was purchased from
Wako Chemicals USA. A fresh stock solution (100 mM) was
prepared in water, and incubations were performed at 37 °C for
the indicated times. Argon and nitrogen gases were purchased from
AGA Chemical Co. (Uruguay). All solutions were prepared with
highly pure deionized nanopure water to minimize trace metal
contamination.

Peroxynitrite Synthesis and Quantitation. Peroxynitrite was
synthesized in a quenched-flow reactor from sodium nitrite (NaNO,)
and hydrogen peroxide (H,0O,) under acidic conditions as described
previously (53). The H,O, 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. Peroxynitrite concentrations
were determined spectrophotometrically at 302 nm (¢ = 1670 M ™!
cm™ ') (44, 54). The nitrite concentration in the preparations was
typically lower than 20% with respect to peroxynitrite. The control
of nitrite levels was critical for obtaining reproducible data as, if
present in excess, it can react with "OH and other oxidants and
yield ‘NO; (41). In control experiments, peroxynitrite was allowed
to decompose to nitrate in 100 mM phosphate buffer, pH 7.4, before
use, that is, “reverse order addition” of peroxynitrite.

BTBE Incorporation into Liposomes and Oxidizing Systems.
BTBE incorporation into liposomes was carried out as in refs 4/
and 42 with minor modifications. Briefly, a methanolic solution of
BTBE (0.35 mM) was added to 35 mM PC lipids dissolved in
chloroform. Under these conditions, more than 98% BTBE was
incorporated (42). The mixture was then dried under a stream of
nitrogen gas. Previous studies from our group (41, 42) already
indicated that BTBE incorporation yields and formation of oxidation
products from peroxynitrite were comparable in unilamellar and
multilamellar liposomes and therefore not dependent on the
membrane morphology. Therefore, because of the more simple
preparation procedure, reported experiments were carried out mainly
with multilamellar liposomes. Multilamellar liposomes were formed
by thoroughly mixing the dried lipid with 100 mM sodium
phosphate buffer (pH 7.4) plus 0.1 mM dtpa. For experiments with
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a-tocopherol-containing liposomes, a-tocopherol (in ethanol) was
added at the desired concentration to the lipid solution in chloroform
with or without BTBE, and liposomes were prepared thereafter as
indicated above. Liposomes (30 mM PC and 0.3 mM BTBE) 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% (42)]. Samples were then dried and stored at
—20 °C. Immediately before HPLC separation, samples were
resuspended in 100 uL of a mixture containing 85% methanol and
15% KPi (15 mM), pH 3. Experiments with liposomes were
performed at 25 °C, a temperature above the transition phase
temperatures of the different liposomes and at 37 °C when ABAP
was used as an oxidant.

Oxidation Systems. BTBE-containing PC liposomes were
oxidized by the addition of either peroxynitrite, hemin, or the
organic peroxyl radical donor ABAP. Peroxynitrite was added as
a single bolus under vigorous vortexing [#;, = 2.5 s at 25 °C (55)]
or by slow infusion using a motor-driven syringe system (K,
Scientific) under continuous stirring. Because of the addition of
alkaline peroxynitrite solutions, the final pH was also checked at
the end of the incubation to ensure that there were no significant
variations (<0.1 pH units). Hemin was added directly to the PC
liposomes; EYPC and SBPC liposomes always contain a basal level
of preformed lipid hydroperoxides that serve as the redox substrate
for hemin. Alternatively, tert-butyl hydroperoxide was used as a
hemin reactant in DLPC liposomes. Finally, in the case of ABAP,
samples were incubated at 37 °C for 2—3 h to achieve a final ABAP
concentration of 0—40 mM. ABAP-dependent oxygen consumption
was measured using a high-resolution oxymeter (Oroboros 2K)
yielding a flux of 0.3 #uM/min of peroxyl radicals. Experiments
under low oxygen tension (ca. 5 uM) were carried out by
extensively purging samples under argon for 30 min.

Lipid Peroxidation Analysis. Malondialdehyde (MDA), a
byproduct of lipid peroxidation, was measured as a thiobarbituric
acid reactive substance at 532 nm (¢ = 150000 M~!' cm™), as
previously described (44). Calibration curves and assessment of
MDA content were performed with known amounts of MDA
obtained 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 thiobarbituric acid reactive species
(TBARS) reagent. Lipid hydroperoxide formation was evaluated
by the ferrous oxide-xylenol orange assay (FOX) assay (56). Briefly,
50 uL of the liposome sample was added to 950 uL of FOX reagent
consisting of 100 mM xylenol orange, 250 mM Fe?" (ferrous
ammonium sulfate), 25 mM H,SOy4, and 4 mM BHT in 90% (v/v)
methanol. Reaction mixtures were incubated for 1 h at room
temperature, and the absorbance was measured at 560 nm. The
concentration of lipid hydroperoxides was estimated with the
apparent extinction coefficient of 43000 M ~!' cm ~! (56). Oxygen
consumption during lipid peroxidation processes was measured by
high-resolution oxymetry using an Oxygraph 2K (Oroboros Instru-
ments, Austria).

HPLC Analysis. BTBE, 3-nitro-BTBE, and 3,3’-di-BTBE were
separated on a Agilent 1200 system equipped with UV—vis and
fluorescence detectors by reverse-phase HPLC using a Agilent
Eclipse XDB-C18 5 um column (150 mm length, 4.6 mm i.d.).
Mobile phase A consisted of 15 mM phosphate buffer, pH 3, and
mobile phase B consisted of methanol. Chromatographic conditions
were as follows: 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 for BTBE were 280 nm and ¢ = 1200 M ! cm ™!
and for 3-nitro-BTBE were 360 nm and ¢ = 1500 M~ ! cm™'. 3,3’-
di-BTBE was detected fluorimetrically at Ao, = 294 nm and A o
= 401 nm. Authentic 3-nitro-BTBE and 3,3’-di-BTBE were used
as standards.

3-Nitro-Tyr and 3,3’-dityrosine were separated by reverse-phase
high-performance liquid chromatography (RP-HPLC), using a
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Partisil ODS-3 10 gm (250 mm length, 4.6 mm i.d.) C18 column
as previously reported with minor modifications (47). Briefly,
separation of tyrosine oxidation products was performed by isocratic
RP-HPLC. Chromatographic conditions were as follows: flow, 1
mL/min; 97% mobile phase A (KPi, 15 mM, pH 3) and 3% mobile
phase B (methanol) for 30 min. 3-Nitro-Tyr was measured by UV
detection (280 and 360 nm), and 3,3’-dityrosine was measured
fluorometrically (Adex = 280 nm and Ae;, = 400 nm). Authentic 3,3’-
dityrosine and 3-nitro-Tyr were used as standards. Artifactual BTBE
or tyrosine nitration during the chromatographic separation proce-
dure due to nitrite-dependent nitration at acidic pH were ruled out
by appropriate controls using predecomposed peroxynitrite.

ESR Spin Trapping Measurements. ESR spectra were recorded
at room temperature on a Bruker EMX spectrometer operating at
9.8 GHz. Typical spectrometer parameters were as follows: sweep
width, 100 G; center field, 3505 G; time constant, 20.48 ms; scan
time, 42 s; modulation amplitude, 1.0 G; modulation frequency,
100 kHz; receiver gain, 1 x 10% and microwave power, 20 mW.
Samples were subsequently transferred to a 50 uL capillary tube
for ESR measurements.

MNP (20 mM) was used as a spin trap; its photolysis may occur
during the experiments and leads to the formation of a three line
signal corresponding to the di-fert-butyl nitroxide radical, but it
has a different ay of 17.1 G. To minimize this, all liposomes
preparations and solutions were covered with aluminum foil, and
spectra were recorded in the dark; therefore, the signal due to
photolysis was not seen under our experimental conditions.

General Experimental Conditions. Experiments were typically
carried out in the presence of BTBE (0.3 mM) in PC liposomes
(30 mM) in 100 mM sodium phosphate plus 0.1 mM dtpa (pH
7.4) and 25 °C unless otherwise stated.

Data Analysis. All experiments reported herein were repeated
a minimum of three times. Results are expressed as mean values
with the corresponding standard deviations. Graphics and data
analysis were performed using Origin 8.0.

Results

Participation of Lipid-Derived Radicals on BTBE Oxida-
tion. When BTBE-containing DLPC liposomes were treated
with peroxynitrite (1 mM), 3-nitro-BTBE and 3,3’-di-BTBE
were formed in yields of up to 2.5 and 0.01% with respect to
initial peroxynitrite concentration, respectively (Figure 1A,B),
in agreement with previous results (47, 57). Significant levels
of both BTBE oxidation products were also formed in EYPC
(Figure 1) and SBPC, which contain a significant proportion of
unsaturated fatty acids, ~24 and 57%, respectively. Thus, in
spite of the fact that for EYPC and SBPC (30 mM) unsaturated
fatty acids correspond to ~15 and 34 mM, respectively, a much
larger concentration than that of BTBE (0.3 mM), the BTBE
oxidation process was still operative.

To assess the participation of lipid-derived radicals in BTBE
oxidation, experiments were also performed under low oxygen
tensions (Figure 1), which should result in an inhibition of LOO’
formation (eq 2) in both saturated® (58) and unsaturated fatty
acids. Indeed, under these conditions, BTBE nitration and
dimerization yields were substantially decreased in either
saturated and unsaturated fatty acid-containing liposomes (Figure
1A,B). In parallel, we evaluated lipid peroxidation in the samples
by quantitating MDA, a well-known breakdown product of
peroxidized lipids. Peroxynitrite caused MDA formation in
BTBE-containing EYPC and SBPC liposomes (Figure 1C), in

3 Saturated fatty acids (e.g., lauric acid in DLPC) will also react with
*OH at fast rates [k ~ 5 x 10* M™!s7! (58)] to yield the alkyl radical. This
can evolve to lauric acid peroxyl radical that, however, will not be capable
of propagating a lipid peroxidation chain reaction in DLPC liposomes due
to the lack of unsaturated fatty acids. Still, the peroxyl radical could be
potentially reactive with other targets such as BTBE (vide infra).
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Figure 1. Effect of oxygen on peroxynitrite-dependent BTBE oxidation
and lipid peroxidation. BTBE (0.3 mM) was incorporated into the
different liposomes DLPC, EYPC, and SBPC (30 mM) and exposed
to peroxynitrite (1 mM) in the presence of oxygen (200 4uM) or under
low oxygen tensions (~5 uM). Samples were analyzed for (A) 3-nitro-
BTBE, (B) 3,3’-di-BTBE, and (C) MDA contents. The data on MDA
show its increase over basal levels upon addition of peroxynitrite. Basal
levels in EYPC, SBPC and DLPC were 4.5, 5 and 0 uM, respectively.
Structures of 3-nitro-BTBE and 3,3’-di-BTBE are indicated in the
corresponding panels.

agreement with our previous observations (47); importantly,
MDA levels were reduced under low oxygen concentration,
revealing the inhibition of the lipid peroxidation process. As
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expected, no MDA was detected in DLPC samples. Thus, in
unsaturated fatty acid-containing liposomes (EYPC and SBPC),
BTBE oxidation and lipid peroxidation occurred simultaneously
and were both inhibited at low oxygen levels. Lipid hydroper-
oxide levels were significantly higher (over 1 order of magni-
tude) than those obtained for BTBE oxidation products, in
agreement with the idea that lipid peroxidation is the main
process within the membrane. On the other hand, when tyrosine
(0.3 mM) was exposed to peroxynitrite (1 mM) in 100 mM
phosphate buffer (pH 7.3) and 0.1 mM DTPA, oxygen did not
influence tyrosine nitration and dimerization yields (~6 and
0.25%) with respect to peroxynitrite in the aqueous phase (not
shown). Overall, the data point to the formation of LOO" as
key intermediates in the BTBE oxidation process.

Electron spin resonance (ESR) spin trapping was used to
detect the lipid-derived and BTBE phenoxyl radicals formed
during peroxynitrite exposures using MNP as described previ-
ously (41, 59). In DPLC liposomes, no ESR signal was obtained
in the absence of BTBE when exposed to peroxynitrite (Figure
2, line a). On the other hand, BTBE-containing DLPC liposomes
treated with peroxynitrite resulted in an anisotropic three line
signal, confirming the formation of a partially immobilized
phenoxyl radical in the interior of the membrane (Figure 2, line
b) and in agreement with our previous work (47, 60). When
peroxynitrite-treated BTBE containing DLPC liposomes was
dissolved in ethanol (60), a sharper and clear three line signal
was obtained, which, despite the low signal-to-noise ratio,
allowed the determination of a hyperfine constant of 13.8 G;
this is consistent with a MNP adduct with the one-electron
oxidation of BTBE (67). In EYPC liposomes, peroxynitrite
caused the formation of a MNP adduct in the absence of BTBE,
compatible with the formation of MNP-lipid alkyl (carbon-
centered adduct) radical adducts (Figure 2, line ¢) with an
estimated hyperfine splitting constant ay ~ 15 G (59). When
BTBE was incorporated into liposomes, the signal was even
larger (Figure 2, line d), supporting the coexistence of lipid-
derived and BTBE phenoxyl radicals and confirming the
temporal association between the lipid peroxidation and the
BTBE oxidation processes. No ESR spectrum was obtained in
DLPC or EYPC liposomes when treated with decomposed
peroxynitrite (Figure 2, lines e and f) or if MNP was added
after peroxynitrite (Figure 2, line g) or if peroxynitrite was added
to MNP only (without liposomes, not shown).

Slow Infusion vs Bolus Addition of Peroxynitrite in
Lipid Peroxidation and BTBE Oxidation. Peroxynitrite has
a short half-life in 100 mM phosphate buffer, pH 7.4, and
25 °C (t;, = 2.5 s) due to the proton-catalyzed homolysis to
‘OH and "NO; in 30% yields (55). Thus, the addition of
peroxynitrite to reaction mixtures as a single bolus may result
in a high initial concentration of radicals, and the extent of
oxidation processes in target molecules do not necessarily reflect
the expected outcome in more biologically relevant conditions
where peroxynitrite is formed as a continuous flow (62, 63).
This consideration becomes particularly important in lipid
peroxidation processes that depend on propagation reactions
where an initial large flux of radicals will prematurely terminate
the process. Thus, experiments were performed to study lipid
peroxidation and BTBE oxidation yields with peroxynitrite
addition as a single bolus or by slow infusion for up to 30 min
(1 uM/min). Peroxynitrite addition to BTBE-containing EYPC
liposomes resulted in dose-dependent formation of MDA (Figure
3A); MDA yields were increased 2—3-fold when peroxynitrite
was added as a slow infusion. Similarly, BTBE nitration and
dimerization (Figure 3B—D) yields in both EYPC and DLPC
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Figure 2. ESR spin trapping of BTBE phenoxyl and LOO". (A) Reaction
mixtures consisting of BTBE (2.5 mM) incorporated into 45 mM DLPC
liposomes in 100 mM phosphate buffer (pH 7.4) containing dtpa (0.1 mM)
were treated with 20 mM MNP spin trap and rapidly mixed with 5 mM
peroxynitrite. Samples were subsequently transferred to a 50 uL capillary
tube for EPR measurements. (a) DLPC liposomes plus peroxynitrite, (b)
BTBE-containing DLPC liposomes plus peroxynitrite, (c) EYPC liposomes
plus peroxynitrite, (d) BTBE-containing EYPC liposomes plus peroxyni-
trite, (¢) same as b with reverse order addition of peroxynitrite, (f) same
as d with reverse order addition of peroxynitrite, and (g) peroxynitrite only.
(B) The structures of the MNP-phenoxyl and MNP-lipid alkyl radical
adducts are shown and correspond to the signals obtained in lines b and ¢
of panel A, respectively. Both spin adducts are present in line d.

MNP-lipid alkyl radical

by peroxynitrite infusion were up to 3-fold higher that with bolus
addition. Moreover, BTBE oxidation (Figure 3E) and MDA
formation (not shown) yields in EYPC were significantly
reduced under low oxygen tensions when peroxynitrite was
added as a slow infusion. The data further support an association
between the lipid peroxidation and the BTBE oxidation processes.

Effect of Phospholipid Unsaturation Degree in Peroxyni-
trite-Mediated BTBE Oxidation. BTBE oxidation was studied
as a function of fatty acid unsaturation by using liposomes
containing variable mixtures of DLPC and PLPC. Nitration and
dimerization yields were significant through all the phospholipid
unsaturation range (0—100%). A tendency toward increased
BTBE oxidation yields was observed at around 40% PLPC
content, while a slight decrease was observed at 100% PLPC.
Thus, in spite of a largely variable content of unsaturated fatty
acids in the liposomal mixtures (from 0 to 30 mM linolenic
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Figure 3. Peroxynitrite-mediated oxidations: slow infusion versus bolus addition. BTBE (0.3 mM) was incorporated into EYPC and DLPC liposomes
(30 mM) and exposed to peroxynitrite either as a single bolus (M) or by slow infusion (O) to achieve final concentrations of 0.2—2 mM. Samples
were analyzed for 3-nitro-BTBE, 3,3’-di-BTBE, and MDA contents. EYPC: (A) MDA, (B) 3-nitro-BTBE, and (C) 3,3’-di-BTBE. DLPC: (D)
3-nitro-BTBE and 3,3’-di-BTBE (inset). (E) BTBE- (0.3 mM) containing liposomes were exposed to slow infusion of peroxynitrite (1 mM) in the
presence and absence of oxygen, and 3-nitro-BTBE and 3,3’-di-BTBE were measured as previously.

acid), BTBE oxidation was consistently present. Thus, the data
support that a simple kinetic competition model, where unsatur-
ated fatty acids simply outcompete BTBE for peroxynitrite-

derived radicals, does not apply and that secondary reactions
of lipid-derived radicals with BTBE must contribute to nitration

and dimerization reactions (Figure 4).
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Figure 4. Lipid unsaturation degree and BTBE oxidation. BTBE
nitration (M) and dimerization (O) were studied as a function of fatty
acid unsaturation by using mixtures of DLPC and PLPC (0—100%
PLPC) liposomes containing 0.3 mM BTBE and treated with perox-
ynitrite (1 mM).

Scheme 1. Lipid Hydroperoxide Reactions with Hemin and
Lipid-Derived Radicals Formation”
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“ Lipid hydroperoxide (LOOH) can react with hemin either in Fe’"
Fe?" redox states to yield LOO" or LO", respectively. Secondarily, hemin
in the reduced state (Fe’™) can yield O, that can further participate in
redox reactions.

Hemin and ABAP-Induced Lipid Peroxidation. To further
demonstrate that lipid peroxidation processes are related with
BTBE oxidation, we exposed BTBE-containing liposomes to
two other oxidation systems, namely, hemin and ABAP, both
of which lead to the formation of LOO" in unsaturated fatty
acid-containing liposomes. Free hemin readily interacts with
membranes (64) and initiates lipid peroxidation in unsaturated
liposomes by reaction with LOOH always present in variable
extents in EYPC and SBPC (typical hydroperoxide contents in
well-stored preparations represent in our 30 mM liposome
samples ~45—80 uM, 0.075—0.13%, total unsaturated fatty acid
as determined by the FOX assay). Hemin (Fe**) promotes the
one-electron oxidation of LOOH to yield LOO" and hemin in
the Fe?" redox state (Scheme 1). In turn, the reduced hemin
can generate LO" by reduction of LOOH.

Secondary reactions in the system generate variable amounts
of 0,7, H,0,, and heme-Fe**=0 that can amplify the process
(64). In EYPC liposomes, hemin induced 3,3’-di-BTBE and
MDA formation in a dose-dependent manner (Figure 5). On
the other hand, in DLPC liposomes (saturated), where hemin
can not cause lipid peroxidation, no formation of 3,3’-di-BTBE
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Figure 5. Hemin-induced lipid peroxidation and BTBE oxidation.
BTBE- (0.3 mM) containing DLPC and EYPC liposomes (30 mM)
were exposed to hemin (5—20 4M) in 100 mM sodium phosphate, pH
7.3, plus 0.1 mM DTPA. Samples were analyzed for (A) 3,3’-di-BTBE
and (B) MDA contents. The arrow indicates the values corresponding
to DLPC liposomes that were zero for both measurements under all
reaction conditions.

was detected. Thus, the data imply the participation of LOO’
radicals formed from the reaction of hemin with lipid hydrop-
eroxides (Scheme 1) in the BTBE dimerization process.

Second, we performed experiments using the organic peroxyl
radical donor, ABAP, which generates a flux of peroxyl radicals
by thermolysis.

A—N=N—A — 2A° )
2A° + 0, — AOO’ 5)
AOO" 4+ LH — AOOH + L (©6)

ABAP initiates lipid peroxidation in unsaturated fatty acid-
containing liposomes such as EYPC, by the reaction of the
ABAP-derived peroxyl radicals (AOO") with an unsaturated
alkyl chain to yield the alkyl radical (L"), which then (eqs 4—6),
after oxygen addition, forms LOO". The addition of ABAP to
BTBE-containing liposomes resulted in the formation of 3,3’-
di-BTBE in both DLPC and EYPC liposomes (Table 1 and
Figure 6A), but MDA formation was observed in EYPC
liposomes only. Thus, either ABAP-derived (in the DLPC
experiment) or lipid-derived (in the EYPC one) peroxyl radicals
react with BTBE to yield BTBE-derived phenoxyl radical and
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Table 1. ABAP-Mediated BTBE Oxidation”

EYPC DLPC

condition NO,-BTBE (uM) di-BTBE (uM) NO,-BTBE (uM) di-BTBE (uM)
control 0 0 0 0
ABAP 0 0.011 £ 0.001 0 0.79 + 0.164
ABAP + NO,~ 2.5+0.76 0.043 + 0.008 16.15 £ 1.39 0.537 + 0.029
ABAP — O, 0 0 0 0.32 4+ 0.065
ABAP + NO,” — O, 1.46 £ 0.8 ND” 943 +2 ND
NO,~ 0 0 0 0

“BTBE (0.3 mM) was incorporated into DLPC and EYPC liposomes (30 mM), and the mixture was incubated for 2 h at 37 °C with ABAP (10 mM,
0.3 uM/min flux of peroxyl radicals) in the presence and absence of nitrite (NO,”) (20 mM), and 3-nitro-BTBE and 3,3’-di-BTBE contents were
measured. The same experiment was performed in the presence of low oxygen tensions (~5 uM). * ND, not determined.

subsequently 3,3’-di-BTBE. Interestingly, samples treated with
ABAP plus nitrite resulted in the formation of both 3,3’-di-
BTBE and 3-NO,-BTBE, supporting that ABAP-derived peroxyl
radicals can also oxidize nitrite to ‘NO, (Tables 1 and 2) (65).
Low oxygen levels decreased BTBE oxidation yields induced
by ABAP plus nitrite, in both DLPC and EYPC liposomes,
confirming the role of LOO" in the process. Control experiments
with nitrite only showed no formation of BTBE oxidation
products (Table 1).

To specifically address the reaction of organic peroxyl radicals
with tyrosine, we studied the effect of ABAP on free tyrosine
oxidation in aqueous phase (Figure 6B). Tyrosine exposure to
ABAP-derived peroxyl radicals resulted in the formation of 3,3’-
dityrosine (Figure 6B, line b); when nitrite was added to the
incubation mixture, both tyrosine oxidation products, 3-nitro-
Tyr and 3,3’-dityrosine, were formed (Figure 6B, line c).
Tyrosine nitration and dimerization yields were lower with free
tyrosine in aqueous solution than those observed for BTBE in
liposomes, which suggest that tyrosine oxidation by peroxyl
radicals more easily occurs in nonpolar environments.

Effect of a-Tocopherol on BTBE Oxidation and Lipid
Peroxidation. o-Tocopherol is a well-known lipophilic chain-
breaking antioxidant that reacts with LOO" with a rate constant
of 5 x 10° M~! s7! (66) to yield lipid hydroperoxides and the
stable o-tocopheroxyl radical (eq 7):

LOO® + a-TOH — LOOH + o-TO’ ()

a-Tocopherol incorporated into EYPC liposomes inhibited
peroxynitrite-mediated BTBE nitration (Figure 7A), dimerization
(not shown), and lipid peroxidation (Figure 7B) in a dose-
dependent manner. Interestingly, o-tocopherol also inhibited
BTBE oxidation in DLPC liposomes, where no lipid peroxi-
dation occurs. The effect of o-tocopherol is explained by the
reaction between o-tocopherol with LOO". In the case of DLPC,
the reaction of a-tocopherol with "NO, [k =1 x 10° M~! 57!
(67)] also becomes relevant to explain the inhibition of BTBE
oxidation.

Oxygen Consumption Studies and Kinetic Determina-
tion of LOO" Reaction with BTBE. Experiments were
performed to measure the oxygen consumption associated with
lipid peroxidation initiated by hemin and ABAP and the
potential chain-breaking reaction of BTBE. If LOO’ react to a
significant extent with BTBE, then, the hydrophobic tyrosine
analogue should inhibit oxygen consumption. In EYPC (but not
in DPLC) liposomes (in the absence of BTBE), a basal decrease
in oxygen concentration is shown. Oxygen consumption is
observed upon the addition of either ABAP or hemin (Figure
8A), in agreement with the initiation and propagation phases
of lipid peroxidation. In contrast, no further oxygen consumption
was observed in DLPC liposomes after ABAP or hemin addition
(Figure 8A). The incorporation of a-tocopherol to EYPC

liposomes resulted in a significant decrease in oxidant-induced
oxygen consumption rates (Figure 8B). The extent of inhibition
in oxygen consumption by o-tocopherol is compatible with the
previously reported rate constants of LOO" with adjacent alkyl
chains (k = 36 M~! s7!) (68) and with a-tocopherol (k =5 x
10° M~! s71) (66). The inhibitory action of a-tocopherol was
also observed if added exogenously during the time course of
the oxygen consumption studies but was less potent than when
preincorporated, due to the suboptimal penetration in the
preformed liposome structure within the time frame of the ex-
periment. Remarkably, the incorporation of BTBE to the EYPC
liposomes resulted in a dose-dependent inhibition of both hemin-
and ABAP-induced oxygen consumption rates, which is con-
sistent with the reaction of BTBE with lipid-derived radicals
(Figure 8B). To discard subtle structural effects in the liposomal
membranes due to BTBE incorporation, experiments were
performed using a phenylalanine hydrophobic analogue (BTPE)
preincorporated to the liposomes (Figure 8C). In this case,
oxygen consumption rates were identical to the one observed
in control EYPC (without BTBE), which is in agreement with
a direct participation of the phenolic—OH moiety in the BTBE
in reaction leading to inhibition of lipid peroxidation-dependent
oxygen consumption, which is not present in the phenylalanine
derivative (Figure 8C).

The dose-dependent inhibition of oxygen consumption by
increasing concentrations of preincorporated BTBE in EYPC
liposomes was further analyzed to obtain an estimated second-
order rate constant for the reaction of LOO" with BTBE. A plot
that relates the inhibition fraction in oxygen consumption as a
function of BTBE concentration is in agreement with a direct
competition of BTBE for the LOO" (Figure 8D). These data
allow the estimation of an apparent second-order rate constant
of 4.8 x 10> M™! s7! for the following reaction:

LOO’ + BTBE—OH — LOOH + BTBE—O" (8)

This rate constant value compares well with an independent
determination considering the o-tocopherol studies. From data
in Figure 8B,C, one concludes that 87% inhibition is obtained
with 5 uM a-tocopherol or 1 mM BTBE. Considering the
stoichiometric factor n = 2 for a-tocopherol (69), thus, 2 x
kioc [0-tocopherol] = kgrpg [BTBE], s0 2 X ki [0-tocopherol]/
[BTBE] = kgrge = 5 x 10> M~! s7!. In addition, both MDA
and hydroperoxide yields were decreased in the presence of
BTBE, in agreement with a reaction between BTBE and LOO*
(Figure 8E.F) and with the oxygen consumption data.

Discussion

Previously identified and biologically relevant one-electron
oxidants for tyrosine in aqueous environments include "OH,
CO5'", and "NO,, compounds I and II of hemeperoxidases, and
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Figure 6. ABAP-induced BTBE and tyrosine oxidation. (A) (a) BTBE-
(0.3 mM) containing DLPC liposomes in 100 mM sodium phosphate
(pH 7.3) plus 0.1 mM DTPA were exposed to (b) ABAP (20 mM) in
the absence and (c) presence of nitrite (40 mM), and 3-nitro-BTBE
and 3,3’-di-BTBE were measured. (B) (a) Tyrosine (0.3 mM) in 100
mM sodium phosphate (pH 7.3) plus 0.1 mM DTPA was exposed to
(b) ABAP (20 mM) in the absence and (c) presence of nitrite (40 mM),
and 3-nitro-Tyr and 3,3’-dityrosine were measured.

high oxidation states of transition metal centers (5). However,
in the case of tyrosine oxidation in proteins associated with
hydrophobic biocompartments such as membranes or lipopro-
teins, (a) some of the oxidants may not easily reach or permeate
the lipid phase, and (b) unsaturated fatty acids, due to their
reactivity and large concentration, constitute preferential targets
for the initial oxidative attack. Thus, mechanisms by which
tyrosine residues become dimerized and nitrated in hydrophobic
biocompartments seem to have unique characteristics from those
previously described in hydrophilic phases. In this work, we
have explored, using a validated model system of PC liposomes
containing a hydrophobic tyrosine analogue (BTBE), whether
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lipid-derived radicals generated during lipid peroxidation pro-
cesses can mediate tyrosine oxidation to “Tyr, the first step in
the path to 3,3’-dityrosine or 3-nitro-Tyr.

Lipid peroxidation was initiated by three independent oxida-
tion systems, namely, peroxynitrite, hemin, and ABAP. Peroxy-
nitrite promotes lipid peroxidation and tyrosine nitration in
hydrophobic compartments secondary to homolysis of peroxy-
nitrous acid (ONOOH) to "OH and ‘NO, inside or at close
proximity of the lipid phase (47, 44, 70). In EYPC, for instance,
the large concentration ratio of unsaturated fatty acid/BTBE (50/
1) and the participating rate constants (see Table 2) determine
that the initial attack of peroxynitrite-derived radicals occurs at
the fatty acid moieties; this initial reaction yields the alkyl
(pentadienyl) radical that upon oxygen addition evolves to LOO",
which propagates the process (44). Alternatively, lipid-derived
radicals were generated by the reaction of hemin with pre-
existing lipid hydroperoxides to directly yield LOO" or by ABAP
whose peroxyl radical derivative diffuses to the liposomes and
reacts with unsaturated alkyl chains to initiate lipid peroxidation
as well (71). LOO® are known to react at fast rates with some
phenolic compounds, including o-tocopherol and other dietary
compounds that may exert antioxidant actions in vitro and in
vivo. For example, linoleate peroxyl radicals react with phenolic
antioxidant compounds such as a-tocopherol, curcumin, and
quercetin with rate constants in the range ~10°—107 M~! 57!
(72-75). In the case of tyrosine, another phenolic compound,
the reaction with LOO" is thermodynamically possible; however,
tyrosine is not a particularly good hydrogen donor; therefore,
the reaction may be kinetically hindered. Interestingly, hydro-
bobic phases may increase the reactivity of phenolic compounds
such as tyrosine for LOO’ (see below). Thus, extensive studies
were performed herein to unambiguously show the existence
of the LOO" reaction with the hydrophobic tyrosine analogue
BTBE.*

The evidence that we have gathered herein to support the
participation of LOO® in the tyrosine oxidation processes
promoted by the three different tested oxidation systems can
be summarized as follows: (a) Tyrosine (BTBE) oxidation was
seen in significant extents in unsaturated fatty acid-containing
PC liposomes, (b) tyrosine oxidation in liposomes (but not in
aqueous phase) was decreased under low oxygen concentrations,
(c) lipid-derived and "Tyr were simultaneously detected, (d)
o-tocopherol strongly inhibited tyrosine oxidation, (¢) BTBE
(but not BPTE) partially inhibited lipid peroxidation processes,
(f) changes in the levels of tyrosine oxidation and lipid
peroxidation products followed a parallel trend, and (g) the data
are in agreement with an overall process involving the free
radical mechanisms of lipid peroxidation and tyrosine oxidation
plus a “connecting reaction” represented by one-electron oxida-
tion of tyrosine by LOO" (eq 7) (see also Table 2).

With regard to the reactivity of peroxyl radicals with tyrosine,
the data showed that ABAP-derived peroxyl radicals were
already capable of oxidizing both BTBE in DLPC (saturated)
liposomes as well as free tyrosine (Table 1 and Figure 6), but
reaction yields were much larger for BTBE, compatible with
the concept that the reaction of phenolic compounds with
oxidizing radicals is influenced by a kinetic solvent effect
(76, 77). Indeed, different phenolic compounds (e.g., quercetin

4 Alkoxyl radicals (LO") are also formed in lipid peroxidation processes
via one-electron reduction of lipid hydroperoxides (48) or breakdown of
tetroxide intermediates formed by the coupling of lipid two peroxyl radicals;
alkoxyl radicals are far more potent oxidizing species than LOO" but mainly
rearrange to epoxyallylic radicals (50), which in turn, after coupling to O,
become a secondary peroxyl radical.
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Table 2. Main Reactions Involved in Tyrosine Oxidation in Hydrophobic Environments and the Connection to Lipid

Peroxidation”

reaction kM™'s™h reference

L’ +°OH — L'+ OH~ 1 x 101 45

L + 'NO, —~ L' + NO," 2x10° ¥

Tyr + *OH — ‘Tyr + OH™ 1.24 % 10" 90

Tyr + "OH — "TyrOH® + OH™ 6.5 x 10° 90

Tyr + ‘NO, — "Tyr + NO, 32 x 10° 46

‘Tyr + *NO, — 3-nitro-Tyr 3 x 107 46

2'Tyr — 3,3-di-Tyr 2.25 x 10° 91

2.25 x 10% 4]

L' + 0, —~ LOO" 3x10° 92

LOO® + L — LOOH + ‘L 37 68

2L00" — LOOH + 0, 107 92

LOO® + L' — LOOL 5% 107 92

2L — LL 5% 108 92

LOO" + NO, — LOOH + °NO, 4.5 x 10° 65°
LOO" + Tyr — LOOH + ‘Tyr 48 x 10° this work

a-tocopherol’ + LOO® — a-tocopheryl’ + LOOH 5% 10° 67

a-tocopherol + *NO, — a-tocopheryl™+NO, ™ 1 10° 67

o-tocopherol + *OH — a-tocopheryl” + OH ™ 3.8 x 10° 66

“ Reactions involving lipids refer to those containing unsaturated fatty acid unless otherwise indicated. ” Lipids composed of saturated fatty acid are
also oxidized by hydroxyl radicals at similar rates (58). ¢ This radical rapidly dehydrates and evolves to “Tyr under the experimental conditions
employed herein. ¢ Value for tyrosine dimerization in membranes, expected to occur at least 100 times slower than in the aqueous phase. ¢ This rate
constant has been reported for acetylperoxyl radical reduction by nitrite. / The radical scavenging mechanisms of a-tocopherol are indicated.
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mM) and treated with peroxynitrite (1 mM); samples were analyzed
for (A) 3-nitro-BTBE and (B) MDA contents.

and epicatechin) react with peroxyl radicals at similar rates than
o-tocopherol in nonpolar solvents but not in hydrogen-bonding
solvents. In solvents that are strong hydrogen bond acceptors,
the rate constants of peroxyl radicals with phenolic compounds
dramatically decline and may even become undetectable’ (78).
Polar solvents (a) interfere with the intramolecular stabilization
(H-bonding) of the phenoxyl radical and (b) generate steric
hindrance for the approach of the peroxyl radical to the solvent-
complexed phenol, which reduces the rate constant of H-atom
abstraction. Such considerations become important in hetero-
geneous phases of lipid bilayers, where the localization of the
phenolic groups will influence their effectiveness to trap peroxyl
radicals. In the case of LOO" generated in EYPC, an estimated
second-order rate constant for the reaction with BTBE was
obtained by oxygen consumption studies, using two different
approaches considering independent “primary targets”, namely,
unsaturated fatty acids (kg ~ 10—50 M~! s™!) and a-tocopherol
[kgtoc =5 x 10° M~ 571 (66)] (Figure 8). The estimated kgrpg
of 4.8 x 10> M~! s! is compatible with the redox properties

> For instance, a decrease by a factor of 36 in the k value has been
observed for the reaction of a-tocopherol with cumylperoxyl radicals when
changing from hexane to tert-butyl alcohol (78).

Chem. Res. Toxicol., Vol. 23, No. 4, 2010 831

of tyrosine and the lack of an “induction period” in oxygen
consumption studies when lipid peroxidation was initiated in
BTBE-containing liposomes; this moderate rate constant (1/200
of that of o-tocopherol) is still larger than that of LOO® with
LH [e.g., the reaction of linoleic acid peroxyl radical with
linoleic acid, k =36 M~! s7! in 70% EtOH (68)]. The reactions
of halogenated organic peroxyl radicals (known to be more
reactive than LOQ®) with tyrosine have been reported at
alkaline pH, where most of the tyrosine is in the phenolate
form (pKry—on ~ 10), with values approaching 108 M ™! 57!
(79). Oxidation of the protonated form of the phenol by
peroxyl radicals (as expected at neutral pH or when inside a
hydrophobic structure) is significantly less favorable, in full
agreement with the kgrpg value in the range of 10° M~! 57!
obtained.

In a previous work (57), the nitration of a transmembrane
peptide containing tyrosine in position eight from the C terminus
(ca. Y-8 at a depth of ~20 A from the surface) induced by the
peroxynitrite donor 3-morpholinosydnonimine hydrochloride
(SIN-1) was progressively inhibited with increasing unsaturation
degree of the DLPC:PLPC mixtures. A closer look to the data
indicates that the extent of inhibition was significantly less than
that predicted by a simple competition of Y-8 with unsatur-
ated fatty acids [e.g., at 40% liposome unsaturation and
considering the reported rate constant values for hydroxyl
radical and nitrogen dioxide-dependent fatty acid and tyrosine
oxidation (Table 2), over 90% inhibition of tyrosine oxidation
would be expected, but only 40% inhibition was actually
observed].

The relative yields of tyrosine dimerization and oxidation are
largely affected by the biomembrane structure (4/—43, 80), and
we have estimated a diffusion coefficient (D) for BTBE in PC
liposomes as ca. 5 um? s~! (41). Thus, the rate constant value
is lowered 100—200-fold (k ~ 1—2 x 10° M~!s™!) with respect
to the corresponding one of “Tyr (k = 2.25 x 108 M~! s71),
Intermolecular tyrosine dimerization will be even less likely in
integral peptides and proteins as D values become >10°—10*
times smaller than in solution depending on protein size (e.g.,
D ~ 0.1-0.5 um? s7") (81, 82) and in line with the lack of
tyrosine dimerization on transmembrane peptides treated with
peroxynitrite (57). On the other hand, "NO, concentrates to some
extent in hydrophobic environments (83), and the D value (D
‘NO,) is ~1500 um? s!, very close to that of the aqueous phase
of 4500 um? s~! (84); thus, nitration in membranes is not
kinetically impeded, a concept that is in perfect agreement with
the large 3-nitro- BTBE/3,3’diBTBE ratios found during per-
oxynitrite exposures.

Significant evidence supports that lipid peroxidation and
tyrosine oxidation processes are associated with oxidative stress-
related processes and pathophysiology (31, 43, 85, 86); for
instance, membrane protein tyrosine (and BTBE) oxidation and
nitration were evidenced in red blood cells exposed to perox-
ynitrite, in a process that was inhibited under low oxygen
tensions (43). In a related way, accumulation of protein 3-nitro-
Tyr and 4-hydroxynonenal protein adducts has been simulta-
neously detected in liver and kidney in a model of type I diabetes
where peroxynitrite has been identified as a key mediator of
lipid peroxidation (86). Future work should address whether
both processes in vivo are mechanistically linked as suggested
by our in vitro model studies. Our data also indicate that
a-tocopherol can potently modulate tyrosine oxidation yields
in membranes by inhibiting lipid peroxidation. In this regard,
it is important to consider that the extent of inhibition is a
function of o-tocopherol levels that under biologically relevant
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Figure 8. Oxygen consumption studies. Oxygen consumption was measured in a 2K Oxygraph to assess ABAP- (10 mM) and hemin- (1 M)
induced lipid peroxidation in 100 mM sodium phosphate (pH 7.3) plus 0.1 mM DTPA. (A) EYPC and DLPC liposomes (6.25 mM). (B) BTBE (0.3
mM) or a-tocopherol (0.3 mM) containing EYPC liposomes. The arrow indicates the exogenous addition of 0.25 mM o-tocopherol; the transient
increase in oxygen levels observed in this record is due to oxygen dissolved in the volume of reagent added (C) BPBE (0.3 mM) and control EYPC
liposomes. (D) EYPC liposomes in the absence and presence of different concentrations of BTBE (0.1—3 mM) were exposed to ABAP (10 mM)
and hemin (1 M), and oxygen consumption inhibition was evaluated as a function of BTBE concentration. (E) EYPC liposomes with or without
BTBE (0.3 mM) were exposed to hemin (30 min) and ABAP (2.5 h), and the lipid hydroperoxide content was measured. Inset: UV—vis spectra
of the same samples shown in E: (a) —BTBE, (b) +BTBE, (c) +BTBE + hemin, (d) +BTBE + ABAP, (¢) —BTBE + ABAP, and (f) —BTBE

+ hemin. (F) The same samples as panel E in which the MDA content was measured. The structure of BPBE is indicated in the corresponding
panel.

conditions [ca. 1 molecule of a-tocopherol per 100—1000 to fully prevent tyrosine oxidation events in either biomembranes
molecules of membrane phospholipid (87)] may not be sufficient (43, 86) or model membranes (this work, see Figure 7A at 0—0.3
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Figure 9. Proposed reaction mechanism by which LOO" participate in tyrosine oxidation.

mM o-tocopherol for 30 mM DLPC). Thus, we predict that an
increase of cell/tissue levels of a-tocopherol should result in
attenuation of protein tyrosine oxidation in both biomembranes
and lipoproteins.

In addition to lipid peroxidation products, other side reactions
take place on lipid radical intermediates when peroxynitrite and/
or ‘NO; are present, leading to the formation of small amounts
of nitrated lipids (88) (eq 9)

LOO" + *NO, — LOONO, )

Additionally, a termination reaction between ‘LOO and “Tyr may
occur yielding Diels—Alder-type structures (89) (eq 10):

‘Tyr + *‘LOO — Tyr—OOL (10)

Membrane phospholipids have a low D value (Dpp, ca. 0.5—1
um?s~' (81)), but because of their abundance, the formation of
tyrosyl—phospholipid adducts is at least probable and deserves
investigation in further studies.

In summary, the data presented herein support that ‘LOO
participates in tyrosine oxidation processes in hydrophobic
biocompartments and provides a new mechanistic insight to
understand protein nitration in lipoproteins and biomembranes
(Figure 9). Notably, cell and tissue oxygen levels become a
previously unrecognized factor that will critically influence
tyrosine oxidation yields via the intermediacy of LOO".
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In this issue

Tyrosine versus Lipids
The tyrosine residues of
proteins are vulnerable to
one electron oxidation dur-
ing periods of oxidative
stress. The resulting tyrosyl
radical (eTyr) can undergo
further reactions, including
dimerization, yielding 3,3'-
dityrosine, and addition with
species such as eNO,, which
yields 3-nitro-tyrosine (3-NT).
3-NT is an established bio-
marker for conditions of oxi-
dative and nitrosative stress,
such as inflammation, car-
diovascular disease, and
neurodegeneration.

Most studies of eTyr forma-
tion and reactivity have
been carried out in aque-
ous solution, ignoring the
fact that many vulnerable
protein tyrosine residues are
localized within the hydro-
phobic regions of cellular
membranes. Membrane
polyunsaturated fatty acids
(PUFAs) are highly suscep-
fible to free radical oxido-
fions that would be ex-
pected to influence Tyr oxi-
dation. Now Bartesaghi et
al. (p 821) explore «Tyrchem-
istry in a lipid environment
using N--BOC -tyrosine fert-
butyl ester (BTBE), a hydro-
phobic Tyr analogue, incor-
porated into phospholipid
liposomes.

Using peroxynitrite as oxi-
dant, Barfesaghi et al. found
that BTBE oxidation to 3,3'-
di-BTBE or to 3-nitro-BTBE oc-
curred regardless of the
PUFA content of the lipo-
somes. Lipid peroxidation
also occurred in PUFA-con-
taining liposomes as indi-
cated by the generation of
lipid peroxides and malon-
dialdehyde (MDA). Elec-
fron spin resonance studies
confirmed the presence of
both tyrosyl and lipid-de-
rived radicals. Lipid and
BTBE oxidation were both
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inhibited by low (O,) or the
addition of a-tocopherol.

These results indicate that
PUFAs do not prevent Tyr
oxidation by acting as free
radical scavengers and
suggest that lipid peroxyl
radicals (LOOs), formed dur-
ing PUFA oxidatfion in the
presence of O, actually
promote ¢Tyr formation. This
hypothesis was supported
by the finding that hemin
and 2,2-azobis-(2-amidino-
propane)  hydrochloride
(ABAP), both of which gen-
erate peroxyl radicals, pro-
moted BTBE oxidation in
liposomes.

-
S e

Bartesaghi et al. showed
that BTBE suppresses O,
consumption in ABAP- or
hemin-treated PUFA-con-
taining liposomes, indicat-
ing that BTBE competes with
PUFAs for reaction with
LOOe. They used these data
to calculate the rate con-
stant for the reaction of BTBE
with LOOs, showing that this
reaction is faster than the
reaction of LOOe with an-
other PUFA. The results clear-
ly demonstrate that Tyr oxi-
dation can take place in a
lipid environment as an oxy-
gen-dependent pathway
that connects lipid peroxi-
dation to processes that
lead to oxidative protein
modifications.

The Trouble With Chlorine
During the inflammatory re-
sponse, leukocytes produce
reactive species, including
O,7, HO,, and HOCI that
are directed toward killing
the invading pathogen.
However, these species also
nonspecifically react with
host cell components, lead-
ing tfo toxic damage. The
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most likely product of the
reaction of HOCI with nu-
cleic acids in vivo is 5-chlo-
rouracil (CIU). Since cells in
culture metabolize 5-chloro-
2’-deoxyuridine (CldU) and
incorporate it into DNA, Kim
et al. (p 740) explored the
DNA polymerase-directed
coding properties of CIU
and ifs susceptibility to re-
pair by the human selec-
tive monofunctional uracil-
DNA glycosylase-1 (hSMU-
Gh.

Mass spectrometry experi-
ments confirmed that hu-
man K-562 cells incorporate
CldU from culture medium
into DNA. Following two cell
doublings in the presence
of 10 uM CldU, the ratio of
CIU to T in K-562 DNA was
0.89:1. These cells showed
litfle evidence of toxicity,
suggesting that CIU substi-
tutes for T in vivo.

Using human DNA poly-
merase S, avian myeloblas-
tosis virus reverse tran-
scriptase, and E. coliKlenow
fragment (exo-) as model
human, viral, and prokary-
otic polymerases, respec-
fively, Kim et al. explored
the ability of each enzyme
to incorporate dATP versus
dGTP across from CIU in a

Chemical
Researchin
ToXicology

synthetic template primer
oligonucleoftide. They found
that, for all three polymeras-
es, the keat/Km for incorpo-
ration of dATP was approxi-
mately 4 orders of magni-
tude greater than that for
dGTP, indicating that CIU is
primarily recognized as T.
However, increasing the pH
of the incubation medium
from 6.5 to 8.5 increased
the tendency of the poly-
merases to misincorporate
dGTP. Kim et al. explained
this finding on the basis of
the electron-withdrawing
properties of Cl in CIU,
which increase the acidity
of the N1 and N3 protons.
lonization at these positions
with increasing pH allows
CIU to form a stable base
pair with G that has similar
geometry to a normal
Watson—Crick pair.

Studies using a well-char-
acterized ClU-containing oli-
gonucleotide duplex as
substrate revealed that ClU
is subject to hydrolysis by
hSMUGT when paired with
G, but not when paired with
A. Since pairing of CIU with

Special Features

story!

Many human disorders of toxicologic origin result
from a complex interplay among genetic, chemical,
and physiological factors. Dissecting the contribu-
tions of each of these factors can be a daunting task.
Editorial Advisory Board member Andrew Smith
(Smith and Elder, p 712) now reports on such an
effort. Using porphyria cutanea tarda as a model,
Smith and Elder demonstrate how a genetically
determined enzyme deficiency combines with expo-
sures to external toxicants to result in this disease
of skin photosensitivity. Do not miss this fascinating
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A is highly favored, these
results suggest that ClIU le-
sions are likely to persist in
vivo. However, Kim et al.
note that the repair of a
CIU-G base pair by hSMUG1
will lead to the removal of
the CIU and its replace-
ment with C, resultingina T
to C ftransition. Together,
these results provide an im-
portant foundation for un-
derstanding the implications
of halogenated DNA dam-
age in vivo.

Did You Eat Your Broccoli?
Diets rich in cruciferous veg-
etables are associated with
a reduced risk of cancer.
This benefit has been at-
fributed to the vegetables’
high levels of isothiocyan-
ate glucosinolates (IGs). IGs
are hydrolyzed by gut mi-
croflora to free isothiocya-
nates (ITCs), which have
been shown to inhibit drug
metabolizihg enzymes, in-
duce cell cycle arrest and
apoptosis, and promote oxi-
dative stress. How these ac-
fivities conftribute to ITCs’
antitumor effects remains
uncertain, butthereisclearly
a need for biomarkers of IG
and ITC consumption so
that their correlation with
cancer prevention can be
reliably assessed. Now Ku-
mar and Sabbioni (p 756)
have addressed this need.

The primary route of ITC
metabolism is thiol conjuga-
fion with glutathione, pro-
ducing N-acetylcysteine
conjugates as the major
urinary metabolites. These
mercapturic acids have
been used as biomarkers of
ITC consumption, but they
are unstable and reflect in-
take from only the past 24 h.
To devise a beftter assay,
Kumar and Sabbioni ex-
ploited the fact that ITC-
thiol conjugates are revers-

In this issue

ible, releasing free ITCswhich
are then available to react
with proteins. Over time,
protein conjugates become
the major in vivo reservoir of
ITCs, suggesting that these
conjugates could serve as
a biomarker of long-ferm
ITC ingestion.
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To test this hypothesis, Ku-
mar and Sabbioni synthe-
sized lysine conjugates
of benzyl isothiocyanate
(BITC), phenylethyl isothio-
cyanate (PEITC), allyl isothio-
cyante (AITC), and D, L-sul-
foraphane (SFN). They also
synthesized stable isotope-
labeled conjugates using
(3C4'*Ny)-lysine and the cys-
teine, valine, and aspartic
acid conjugates of BITC.
These compounds provided
standards for the most likely
products of the reaction of
vegetable-derived ITCs with
albumin (Alb) and hemo-
globin (Hb).

With these tools in hand,
Kumar and Sabbioni identi-
fied BITC-Lys in a Pronase E
digest of Alb that had been
reacted in vitro with BITC.
Incubation of all four ITCs
with Alb revealed arelative
reactivity of BITC > PEITC >
AITC > SFN, with the lysine
conjugate identified as the
major product for all.

Analysis of Alb from mice
fed the acetyl-cysteine con-
jugate of PEITC revealed
PEITC-Lys adducts. Similarly,
BITC-Lys and PEITC-Lys were
found in the Alb and Hb of
a human volunteer follow-
ing consumption of water
cress plus garden cress, and
SFN-Lys was detected fol-
lowing the consumption of
broccoli. These species co-
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incided with the main ITCs
in the consumed veg-
etables. The Alb conjugates
decreased in the blood with
a half-life of approximately
21 days, similar to that of
Alb.

The results support the use
of ITC-lysine conjugates in
Alb or Hb to monitor long-
termITC consumption. These
reliable biomarkers will be
valuable tools to fully assess
the anticancer activity of
dietary ITCs.

Lethal Touch
As nanomaterials appear in
a growing number of con-
sumer products, concerns
about their toxicity intensi-
fies. Oxides of Zn, Ti, and Si
are commonly found in
foods and cosmetics, so
their gastrointestinal toxicity
is of particular relevance.
Consequently, Moos et al.
(p 733) have explored the
mechanisms of toxicity of
/nO nanoparticles in hu-
man colon-derived RKO cells.
Moos et al. investigated
a commercial preparation
of ZnO nanoparticles (nZnO)
and a second preparation
(MZnO), defined by their
mesh cut size. Although
mZnO contained particles
from <100 nM to >1 uM, the
ratio of surface areaof nZnO
to mZnO was 7.5:1, confirm-
ing a substantial difference
inaverage particle size. Both
preparations formed 500—
2000 nm aggregates in the
cell culture medium.
When applied directly to
cells, nZnO (LCso = 15 ug/
cm?) was approximately
twice as toxic as mZnO
(LCs0 = 29 ug/cm3), indicat-
ing some effect of particle
size or geometry on toxicity.
Toxicity occurred at par-
ficle exposures that might
be expected from acciden-
tal ingestion of ZnO-contain-

Vol. 23,

ing sunscreen. When cells
were separated from the
particles by a dialysis mem-
brane or a Transwell mem-
brane, no toxicity was ob-
served, indicating that di-
rect contact between the
cells and particles was re-
quired. Staining cells with
propidium iodide and an-
nexin V following treatment
with tfoxic concentrations of
nZnO or mZnO suggested
that cell death was prima-
rily the result of apoptosis.
Further studies using the fluo-
rescent dye JC-1 indicated
a loss of mitchondrial mem-
brane potential, and mito-
SOX red staining revealed
increased levels of O, pro-
duction in the toxic cells.

Similar concentrations of
Zn*" appeared in the cul-
ture medium of cells incu-
bated in direct contact with
particles or separated from
particles in the Transwell ap-
paratus. This observation,
coupled with the failure to
elicit toxic responses in the
presence of comparable
concentrations of Zn?*

alone, indicated that par-
ticle-induced toxicity was
not the result of solubiliza-
fion to yield the free metal
ion.

Apoptosis markers.
ZnO agglomerates

Cellular contact is
required of
agglomerates of
200 particulate to
initiate apoptosis and
mitochondrial
dysfunction.

Mitochondrial Potential
and Superoxide markers

Together, the data sug-
gest a strong role for direct
cell contact in mediating
nZnO and mZnO tfoxicity. It
remains to be seen whether
particle uptake is also re-
quired, but these studies
provide important clues to
the mechanisms of toxicity
of these common materials.
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SUMMARY

Protein as well as lipid oxidation and nitration represent key signaling and injury processes
during nitro-oxidative conditions. In this chapter, we emphasize the chemistry and physical
interactions of nitric oxide and reactive nitrogen species within lipid environments, i.e. cell
membranes and lipoproteins. The key reactions of reactive nitrogen species in lipid milieu
are discussed, including nitric oxide autoxidation, peroxynitrite homolysis, tyrosine nitration
and lipid-protein adduct formation in biologically relevant systems. Mechanisms of nitroty-
rosine and nitro-fatty acid formation in membranes and cells are also discussed along with
their key biological and redox signaling actions.

Keywords: nitric oxide, peroxynitrite, reactive nitrogen species, nitration, LDL, nitro-fatty
acids, nitrotyrosine, inflammation

CHEMISTRY OF NITRICOXIDE AND REACTIVENITROGEN
SPECIES

Nitric oxide (nitrogen monoxide, *“NO) is produced by the aerobic oxidation of L-arginine
catalyzed by nitric oxide synthases (Alderton et al., 2001). It is found as a gas in its standard
state and has a low solubility in water (1.95 mMatm ™! at 25°C) (Shaw and Vosper, 1977;
Zacharia and Deen, 2005). It has a bond length of 115.1 pm and a bond order of 2.5 due to
the presence of an unpaired electron in an antibonding ©* molecular orbital (Radi, 1996).
This radical reacts exclusively with other paramagnetic species, such as other radicals or
metal centers (Radi, 1996). The rates of reaction are usually fast, approaching the diffusion

Nitric Oxide: Biology and Pathobiology, second edition
Copyright © 2010 by Academic Press. Inc. All rights of reproduction in any form reserved.
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limit for some radicals, while reactions with metal centers and metal-bound oxygen occur
more slowly (for oxyhemoglobin, Eq. (2), k = 8.9 X 10’M!s™!) (Czapski and Goldstein,
1995; Herold et al., 2001; Nauser and Koppenol, 2002; Padmaja and Huie, 1993). It

can also react with dioxygen (O,; *NO autoxidation) in an overall third-order reaction

(k= 1.5-3 X 10°M~2s™1) (Awad and Stanbury, 1993; Ford et al., 1993; Goldstein and Czapski,
1995) to yield nitrogen dioxide (*"NO,). Supposed elementary steps are described in Egs. (3)-(5)
(Goldstein and Czapski, 1995). Nitrous anhydride (N,0O3) is an additional intermediate in
°*NO autoxidation (Eq. 6), while nitrite (NO, ") is the major final product in water (Eq. 7).

*NO + 05 ——ONOO"~ (1)
*NO + HbO, —— MetHb + NO; (2)
*NO + 0, =—=O0NOO" (3)
ONOO® + *NO=—=O0NOONO (4)
ONOONO——2°NO, (5)
NO, + *NO=—=N,0, (6)
N,O; + H,0——2NO, + 2H" (7)

The reaction of *NO with the superoxide anion (O,"; Eq. 1) is extremely fast and
approaches the diffusion limit (k = 4.3-20 X 10°M~'s™!) (Czapski and Goldstein, 1995;
Nauser and Koppenol, 2002). The product of this reaction is peroxynitrite anion (ONOO™),
which can yield a variety of potent oxidants (Radi et al., 2000). The chemistry of perox-
ynitrite is complex and was analyzed by us in detail in the first edition of this book (Radi
et al., 2000). Briefly, peroxynitrite anion is a rather stable molecule at alkaline pH but can
react with Lewis acids, i.e. H;O™ or CO,, and electrophilic transition metal centers (Egs.
8-10) leading to kinetically distinguishable direct and indirect pathways of target molecule
oxidation. At pH < 9 peroxynitrite anion is in rapid equilibrium with peroxynitrous acid
(pKa = 6.8, Eq. 8). The latter reacts selectively with nucleophiles, more rapidly with thiols,
through overall second-order ‘direct’ reactions (Eq. 11). Distinctly, the addition of perox-
ynitrite anion to Lewis acids destabilizes the peroxo (O-O) bond allowing ‘indirect’ homo-
lytic pathways to take place (Eqs. 12-14), which are zero order in target molecule at high
target concentrations. Indirect oxidations elicited by peroxynitrite in the presence of H;0™,
CO, and electrophilic transition metal centers are of a radical nature, and typically involve
*NO,, hydroxyl radical (*OH), carbonate radical (CO3*~) or metal-bound oxygen radicals
(M = O*) which are formed, with characteristic yields, as proximal oxidants (Eqs. 12-14).

ONOO™ + H;0" ==ONOOH + H,0 (8)
ONOO~ + CO, ——ONOOCO, 9)

ONOO™ + Mn(Ill)==Mn(IlI) — (ONOO") (10)
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ONOOH + RS” ——RSOH + NO, (11)
ONOOH——0.3(*NO, + *OH) + 0.7(NO3 + H") (12)
ONOOCO, ——0.35(°*NO, + CO3 ) + 0.65(NO; + CO,) (13)
Mn(Ill) — (ONOO ™ )—— *NO, + Mn(IV) = O (14)

Nitrogen dioxide is not only a product of the homolysis of peroxynitrite derivatives but also
a product of *NO autoxidation and NO, ™ oxidation by metalloperoxidases (Augusto et al.,
2002). It has a dipole moment of 0.289 D (Heitz et al., 1991) and low solubility in water
(10-14 mMatm ™! at 20°C) (Cheung et al., 2000). The N-O bond length is 119.7 pm, with
a bond angle of 134.3 °.The unpaired electron is delocalized through the three atoms, but
the higher spin density is located at the nitrogen (Augusto et al., 2002). Nitrogen dioxide is
a potent oxidizing molecule (E° = 1.04V) (Stanbury, 1989) which can react with a variety
of targets at moderately high rates (Augusto et al., 2002; Huie, 1994). Nitrogen dioxide can
dimerize to form N,0, (Eq. 15, in water at 20°C, K = 6-6.5 X 10* M~ !) which is rapidly
hydrolyzed to NO,™ and nitrate (NO37; Eq. 16, k = 1 X 10°s™!) (Augusto et al., 2002;
Cheung et al., 2000). Since K = 6.2 X 10*M ™!, most of the oxidative potency of *NO, at low
concentrations can be ascribed to *NO, itself.

2.N02 éﬁNzoél (15)

N,0, + H,0——NO, + NOj (16)

Nitrogen dioxide is involved in the formation of NO, ™ and a reaction with target molecules
which can then undergo further reaction to yield oxidation, nitrosation, dimerization and
nitration products (Augusto et al., 2002).

The hydroxyl radical is an extremely reactive short-lived radical. It can oxidize practically any
molecule at near diffusion-controlled rates. In cells, the high abundance of targets and the
high reactivity of *OH restricts its radius of reaction to three to four molecular diameters from
the site of its formation (Hutchinson, 1957). The carbonate radical is a bulky and charged
molecule with a very low pK, (pK, = 0; Augusto et al., 2002) which cannot penetrate into lipid
membranes and reduces lipid oxidation by peroxynitrite (Botti et al., 2004a; Khairutdinov

et al., 2000; Romero et al., 1999). However, CO3™ aids in membrane or lipoprotein surface
protein oxidation and nitration by peroxynitrite (Botti et al., 2005; Romero et al., 2007).

PHYSICAL INTERACTIONS OF NITRICOXIDE AND REACTIVE
NITROGEN SPECIES WITH LIPID MEMBRANES AND
LIPOPROTEINS

The main function of lipid membranes is to separate and regulate the content of the cell inte-
rior. For many substances, lipid membranes function as an effective barrier preventing free
transport in and out of the cell. The permeability of a membrane (P,,) to the different mol-
ecules depends on the solubility of the molecule in the membrane (Kp) and the diffusivity of
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the molecule across the membrane (D). According to the simple diffusion-solubility theory,
the relation between these parameters is (Diamond and Katz, 1974; Lieb and Stein, 1986):

= (17)

where 6, is the thickness of the membrane and D, is more precisely the self-diffusion coefficient
of the molecule in the lipid portion of the membrane in the normal direction to the bilayer. This
widely accepted model assumes isotropic diffusion of the molecule in the membrane, a condi-
tion met by most lipid bilayers above the main transition temperature with a non-oversaturating
cholesterol content (Fischkoff and Vanderkooi, 1975; Kusumi and Hyde, 1982; Subczynski et al.,
1996), and also negligible interfacial resistance to solute movement (Zwolinski et al., 1949).

Both physical and chemical processes involving lipid environments will depend on the abil-
ity of *°NO or reactive nitrogen species (RNS) to penetrate the membrane. Knowing P, Kp or
D,, helps in obtaining a detailed mechanistic picture of these processes.

Solubility

Kp is the partition coefficient for the molecule between the membrane and the aqueous
phase (Eq. 18), i.e. the equilibrium constant that relates the concentrations of the molecule
inside and outside the membrane.

_ [NOJ,

= 18
[NOl,q (18)

P

Early experiments showed that *NO solubility in organic solvents was, on average, eight
times higher than in water (Malinski et al., 1993; Shaw and Vosper, 1977), suggesting that
the solubility of *"NO in membranes should also be high. More recently, it was shown that
*NO is actually 3.6-4.4 times more soluble in membranes and 3.4 times more soluble in
low density lipoprotein (LDL) than in water (Moéller et al., 2005; Moller et al., 2008; Moller
et al., 2007b). The higher concentration of *°NO inside the membrane leads to an increase
in reaction rates relative to the aqueous phase (the effective concentration is higher), which
is best exemplified by the acceleration of *“NO autoxidation by membranes (‘lens effect’, see
below) (Liu et al., 1998b; Moller et al., 2007a; Moller et al., 2007b).

Data on *NO, solubility in organic solvents are scarce due to its high reactivity. One

report indicates that *NO, is 1.5-1.9 times more soluble in organic solvents than in water
(Mendiara and Perissinotti, 2003), suggesting that solubility in the membrane should be
slightly higher or nearly the same as in water. Therefore, no significant acceleration of *NO,
reactions in the membrane due to a local concentration effect would be expected.

Determination of peroxynitrous acid solubility in organic solvents is difficult due to its high
reactivity and short lifetime. Considering its high polarity and the low reported permeability
coefficient across lipid bilayers (Khairutdinov et al., 2000; Marla et al., 1997; Moller et al.,
2008) a low solubility would be expected, with KSNH < k}:° ~0.0005.

It should be emphasized that a high solubility in a lipid environment does not mean that
*NO or RNS will be ‘stored’ in lipids and live longer, since diffusion in and out of the lipid
phase is very fast (Denicola et al., 1996; Subczynski et al., 1996).

Diffusion

The diffusion coefficient of *NO across the membrane (D,,) indicates how fast the molecule
can travel due to random movements. Being uncharged, net transport of *“NO will occur if
differences in *NO chemical potential exist through space. In membranes and lipoproteins,
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diffusion is usually slower than in aqueous solution due to the higher microviscosity, so that
diffusion-controlled reactions will occur at a lower rate in lipid media. The experimental
determination of the diffusion coefficient depends on *NO interaction with fluorescent or
spin probes inserted in the membrane. The parameter readily available from these experi-
ments is the apparent diffusion (D’},), the product KpD,,,, because the change in local con-
centration of the molecule also affects the frequency of collisions.

Studying the quenching of fluorescence of pyrene derivatives located at different depths in

the membrane by *NO, Denicola et al. (1996) found that D'}, for *NO at the interface and

at the center of an egg yolk phosphatidylcholine membrane was 1.7 X 10~°>cm?s ™! and

1.5 X 10~ >cm?s~}, respectively. In erythrocyte membranes (ghosts) it was found that
apparent diffusion was 2.6 times higher in the center of the bilayer than in the interface

(D'p = 13X 10" °cm?s 'and D'y, = 0.5 X 10~ >cm?s ™}, respectively) (Denicola et al., 1996).
Using a similar approach, it was found that at 37°C D'}, in the center of dipalmitoyl- and
dimiristoylphosphatidylcholine membranes was 0.7 and 1.1 X 10~>cm?s ™!, respectively, and
it decreased 25% in the presence of 30% cholesterol (Miersch et al., 2008). These apparent dif-
fusion coefficients for *°NO in membranes are only two to three times lower than the diffusion
coefficient for *NO in water, D, = 2.2-4.5 X 10">cm?s~! (Denicola et al., 1996; Zacharia and
Deen, 2005), indicating that membranes are not important barriers to *NO diffusion.

Taking the average value for the apparent diffusion coefficient in membranes

(~1 X 107 5cm?s™ 1) and using Eq. (19) relating the average displacement < x > to D and
time in three dimensions, we can estimate that *NO could travel 50-200 um from its biologi-
cal source (biological half-life for “NO = 0.5-55), a distance comparable to 5-20 times the
mean diameter of a cell.

<x>=+06Dt (19)

THE CASE OF LDL

The oxidation of LDL is related to the pathogenesis of atherosclerosis in ways that are still not
fully understood. Nitric oxide is a potent inhibitor of LDL oxidation and may be an impor-
tant antioxidant for LDL in vivo (see below). The main antioxidant in LDL, a-tocopherol
(a-TOH), is mostly restricted to the outer phospholipid monolayer while the cholesteryl-
ester rich core is devoid of this antioxidant. Fluorescence quenching experiments showed
that °*NO could easily get into the LDL core. The apparent diffusion of *NO in LDL's core was
similar to that in the surface phospholipid monolayer (Table 1) and similar or just a half
that in water (Denicola et al., 2002). Therefore, *NO would find little resistance to entering
LDL’s core and stopping its oxidation. Interestingly, oxidized LDL showed a higher appar-
ent diffusion in both regions (Table 1), indicating that lipid peroxidation products lead to a
looser lipoprotein structure, allowing for easier *NO penetration.

REAL DIFFUSION

Real diffusion, calculated for *°NO based on the independently determined apparent diffu-
sion coefficients and Kp in membranes and LDL, yielded interesting results on the mecha-
nism of *NO diffusion in lipid milieu. It was found that D, = 3.9 X 10~ ®cm?s~ ! in LDL
and D, = 3.1 X 10~ °cm?s™ ! in egg yolk phosphatidylcholine membranes; just 6-12 times
less than Dy, in water (Moller et al., 2005). An intriguing matter was that microviscosity (7)
in a lipid membrane is ~100 times higher than in water, and considering the Einstein-Stokes
relation (Eq. 20) a much lower D, was expected (D « 1/n):

kT
67

D = (20)
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Apparent diffusion of *°NO in native and

Tablel

oxidized LDL ( )
D’surface D’core
(10~°cm?s™) (10~%°cm?s™)
Native LDL 2.3 1.7
Oxidized LDL 4.9 3.0

However, this difference can be reconciled after realizing that membranes and lipoproteins
do not behave as stokesian media for small molecules (Fischkoff and Vanderkooi, 1975;
Moller et al., 2005) and thus the diffusion is less sensitive to changes in local 7. Considering
small molecules like *NO in this kind of media, D o 1/7?, where a < 1. Taking this into
consideration, the influence of cholesterol in decreasing *NO apparent diffusion should be
explained by a decrease in *NO solubility rather than significant changes in the real diffusion
coefficient.

Permeability

P, is the velocity at which the molecule crosses the membrane (it has units of distance over
time, i.e. cms™ 1) and indicates how easy it is for the molecule to move across the membrane
(in a direction normal to the membrane surface). Membrane permeability to *NO is so high
that direct measurements are nearly impossible to perform, since almost inevitably the water
layer surrounding the membrane offers a higher resistance to *NO transport than the mem-
brane itself (Liu et al., 1998a, 2002). However, permeability data can be obtained from the
apparent diffusion (KpD,,) which can easily be converted to permeability using adequate
assumptions and Eq. (17) or related expressions (Subczynski et al., 1996). As already men-
tioned, the apparent diffusion in phospholipid and erythrocyte membranes was only two

to three times lower than in water (Denicola et al., 1996; Miersch et al., 2008). Using spin
probes, it was calculated that permeability coefficients for *"NO were 63 and 77 cms ™! in
phospholipid membranes with and without cholesterol, respectively; 30% greater than the
permeability through an equally thick layer of water (Subczynski et al., 1996). Therefore,
most biological membranes represent low barriers to *NO transport (Fig. 1), yet it may

be significant. It has been observed that increasing the cholesterol content in the plasma
membrane of fibroblasts leads to a lower activation of soluble guanylyl cyclase and a lower
phosphorylation of the vasodilator-stimulated phosphoprotein by externally added *NO,
suggesting that altered membrane composition can modify cell responses to *NO, possibly
through changes in *NO permeability (Miersch et al., 2008).

Peroxynitrite crosses cell membranes via different routes (Fig. 1). Peroxynitrite anion can pen-
etrate cells through anion exchangers, while peroxynitrous acid can cross through the lipid
part by simple diffusion (Denicola et al., 1998). Due to its ionic nature, the permeability of
pure lipid membranes to peroxynitrite anion is extremely low. On the other hand, peroxyni-
trous acid is able to cross pure lipid membranes at rates similar to that of water molecules
(P, = 4-13 X 10~ *cms™}; Khairutdinov et al., 2000; Marla et al., 1997; Méller et al., 2008).
It is 10*-10° times less permeant than *NO, so it can be said that membranes offer a moderate
barrier to peroxynitrous acid transport (Fig. 1) (Moller et al., 2008). This limitation may be of
great relevance in light of the mechanisms of microbial adaptation to stress involving changes
in membrane properties (lipid unsaturation, acyl chain length, etc.) (Branco et al., 2004).

Data on *NO, permeability obtained from indirect experiments using peroxynitrite as a
source of this radical indicate that its permeability is similar to or higher than that of peroxyn-
itrous acid (Khairutdinov et al., 2000). Recently available data on *NO, solubility in organic
solvents indicate that *"NO, should be similarly or slightly more soluble in membranes than



in water, and therefore should have a permeability slightly lower than
*NO (Mendiara and Perissinotti, 2003).

In summary, lipid membranes are very permeable to *“NO and possi-
bly to *NO,, but less permeable to peroxynitrous acid (Fig. 1).

ERYTHROCYTE MEMBRANE PERMEABILITY TO NITRIC OXIDE

Many attempts have been made to determine the permeability of
the erythrocyte membrane to *NO (Gorczynski et al., 2007; Liao
etal., 1999; Liu et al., 2002; Liu et al., 2007). This parameter is of
key importance in order to understand *NO bioactivity and metabo-
lism in the vasculature. A more general model for non-electrolyte
permeation is needed to explain *NO permeability across complex
anisotropic media like the red blood cell membrane. Zwolinski et al.
(1949) proposed a general equation for permeation through bilayer
systems, integrating interfacial barriers (Eq. 21).

L + 2 (21)
P, KpD D

m sm
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FIGURE1

Permeability of a biological lipid membrane to *NO and
derived reactive species. The permeability is related to
the ability of the species to penetrate and react in the
lipid environment. Peroxynitrite anion can cross lipid
membranes such as red blood cell membranes through
anion exchangers, but permeability through the lipid part
is very low.

where Py, is the permeability constant of the lipid bilayer, 6 and )\ are the widths of the
hydrocarbon core and of each interfacial region, respectively, and Dy, is the apparent dif-
fusion coefficient across the interfacial region (which is due to phospholipid headgroup
and hydration regions; and for the case of erythrocytes, it may reasonably include mem-
brane-associated proteins and their effect upon phospholipid dynamics). Each term on

the right represents in series resistances to diffusive transport due to the hydrophobic core
(Rye) and the interfacial zone (R, ). Data of ours and other groups on the erythrocyte
membrane can be used to calculate P, according to this equation. Taking: A = 1.5nm,

§ = 3nm (Hristova and White, 1998; Wiener and White, 1992), KpD, = 1.3 X 10 > cm?s™!
(Denicola et al., 1996) and Dy, = 5 X 10~ ¢cm?s ™! (Denicola et al., 1996), we get P, =
12.0cms™ L. If we now include *NO transport through the glycocalix of the erythrocyte mem-
brane with an apparent diffusion coefficient Dy, similar to that of *NO in water (D,, (37°C)
=3.4 X 10>cm?s ™! (Liu et al., 2007), we obtain an expression for the permeability of the

erythrocyte membrane (Eq. 22):

1
Pem KPDm Dsrn

A
+ =
Dg

(22)

where A = 50 nm (Sackmann, 1995). Using Eq. (22) we obtain P,,, = 4.3 cms™!. The contri-
bution of the stagnant water layer or unstirred layer (UL) can also be calculated (Eq. 23):

P K,D,, D D, D

app sm g w

(23)

Most of the variability between reported values of the permeability constant of *NO through
the erythrocyte boundaries can be ascribed to different sizes of the unilamellar liposomes
(UL). In the work by Liu et al. (2007) electrochemical determinations of steady-state
concentrations of *NO combined with mathematical modeling were used to determine

P, = 4.5cms ™}, taking care of UL effects with UL values ranging from 2 from 4 um and

D,, = 3.4 X 10 °cm?s ™! (37°C). Their results can thus be directly compared with our calcu-
lations of P,,. The reported values of permeability by Liao et al. (1999) that are almost two
orders of magnitude lower than our calculated value for P, could be explained considering
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that the last term in Eq. 23 was not considered or evaluated separately. Actually, that low
permeability constant is in reasonable agreement with calculated values of P,, considering
UL = 4pm (P,,, = 0.08cms™1).

To summarize, current knowledge supports the permeability of the erythrocyte membrane
to *°NO being comparable to that of a water layer of the same thickness (5.6 nm) (4.5 vs
6.1cms ™ !). The resistance is distributed as follows: R, < Ry, < Ry < Ry Extracellular resist-
ance is the main factor explaining diminished *NO inactivation by red blood cells compared
to free oxyhemoglobin, as previously shown (Chen et al., 2006; Liu et al., 1998a, 2002). It is
important to note that the value of P,,;, = 4.3cms ™! we calculate is independent of the oxy-
genation state of intra-erythrocytic hemoglobin, leaving unexplained the reported variations
of P, with pO, (Gorczynski et al., 2007).

REACTIONS OF REACTIVE NITROGEN SPECIES IN LIPID MILIEU

In lipid environments, where there is low polarity, high packing and high viscosity, the reac-
tions of *"NO and RNS will be distinct from those in the aqueous phase. Two kinds of effects
may be expected, depending on the type of reaction. If the reaction is diffusion limited, the

rate of reaction inside the lipid phase will be modified by K,D,,, relative to D,,. If the reaction

is activation controlled, the rate will be mainly affected by Kp. Table 2 shows a selected list of
reactions involving RNS that are relevant within membranes. The reactions are classified on a
kinetic basis as diffusion- or activation-controlled processes. Below we discuss in detail the cases
of a) *NO autoxidation, b) peroxynitrous acid homolysis, ¢) “NO-mediated lipid oxidation
inhibition, d) protein tyrosine nitration, and e) formation of covalent lipo-protein products.

Acceleration of nitric oxide autoxidation by membranes

Nitric oxide autoxidation is a complex third-order reaction, the elementary reactions of
which have not been unambiguously identified, but a possible mechanism is described

in Egs. (3)-(5) (Goldstein and Czapski, 1995). This reaction is activation controlled, and
membranes and lipoproteins have a dramatic effect on the rate of autoxidation (Liu et al.,
1998b; Moller et al., 2007a,b). Liu et al. (1998b) found that the rate of *°NO disappearance
increased considerably after adding phospholipid or hepatocyte membranes. In a heteroge-
neous system containing lipids and water, the observed rate of *NO autoxidation will be a

Diffusion- and activation-controlled reactions
of °NO and RNS

Table2

Diffusion controlled Activation controlled

rMm = rwKpDm/Dy, rMm = rwKp

*NO + R*—RNO 2 °NO + 0,—2 °*NO,

*NO + LOO*—LOONO ONOOH—°NO, + *OH
*NO, + LOO*—LOONO, *NO, + LH—L*/NO,-L*

*OH + LH—L® + H,0 *NO, + Tyr—Tyr* + HNO,
*NO + *OOH—ONOOCH CO3*™ + Tyr—Tyr* + HCO3~
*NO, + Tyr*—NO,-Tyr

*OH + Tyr—Tyr*/OH-Tyr*

Influence of changes in solubility (Kp) and diffusion (D) on the
observed rate of reaction in lipid media (', relative to the reaction in
water (1)
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composite of the rate in water (Eq. 24; Goldstein and Czapski, 1995) and in the membrane,
which can be expressed as Eq. 25:
~ANOL _ 4 noPI0,] (24)
dt
—d[NO
~AEL — 1+ aqw, v prNOP O, (25)
where V,/Vy is the fractional volume occupied by the lipid and a the acceleration factor. The

latter may be influenced by the higher concentration of both *NO and O, in the membrane
and changes in the intrinsic rate constant (k'/k):

a = K (KN°) k /k (26)

According to Liu et al. (1998b), the reaction occurred 300 times faster inside the membrane
than in water (the so-called ‘lens effect’). This acceleration was attributed mostly to the
higher local concentration of both *NO and O, in the membrane, and was consistent with
Kp©®2 = 3 and theoretical K;N© = 9. The role of the hydrophobic phase in this acceleration
was elegantly demonstrated using micelles of detergents with neutrally, negatively and posi-
tively charged headgroups and critical micellar concentration. Only after the critical micellar
concentration was achieved did acceleration occur (Liu et al., 1998b). In a recent mechanis-
tic study, a, Kp©2 and KpN© were independently determined in phospholipid membranes and
LDL, and theoretical versus experimental a values were compared (Moller et al., 2007b). The
solubility for O, and *NO in membranes was found to be similar (K,°: = K;N° ~ 3), and
expected values for a calculated as K,°2(K,N°)? were very close to those determined directly
(a ~ 30), but an order of magnitude lower than the acceleration observed previously (Liu
etal., 1998b). In this work, a = 24, which was consistent with experimentally determined
Kp©2 = 2.6 and KpN© = 3.0 in LDL (Méller et al., 2007b). No change in the intrinsic rate
constant was expected, since this is very similar in carbon tetrachloride and water (k(cca)

= 2.8 X 10°M 7?57, kwaery = 1.5-3 X 10°M~?s™'; Awad and Stanbury, 1993; Ford et al.,
1993; Goldstein and Czapski, 1995; Nottingham and Sutter, 1986).
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This ‘lens effect’ is especially relevant to thiol and amine nitrosation. Thiol nitrosation

has been reported to be involved in physiological and pathological processes,

including inhibition of platelet degranulation and aggregation after S-nitrosation of
N-ethylmaleimide-sensitive factor (Morrell et al., 2005) and promotion of apoptosis
through glyceraldehyde-3-phosphate dehydrogenase S-nitrosation (Hara et al., 2005),

and to have a possible role in promoting sporadic Parkinson disease (Yao et al., 2004) and
in delaying amyotrophic lateral sclerosis (Schonhoff et al., 2006). Amine nitrosation by
*NO-derived species has been associated mainly with carcinogenesis after DNA base nitro-
sation, deamination, oxidation and nitration (Dedon and Tannenbaum, 2004). Although
nitrosation is undoubtedly an important modification, the biological mechanisms of nitro-
sation have remained obscure. The classical source of nitrosating species is *NO autoxidation
via formation of N,O3 (Hogg, 2002), as it reacts rapidly with thiolates and amines acting as
an electrophilic reagent (Eq. 27). Alternatively, nitrosation can occur through one electron
oxidation of the thiol by *°NO,, and then *NO addition to the thiyl radical (Egs. 28 and 29;
Espey et al., 2002; Goldstein and Czapski, 1996; Jourd'heuil et al., 2003). The autoxidation
of *NO in the aqueous phase is considered to be too slow to be biologically relevant, but
membranes may constitute an important site of formation of nitrosating species.

N,O; + RS*——RSNO + NO; (27)
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*NO, + RS ——RS* + NO, (28)

RS® + *NO——RSNO (29)

As evidenced by stopped-flow and triiodide reductive chemiluminescence, the formation of
oxidizing species and S-nitrosothiols from *NO and O, was also accelerated about 30 times
in lipid phases (Moller et al., 2007b). Accordingly, thiol nitrosation was the predominant

modification in native LDL exposed to *“NO under aerobic conditions (Moller et al., 2007b).

Considering an acceleration factor of 30, and that lipid membranes account for 3% of total
cell volume, it is estimated that 50% of *NO autoxidation will occur in the small volume

of cell membranes (Moller et al., 2007b). Biomolecules in or close to the membrane will

be exposed to a 30-fold higher flux of nitrosating species derived from *NO autoxidation. It
should be taken into account that nitrosation will also be greatly influenced by the reactivity
and availability of targets, and thus very reactive and abundant biomolecules, even distant
from the membrane, may blur the expected higher amount of nitrosated biomolecules near
the membrane.

Peroxynitrite homolysis within the membrane

Peroxynitrite serves as a pathogenic mediator in a variety of disease states (Estevez et al.,
1999; Ischiropoulos, 2003; Peluffo and Radi, 2007; Radi, 2004; Szabo et al., 2007).
Peroxynitrite can undergo proton-catalyzed homolysis (Beckman et al., 1990; Radi et al.,
1991b) to *°NO, and *OH in ~ 30% yields, with an observed first-order rate constant of ~
1s'at pH 7.4 and 37°C and a pH-independent rate constant of peroxynitrous acid homo-
lysis in aqueous media of k;® = 4.5s™ ! at 37°C (Augusto et al., 1994; Beckman et al., 1990;
Merenyi et al., 1999). Early work on lipid peroxidation (Radi et al., 1991a) and nitration
(Rubbo et al., 1994) suggested the existence of peroxynitrite homolysis within the mem-
brane, as both *OH and °*NO, can abstract an electron from unsaturated fatty acids to initiate
lipid radical-dependent processes. In this regard, the relative lack of direct peroxynitrite tar-
gets in hydrophobic compartments (Botti et al., 2004b, 2005) makes homolysis a more likely
decay mechanism. As an activation controlled-process, it is expected that the rate of peroxyni-
trous acid homolysis will be influenced by K;, but not by the diffusion coefficient of peroxyni-
trous acid in lipid environments. Indirect evidence supports that ky; in aqueous media (ky?) is
similar to k;; in hydrophobic phases (k;;"; Botti et al., 2004a) and therefore the apparent first-
order constant of homolysis in hydrophobic environments k;;',,, can be estimated by Eq. 30:

H
kHapp

= Kpklt ~ Kpk? <0.0005 X 4.55 1 = 225x10 35! (30)
where the K of water is taken as an upper limit estimation of the partition coefficient of
peroxynitrous acid. Due to the predominance of direct reactions with biological targets such
as CO,, highly reactive protein thiols, glutathione (GSH) and bound metals (Szabo et al.,
2007), peroxynitrite homolysis is a quantitatively minor process of biological hydrophilic
phases. Accordingly, peroxynitrite diffusion towards membranes could also be limited

by hydrophilic targets, most notably CO, (k, = 4.6 X 10*M 's ! at 37°C and pH 7.4)
(Denicola et al., 1998; Botti, 2004a}. Further studies and recent work show that the homo-
lysis of peroxynitrite within or in close proximity to the bilayer may be of high relevance.
These studies have been performed using o-TOH in LDL, as well as a hydrophobic tyrosine
analog, N-t-BOC L-tyrosine tert butyl ester (BTBE), incorporated into phosphatidylcholine
liposomes, as probes for oxidative processes within lipid environments. The yield of oxida-
tion of unsaturated lipids in LDL (as evaluated by the two-electron oxidation of a-TOH to
a-tocopheryl quinone) in the absence of hydrophilic targets was 20-25% with respect to
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peroxynitrite but decreased to 1-2% in the presence of physiologic concentrations of CO,
(Botti et al., 20044, 2005), indicating that in the presence of targets for peroxynitrite (CO,)
and *NO, (CO37), homolysis in aqueous compartments may not be quantitatively relevant
for free radical-dependent lipid oxidation. Moreover, if both aqueous *NO, and *OH were
able to initiate lipid oxidation in the absence of CO,, the expected yield of oxidation would
have been ~60%, suggesting that most of the *OH formed in the aqueous phase cannot
reach the unsaturated lipids of LDL.

The initial observation by HPLC/MS-based methods of the presence of a hydroxylated-
derivative of BTBE (3-hydroxy-BTBE) is indicative of the addition reaction of *OH at the
phenolic ring (Bartesaghi et al., 2006; Radi, 2004); additionally, the one-electron oxidation
product of the tyrosine analog formed by either *°NO, or *OH, leading to the formation of
the corresponding phenoxyl radical, was shown by EPR-spin trapping. The fate of the
phenoxyl radical may differ depending on the presence or absence of *NO,, i.e. forming
3-nitrotyrosine or radical-radical reactions between two tyrosyl radicals yielding
3,3’-dityrosine. Thus, the products from the homolysis of peroxynitrous acid within hydro-
phobic biocompartments could initiate free radical processes both in fatty acids and protein
residues (e.g. tyrosine) resulting in both oxidation and nitration reactions (Fig. 2).

Diffusion control over NO antioxidant reactions in membranes and
lipoproteins

Although *NO-derived metabolites may exert oxidative modifications in LDL through perox-
ynitrite, “"NO, and/or the NO, -myeloperoxidase system (Hsiai et al., 2007; Leeuwenburgh
etal., 1997a; Seccia et al., 1997; Zheng et al., 2005), *NO itself inhibits lipid oxidation-
dependent processes. Nitric oxide causes a prolongation of the lag time and inhibition of
the rate of lipid oxidation during the propagation phase of LDL oxidation through its chain
breaking activity (Rubbo and O’Donnell, 2005; Rubbo et al., 1995; Rubbo et al., 2002b).
Moreover, fragmentation of apolipoprotein B-100 by oxidants, loss of amino groups and
protein-lipid fluorescent adduct formation are prevented by physiologically relevant fluxes
of °NO (Trostchansky et al., 2001). This is due to the diffusion-limited reaction between *NO
and lipid radicals generated during LDL oxidation, preventing the formation of both lipid
hydroperoxides and aldehydes (Botti et al., 2005; Rubbo et al., 1998; Rubbo et al., 2002a;
Rubbo et al., 1995; Rubbo and Radi, 2001; Trostchansky et al., 2001).

0, + "NO

|

ONOO™

(i
ONOOH
FIGURE 2
Mechanisms of peroxynitrite-mediated lipid oxidation and

tyrosine nitration in biomembranes. Peroxynitrous acid is a

o OH L™ No,  Neutral biomolecule that can permeate across hydrophobic
ONOOH —> “OH + "NO, L Ak, @' b biogompartments \{vhere it hlorlnlolyze.s Ito ‘QH qnd *NO,
00" " 1 4 radicals; these radicals can initiate lipid oxidation processes
~ E\ ~ E g in the membrane. While LOO* will typically propagate lipid
5 3 ) " D oxidation damage, they could also react with membrane-
2 L tyrosine  tyrosyl 3- nitro- ) ) : :
b s s radical  tyrosine associated proteins leading to the formation of tyrosyl
5 »-NoO, E z radicals. Then 3-NT is formed due to its fast reaction with
= 3 g *NO,. Peroxynitrite-derived radicals in the membrane could
£ also lead to the nitration of unsaturated fatty acids as well

as intra- or intermolecular protein 3,3’-dityrosine cross links
and lipid—protein adduct formation.
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The reactivity of *NO inside lipid-containing structures is linked to its diffusion and solubility.
The rate constant in homogeneous media for the reaction of *NO with alkylperoxyl radicals

is known to be near the diffusion limit (Goldstein et al., 2004; Padmaja and Huie, 1993).

The rate constant in lipid environments, e.g. LDL, for the reaction of *NO with lipid peroxyl
radicals (LOOS; k%l O) can be estimated from previous works (Botti et al., 2004a; Moller et al.,
2007b). This is possible because *NO and «-TOH directly compete for LOO® (Botti et al.,
2004a), which is the lipid peroxidation chain-carrying radical. Given kﬁ,;TOH =59

X 10°M~!s™! (Culbertson et al., 2002), and considering *NO autoxidation (Eq. 23)

(Moller et al., 2007b), the published data on o-TOH sparing by controlled *NO fluxes (Botti
et al., 2004a; Rubbo et al., 2000) can be explained by computer-assisted simulations only if
an apparent rate constant of reaction of *°NO with LOO® of 0.9-2.0 X 10°M~!s™ ! is used.
The apparent rate constant (k’?) could be additionally estimated from the rate constant in
water (ky') using Eq. (31). Considering D'y, = 2 X 10> cm?s ™!, D,, = 4.5 X 10 >cm?s ™!
(Denicola et al., 2002) and kY = 1-3 X 10°M~'s™! (Goldstein et al., 2004; Padmaja and
Huie, 1993), a theoretical k'lT1 = 0.4-1.3 X 10°M~1s7! is obtained which is in agreement
with the values estimated from kinetic simulations of the a-TOH sparing ability of *NO in
LDL. The real rate constant for the LOO® and *NO termination reaction can be calculated
using Kp = 3 (Eq. 32), k' = 1.3-4.3 X 108 M~ ! s™!; this is 7-10 times slower than in water,
an effect purely attributed to the higher 7 of the lipid media and the resulting slower
diffusion (Eq. 32).

KpDy _ 1w Din

'h w w

ky = ky = ky D_ (31)

kY = kY B—m = kY KDB (32)
w P~w

Many biological effects of *NO are critically related to the rate of *°NO formation, which
determines the extent of antioxidant versus pro-oxidant actions (Botti et al., 2005; Moller
et al., 2007b; Rubbo and Radi, 2001; Rubbo et al., 1995, 1998, 2002a). It is known that
under physiological conditions in the vessel wall, the steady-state concentration of *"NO
(250-500 nM; reviewed in Buerk, 2001) exceeds that of O3, resulting in a high *NO/O3~
ratio (Wever et al., 1998). However, enhanced O;~ production by vascular cells has been
observed under different pathogenic stimuli that may shift the proportion of *NO yielding
peroxynitrite, thus decreasing *NO bioactivity and its antioxidant properties.

Tyrosine nitration in membranes

The nitration of protein tyrosine residues constitutes the substitution of hydrogen by a nitro
group (-NO,) in position 3 of the phenolic ring, and represents a post-translational modifi-
cation produced by *NO-derived oxidants such as peroxynitrite (Bartesaghi et al., 2007; Radi,
2004; Souza et al., 2008), 3-nitrotyrosine (3-NT) being the product of this reaction. Many
tyrosine residues shown to be nitrated in vitro and in vivo are in proteins associated to non-
polar compartments such as red cell membrane proteins, band-3 protein (Mallozzi et al.,
1997), sarcoplasmic reticulum Ca®* ATPase (Viner et al., 1999; Xu et al., 2006), microsomal
glutathione S-transferase (Ji et al., 2006), apolipoproteins (Hazen et al., 1999; Shao et al.,
2005) and mitochondrial proteins such as complex I (Murray et al., 2003).

Although some nitrated tyrosine residues in membrane-associated proteins have been shown
in cytosolic or extracellular domains, others are located in domains closely related to lipid
bilayer (Bartesaghi et al., 2007). Biological membranes are rich in proteins which are inti-
mately associated to lipids; therefore, the redox processes taking place within membranes
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may start either in proteins or lipids and be rapidly propagated to the adjacent biomolecules.
As an illustrative example, it is worth noting that protein tyrosyl radicals in prostaglandin
endoperoxide H synthase can enzymatically initiate lipid oxidation, i.e. oxidize arachidonic
acid (AA, 20:4) to prostaglandins through the abstraction of a hydrogen atom by a tyrosine
phenoxyl radical (Goodwin et al., 1998), and similar general oxidation mechanisms could
take place non-enzymatically (Bartesaghi et al., 2007). To add more complexity, concomitant
lipid and protein oxidation processes in biomembranes can facilitate formation of a variety
of termination products such as lipid-protein adducts (see below).

The location and extent of 3-NT formation has been shown to depend on the protein struc-
ture, the nitration mechanism (i.e. peroxynitrite or heme peroxidase dependent; Radi, 2004)
and the environment where the redox reactions are taking place (i.e. hydrophilic or hydro-
phobic) (for recent reviews see Bartesaghi et al., 2007; Souza et al., 2008). In this context,
physicochemical factors controlling tyrosine nitration in hydrophobic environments may
differ from those in aqueous solutions (Bartesaghi et al., 2007). Indeed, tyrosine nitration
in proteins associated to hydrophobic biocompartments has particular features since key
antioxidant molecules that are normally present in the aqueous phase, such as GSH, are
excluded. In addition, some of the key peroxynitrite-derived one-electron oxidants in aque-
ous phases, e.g. CO3~ do not permeate across lipid milieu and thus have limited access to
‘hydrophobic’ tyrosines (Bartesaghi et al., 2006; Zhang et al., 2001). On the other hand,
*NO, may diffuse towards the hydrophobic compartment facilitating the nitration pathway.
Moreover, transition metal centers can catalyze nitration reactions in lipid phases, having a
key role in the modifications generated by RNS (Bartesaghi et al., 2006).

Within the membranes, unsaturated fatty acids represent the preferential targets for free radi-
cal attack. Peroxynitrous acid derived *OH and °*NO, initiate lipid oxidation processes, which
are propagated by the action of LOO®; alternatively, LOO® could react with an amino acid
residue of a membrane-associated protein to promote protein oxidation. We have recently
shown that tyrosine can be readily oxidized by alkoxyl (RO*) and peroxyl (ROO*®) radicals

to form the tyrosyl radical which can subsequently react with *NO, to yield 3-NT (Fig. 2)
(Bartesaghi et al., 2007). This process can be modulated by the membrane- and lipoprotein-
associated o-TOH due to its chain-breaking reaction with LOO® (Rubbo et al., 2000).

Two different types of probes have been developed in order to study the mechanisms of
tyrosine nitration in membranes. As explained above, BTBE is a hydrophobic tyrosine analog
that has been efficiently incorporated into model membranes (Bartesaghi et al., 2006; Zhang
et al., 2001), red blood cells (Romero et al., 2007) and lipoproteins (Bartesaghi and Radi,
unpublished data). This compound has been instrumental in assessing tyrosine nitration
and dimerization yields in membranes as well as their modulation by lipid composition and
environmental factors such as CO,, transition metals and pH (Bartesaghi et al., 2006). While
the yield of tyrosine nitration in saturated 1,2-dimyristoyl-sn-glycerol-3-phosphocholine
liposomes is similar to that observed in the hydrophilic phase (ca. 3% with respect to per-
oxynitrite added), tyrosine dimerization in hydrophobic milieu is significantly decreased
due to the very limited diffusion of tyrosyl radicals within the membrane (Bartesaghi et al.,
2007). Two other relevant observations are: (i) CO, inhibits peroxynitrite-mediated nitration
in hydrophobic milieu, and (ii) membrane-associated transition metal centers can be potent
nitration catalysts, e.g. hemin which can be released during hemoglobin degradation.

As a second probe, membrane-spanning peptides containing 23 amino acids with a single
tyrosine residue at positions 4, 8 and 12 (Y-4, Y-8, Y-12, respectively) have been synthesized
and incorporated successfully into phosphatidylcholine liposomes (Zhang et al., 2003).
These peptides closely resemble the structure of a protein transmembrane domain, and thus
are very useful for studying the relevance for nitration yields of the intramembrane location
of tyrosine residues, the role of neighboring amino acids (i.e. cysteine and methionine), as
well as the lipid composition of the membrane. The data obtained suggest that the degree of
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nitration is dependent on the depth of the tyrosine residue within the bilayer
(peroxynitrite-mediated nitration was higher in deeply located tyrosines (Y-12 peptide)
while the myeloperoxidase/NO, /hydrogen peroxide-dependent nitration was only efficient
for superficially located tyrosines (Y-4 peptide) (Zhang et al., 2003). Data obtained with
the available hydrophobic tyrosyl probes (Bartesaghi et al., 2006; Zhang et al., 2003; Zhang
et al., 2001) suggest that some assumptions valid for the aqueous phase (e.g. enhanced
nitration by CO,, efficiency of the myeloperoxidase system) are not readily applicable or
not applicable at all in lipid phases. The differences in polarity and structure of the environ-
ment which influence protein conformation, limit acid-base chemistry and cause spatial
restrictions and diffusional constraints can explain the observed results. Moreover, the dis-
tribution of reactants and target molecules, free radical scavengers and nitration catalysts
among other factors, is also affected. Additionally, data obtained with BTBE indicated that
lipid-derived radicals arising from RNS are critical intermediates in protein tyrosine nitra-
tion in hydrophobic biocompartments. In summary, while BTBE is suitable for studying
general mechanisms of tyrosine nitration and oxidation in lipid milieu, tyrosine-containing
transmembrane peptides are more useful for understanding the diffusion and reactions of
nitrating intermediates at the membrane, revealing the influence of the amino acid sequence
through competing and intramolecular transfer reactions (Zhang et al., 2008).

Nitration of LDL in vitro and in vivo

It is well recognized that oxidative and/or enzyme-mediated modifications of LDL are nec-
essary for the acquisition of the pro-inflammatory properties present during the initiation
and progression of atherosclerosis (Asatryan et al., 2005; Damasceno et al., 2006; Hamilton
et al., 2008). Moreover, post-translational modifications of apoB-100 are elevated in athero-
sclerotic lesion. In particular, measurements of 3-NT in LDL isolated from human athero-
sclerotic lesions show that there is a striking 90-fold increase compared with circulating LDL
(Hamilton et al., 2008; Hsiai et al., 2007; Leeuwenburgh et al., 1997b).

Shear stress acting on endothelial cells at arterial bifurcations or branching points regulates
both NADPH oxidase, a major source of endothelial O™, and endothelial NO synthase
(NOS1) activities (De Keulenaer et al., 1998; Ziegler et al., 1998). In this way, shear stress
influences the formation of peroxynitrite due to the imbalance between O;~ and *NO
production in the vasculature, thus inducing LDL tyrosine nitration (Hsiai et al., 2007).
Detection of 3-NT in fatty streaks of coronary arteries in close association with foam cells,
vascular endothelium, and in the neointima of atherosclerotic lesions indicates *NO-derived
oxidant-dependent reactions during both early and chronic stages of atherosclerosis (Schartl
et al., 2001). Oxidation of LDL by peroxynitrite results in extensive tyrosine nitration and
accumulation of lipid peroxides, which produces changes in apoB-100 folding (Hamilton

et al., 2008). The pattern of LDL nitration in vivo is similar to that observed for peroxynitrite-
oxidized LDL. Moreover, apoB-100 nitration at the LDL receptor binding site prevents its
normal uptake (Hamilton et al., 2008) in accordance with the interaction of peroxynitrite-
treated LDL with CD36 (Guy et al., 2001).

As an additional mechanism for LDL nitration, myeloperoxidase-generated RNS has been
proposed as a physiologically plausible pathway for converting LDL into an atherogenic
form (Podrez et al., 1999). These observations raise the possibility that during oxidative
stress processes within the vascular wall, *NO may promote atherogenesis in contrast to its
well established direct anti-atherogenic effects.

Formation of lipid-protein adducts by RNS

It is well reported in the literature that peroxynitrite can initiate lipid oxidation and nitration
leading to the formation of diverse reactive fatty acid-derived oxidized products. These prod-
ucts may have harmful as well as signaling effects due to their capacity to covalently modify

amino acidic protein residues by either Schift’s base formation or Michael addition reactions
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(Batthyany et al., 2006; Trostchansky et al., 2001; Trostchansky et al., 2006; Uchida, 2000).
The relevance of the formation of lipid-protein adducts in different biological models will
be discussed below.

MODULATION OF a-SYN OXIDATION AND NITRATION BY PHOSPHOLIPID
MEMBRANES

a-Synuclein (a-syn) is a soluble thermo-stable protein having 140 amino acid residues,

which is characterized by acidic stretches toward the C-terminal and six repetitive amino

acid sequences of the prototype KTKEGV. a-Synuclein does not assume a stable globular
structure as typical globular proteins; instead it has a disordered conformation or random

coil structure (Weinreb et al., 1996). However, in association with small unilamellar vesicles
(20-25 nm diameter) rich in acidic phospholipid, i.e. phosphatidylserine and phosphatidic
acid (Davidson et al., 1998; Jo et al., 2000), the helical structure of the protein is stabilized
(Davidson et al., 1998). The degenerated repeats, reminiscent of those in A, apolipoproteins
(Davidson et al., 1998; Perrin et al., 2000; Segrest et al., 1992) and projected in a helical wheel
having a hydrophilic and a hydrophobic face, are involved in the interaction with lipids.

The formation of lipid-protein adducts is a consequence of the oxidative breakdown of
polyunsaturated lipids yielding lipid hydroperoxides (LOOH) and aldehydes that may

react with lysines or histidines in the protein milieu through mechanisms that yield differ-
ent end products: Schiff’s bases or Michael addition reactions (Fruebis et al., 1992; Itakura
etal., 2000; Requena et al., 1997; Steinbrecher, 1987; Tsai et al., 1998). Although aldehydes
could react with lysines to form Schiff’s bases adducts, the major reactions occur through
Michael addition reactions forming hemiacetal adducts with histidines (Requena et al.,
1997). 4-Hydroxynonenal (4-HNE) has been implicated as a key mediator in the onset and
progression of several cardiovascular as well as neurodegenerative diseases (Uchida, 2000).

In fact, wild-type a-syn is a major component of Lewy bodies in sporadic Parkinson'’s dis-
ease and a-syn modified by 4-HNE may play a major pathogenic role. In this context, we
have recently demonstrated the formation of 4-HNE-protein adducts in a a-syn/liposome
model (Trostchansky et al., 2006). a-Syn bears a resemblance to the A, apolipoprotein family
through the 11-residue periodicity showing amphipathic a-helices that participate in a variety
of lipid and protein interactions, including its binding to membranes (Davidson et al., 1998;
Perrin et al., 2000; Segrest et al., 1992). This cluster is characterized by the presence of lysine
and histidine residues in the nonpolar/polar interface, stabilizing lipid-protein interactions
(Davidson et al., 1998; Perrin et al., 2000). We have demonstrated that acidic phospholipids
modulate peroxynitrite-mediated a-syn oxidation, nitration and stable oligomer formation,
particularly in the presence of high concentrations of unsaturated fatty acids. Under these
experimental conditions, lipid oxidation-derived products can react with a-syn leading to the
formation of fluorescent lipid-protein adducts. Mass spectrometry analysis demonstrated that
4-HNE could modify a-syn at His50 within the lipid-binding domain of the protein amino
acid sequence. From this, we postulate that a-syn nitration and oxidation by peroxynitrite can
be modulated by the lipid environment, which may promote the formation of a-syn-lipid
adducts as a novel post-translational a-syn modification (Trostchansky et al., 2006).

PROTEIN MODIFICATION BY OXIDIZED FATTY ACIDS IN LDL

The LDL particle consists of an apolar core of cholesteryl esters and triglycerides, surrounded
by a monolayer of phospholipids, unesterified cholesterol and one molecule of apolipopro-
tein B-100 (4536 amino acids) showing many oxidizable residues including histidine, lysine,
cysteine and tyrosine (Esterbauer et al., 1992; Kenar et al., 1996; Orlova et al., 1999). Both the
lipid and the protein components of LDL could be potentially oxidized and nitrated by perox-
ynitrite. Whichever mechanisms will ultimately prove to be involved in the initiation of oxida-
tive processes in the LDL particle, it seems clear that the processes following initiation include
protein oxidation, loss of antioxidants and lipid oxidation propagation reactions (Fig. 3).
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Reaction—diffusion processes involving reactive nitrogen species and lipo-protein structures. While *NO, behaves as an efficient
lipid peroxidation initiator, *NO is involved in termination reactions with LOO*®. Peroxynitrite-derived *OH may react near the particle’s
surface. RH is a hydrophilic reductant; LH is an unsaturated fatty acid, o-TOH is ce-tocopherol; o-TO*® is o-tocopheroxyl radical;
«-TQ is a-tocopheroxyl quinone. The r and d characters are used to indicate reaction and diffusion processes, respectively. For
simplicity, oxidation and nitration reactions within the protein structure are not shown.

One of the major changes that occurs during LDL oxidation is the formation of lipid-protein
adducts making the LDL particle more electronegative (Fruebis et al., 1992; Itakura et al., 2000;
Requena et al., 1997; Steinbrecher, 1987; Tsai et al., 1998). The conversion of native LDL to a
more negatively charged form and the concomitant formation of lipid-protein adducts was
primarily associated with the modification of lysine residues in apo B-100 (Fruebis et al., 1992;
Itabe et al., 2000; Itakura et al., 2000; Requena et al., 1997; Steinbrecher, 1987). Other mecha-
nisms for adduct formation in LDL include reactions between head amino groups of phos-
pholipids and lipid oxidation products (Boullier et al., 2000; Itabe et al., 2000). Lipid-protein
adducts represent ligands for macrophage scavenger receptors that contribute to foam cell
formation and the subsequent development of atherosclerotic lesions (Boullier et al., 2000;
Horkko et al., 1999; Steinbrecher et al., 1989). The relevance of formation of these adducts

in vivo has been supported by specific antibodies that recognize antigenic epitopes in human
atherosclerotic lesions (Horkko et al., 1999; Kato and Osawa, 1998; Kim et al., 1997).

A few years ago, we reported the formation of lipid-protein adducts in LDL oxidized by
controlled low fluxes of peroxynitrite (Trostchansky et al., 2001). In different model systems,
including our observation in peroxynitrite-mediated LDL oxidation, the presence of covalent
modifications in proteins by lipid oxidation products were determined due to their charac-
teristic excitation and emission maxima at 350-365nm and 420 nm, respectively (Fruebis
etal., 1992; Itakura et al., 2000; Requena et al., 1997; Tsai et al., 1998). The widening of the
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emission maximum with time suggests that both lipid hydroperoxide and its decomposition
products (i.e. aldehydes) generate fluorescent adducts during peroxynitrite-dependent LDL
oxidation (Trostchansky et al., 2001). This is also supported by the fact that time courses of
fluorescence in peroxynitrite-treated LDL correlated well with the increase in TBARS (thio-
barbituric acid reactive substances), CLOOH (cholesteryl linoleate hydroperoxide) and REM
(relative electrophoretic mobility), as well as a progressive decrease in the number of reac-
tive lysine e-amino groups (Requena et al., 1997; Steinbrecher et al., 1987). A fast depletion
of lysine residues was previously observed after treatment of LDL with peroxynitrite (Boren
etal., 1998). Importantly, there is no direct reaction between peroxynitrite and lysine but
rather lysine is oxidized by secondary radicals arising from peroxynitrite proton-catalyzed
decomposition or from lipid radicals (Alvarez et al., 1999).

OTHER LIPID-PROTEIN ADDUCTS IN BIOLOGY

Nitric oxide-derived reactive species both oxidize and nitrate unsaturated fatty acids yielding an
array of hydroxyl, hydroperoxy, nitro and nitrohydroxy derivatives (see below). In particular,
lipid oxidation and/or nitration transform fatty acids into potent electrophiles capable of cova-
lently modify proteins (Alexander et al., 2006; Baker et al., 2007; Batthyany et al., 2006). The
addition of a nitro group (-NO,) to a double bond at the carbon chain of the unsaturated fatty
acids (for example from the reaction with peroxynitrite; Baker et al., 2005) leads to the forma-
tion of nitroalkenes exhibiting potent electrophilic properties: the alkenyl nitro configuration
of nitroalkenes indicates potential electrophilic reactivity of the 3-carbon adjacent to the nitro-
bonded carbon. This would promote reactivity with nucleophiles (i.e. Cys or His residues) via
Michael addition reactions yielding a new carbon-carbon or carbon-heteroatom bond frame-
work (Alexander et al., 2006; Baker et al., 2007; Batthyany et al., 2006). In biological milieu,
this reaction occurs as a conjugate addition of nucleophilic centers to the electrophilic carbon
(- to the nitro-bonded carbon in the nitroalkene (Batthyany et al., 2006) (Fig. 4).

Mass spectrometry (MS) analysis showed the formation of GSH nitroalkylation in vitro and
in vivo (Alexander et al., 2006; Batthyany et al., 2006). Collision-induced dissociation of
nitroalkylated GSH and structural analysis by MS/MS/MS confirmed that nitroalkenes are
bonded to nucleophilic Cys residues (Batthyany et al., 2006). Moreover, these authors also
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observed the formation of nitroalkylated proteins (glyceraldehyde-3-phosphate dehydro-
genase, GAPDH) in vitro and in vivo. MS analysis showed that not only were Cys residues
adducted by nitroalkenes; His residues were also nitroalkylated by electrophilic attack
(Batthyany et al., 2006). In contrast to other lipid-derived electrophiles, nitroalkylation

of Cys and His is reversible (Alexander et al., 2006; Batthyany et al., 2006; Schopfer et al.,
2009). Nitroalkenes react with thiols with second-order rates equivalent to, or significantly
greater than, those for other lipid-derived electrophiles having an inverse relationship with
thiol pKa values (Baker et al., 2007). More recently, Schopfer et al. (2009) described the
reversible reaction of nitroalkenes with the thiol of 3-mercaptoethanol as a useful tool for
detection and quantification of nitroalkylated proteins in vitro and in vivo.

Modulation of LDL oxidation by c.-tocopherol-NO donors

Taking the lesson from *NO as an antioxidant, it is important to develop antioxidants for
lipid environments that can react at diffusion-controlled rates with the propagating radical
(Lopez et al., 2005; Parinandi et al., 2007; Wallace et al., 2002). Therefore, synthesis should
have three main objectives: (a) increase the intrinsic reactivity of the molecule with the
chain-carrying species, (b) enhance the partition/solubility of the compound in lipid envi-
ronments, and (c) decrease the size of the antioxidant in order to increase the real diffusion
in highly viscous media such as membranes and lipoproteins.

The design of hybrid molecules by combining the lipid moiety of a-TOH with *NO-releasing
moieties capable of being incorporated into LDL may be a promising approach for treating
atherosclerosis (Lopez et al., 2005). Furoxans represent an important class of *NO donors
(Wang et al., 2002). It is known that furoxans are able to release *NO at physiological pH,

in the presence of thiol cofactors (Feelisch et al., 1992; Medana et al., 1994). On the basis

of these observations, we have developed a therapeutic concept of combining, in the same
molecule, LDL incorporation capacity and *NO-releasing properties to cause site-specific
inhibition of lipid peroxidation. These o-TOH/furoxan hybrid compounds released *NO and
were effectively incorporated into LDL having endogenous antioxidant and vasorelaxation
properties (Lopez et al., 2005).

LIPID NITRATION AND ITS ROLE IN INFLAMMATION

Free as well as esterified fatty acids are important components of lipoproteins and mem-
branes that can be modified by oxidative and nitrative damage. Nitric oxide as well as
*NO-derived species react with unsaturated fatty acids yielding a variety of oxidized and
nitrated products (Rubbo et al., 1994). At the same time, plasmatic proteins as well as the
protein moiety of lipoproteins can be nitrated by RNS (Alvarez et al., 1999; Amirmansour
etal., 1999; Hamilton et al., 2008; Hsiai et al., 2007; Leeuwenburgh et al., 1997b). These
modifications represent important events during chronic inflammatory diseases such as
atherosclerosis (Podrez et al., 1999). Thus, it is important to understand the mechanisms
and effects that nitration of either lipids or proteins have on inflammation.

Mechanisms of formation of nitro-fatty acids

In the last 15 years, the nitration of unsaturated fatty acids by RNS has been extensively stud-
ied (Baker et al., 2004; Balazy et al., 2001; Lim et al., 2002; Lima et al., 2002; Trostchansky
et al., 2007b). However, the exact mechanism of nitration in vivo, radical versus electrophilic
addition, remains unknown (Fig. 5).

A relevant nitrating agent, *NO,, derives from *NO autoxidation (Radi et al., 2000), per-
oxynitrite homolysis (Radi et al., 2000), metalloperoxidase nitrite oxidation (Podrez et al.,
1999) or acidification of NO, at low pH (e.g. pH < 4) to nitrous acid (HNO,) (Napolitano
et al., 2000). Nitrogen dioxide can react with unsaturated lipids and lipid radicals leading to
cis-trans isomerized, oxidized and/or nitro-allylic, nitroalkene, dinitro or nitro-hydroxy lipid
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derivatives (Fig. 5). Accordingly, Napolitano et al. (2000) reported acid-induced nitration of
oleic and linoleic acid by NO5 . They propose that *NO,, produced from HNO, decomposi-
tion, adds to the double bond yielding a 3-nitroalkyl radical that, in turn, reacts with another
*NO, generating nitro/nitrite intermediates. Nitroalkenes are formed from these intermedi-
ates due to the loss of HNO, while its hydrolysis yields nitroalcohols. These processes should
be possible in vivo since NO, is present in saliva and physiological fluids at levels up to
210pM (Pannala et al., 2003). Thus, NO, will be exposed to low pH in the gastric compart-
ment as well as in phagocytic lysosomes or in tissues after post-ischemic reperfusion.

Peroxynitrite-derived radicals react with unsaturated fatty acids leading to the formation of
different nitrated products representing a mixture of stereo- or positional isomers (O'Donnell
etal., 1999a). These products would arise from peroxynitrous acid-derived *NO, reac-

tion with a carbon-centered radical or a lipid peroxyl radical, potentially via a caged radi-

cal rearrangement of unstable alkyl peroxynitrite intermediates (LOONO) (Rubbo et al.,
1994). Some nitrogen-containing lipid intermediates appear to be highly unstable and may
decompose to reinitiate radical processes. In fact, LOONO has at least two potential fates:

(a) internal rearrangement to give the more stable LONO, and (b) homolytic cleavage to
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LO*® and *NO, with rearrangement of LO® to an epoxyallylic acid radical L(O)*® followed by
recombination of L(O)*® with *NO, (O’Donnell et al., 1999a). However, in aqueous milieu
LOONO simply hydrolyzes to generate LOOH and NO, (O’Donnell et al., 1999b). Nitration
of unsaturated fatty acids by peroxynitrite will be favored at low oxygen tensions (Napolitano
etal., 2004; O'Donnell et al., 1999a). By H NMR analysis, an approximate formation ratio
of 1:1 for the nitroalkenes:allylic nitro derivatives was estimated suggesting the presence of
two different routes for nitration of fatty acids, the nitroalkenes and allylic nitro derivatives
being the stable end products of competing nitration pathways (Napolitano et al., 2000).
Another mechanism for nitroalkene formation may be the addition of NO,™ by electrophilic
substitution at the double bond (O’Donnell et al., 1999a; O'Donnell and Freeman, 2001).

In the case of arachidonic acid (AA), a precursor of potent signaling molecules (i.e. pros-
taglandins, thromboxanes, isoprostanes), nitration may divert the normal cyclooxygenase-
dependent metabolic pathway. A complex mixture of products has been identified when
*NO, reacts with AA including cis-trans isomerization derivatives and nitrohydroxyara-
chidonate (AA(OH)NO,) (Balazy et al., 2001). Peroxynitrite is also able to isomerize AA to
trans-AA, a process of significance in pathologies associated with an increase in RNS produc-
tion (Balazy and Poff, 2004). The isomerization is likely to involve the reversible binding
of *°NO, and formation of a nitroarachidonyl radical followed by elimination of *NO, and
generation of a trans bond. Hydrophobic membranes may facilitate reactions where *NO,
*NO,, arachidonyl (AA®) and arachidonyl peroxyl (AAOO®) radicals are likely to be simulta-
neously present, i.e. in cell membranes under oxidative/nitrative stress conditions. The half-
life of AAOO® (0.1-0.2s) is sufficiently long for the reaction with *NO, to occur, leading to
arachidonyl peroxynitrites (AAOONO)/nitrates that could rearrange into nitroarachidonate
(AANO,), AA(OH)NO, and nitroepoxyarachidonate (Balazy and Poff, 2004).

Formation of anti-inflammatory nitrolipids during macrophage activation

We have recently demonstrated the correlation of *NO production and nitrated lipids for-
mation in a cell model of inflammation (Ferreira et al., 2009). Macrophages are key cells

in the onset of inflammatory responses, playing a role in the first line of defense against
invading pathogens. They possess a repertoire of receptors whose binding to ligands acti-
vates signaling pathways linked to the production of inflammatory mediators (i.e. cytokines
and biolipids) and highly reactive oxygen and nitrogen species (Dobrovolskaia and Vogel,
2002; Kaisho and Akira, 2006). In particular, *°NO is one of the most important free radicals
synthesized during macrophage activation by the inducible nitric oxide synthase (NOS2)
(Thoma-Uszynski et al., 2001; Werling et al., 2004). Our results show that during activation
of macrophages by an inflammatory stimulus, cholesteryl linoleate becomes nitrated at the
fatty acid moiety in a process that correlates with NOS2 expression.

Nitro-fatty acids exhibit many important biological and physiological properties. Nitroalkenes
such as nitrolinoleic acid (LNO,), nitrooleic acid (OANO,) and AANO, decay faster in phos-
phate buffer than in organic solvent due to solvolysis in aqueous solutions, a process accom-
panied by the release of *°NO (Baker et al., 2005; Gorczynski et al., 2007; Lima et al., 2005;
Schopfer et al., 2005a; Trostchansky et al., 2007b). The releasing of *“NO was related with the
vasorelaxing properties of nitroalkenes, i.e. AANO, and AA(OH)NO, induced vasorelaxation
in an endothelium-independent manner by a mechanism that involved soluble guanylate
cyclase (Balazy et al., 2001; Trostchansky et al., 2007b). Nitro-fatty acids stability in hydro-
phobic environments was evaluated for LNO, where *NO release was inhibited when the
nitroalkene was inserted in phosphatidylcholine/cholesterol liposomes. These data reveal that
LNO, will be stable in hydrophobic environments and that cell and lipoproteins can serve as
an endogenous reserve for LNO, and *NO cell signaling capabilities (Schopfer et al., 2005a).

Free as well as esterified nitrated lipids exert anti-inflammatory actions through peroxi-
some proliferator activated receptor ~ (PPARY)-dependent and -independent mechanisms
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(Baker et al., 2005; Coles et al., 2002; Schopfer et al., 2005b; Trostchansky et al., 2007b;
Wright et al., 2006). PPAR~ is a nuclear hormone receptor that binds lipophilic ligands.
Downstream effects of PPAR~ activation include modulation of metabolic and cellular
differentiation genes and regulation of inflammatory responses (Marx, 2002; Marx et al.,
2004; Marx et al., 2002). In the vasculature, PPAR~ is expressed in monocytes, macrophages,
smooth muscle cells and endothelium and plays a central role in regulating the expression of
genes related to lipid trafficking, cell proliferation and inflammatory signaling (Marx et al.,
2004). Freeman'’s group has demonstrated that nitroalkenes are the most potent PPAR~
ligands, able to activate PPAR~ at biologically relevant concentrations as low as 100 nM
(Baker et al., 2005; Li et al., 2008; Schopfer et al., 2005b). They also demonstrated that
PPAR~ activation occurs through a nitroalkylation reaction with critical Cys (Li et al., 2008).
Nitroalkenes mediate cell differentiation in adipocytes, CD36 expression in macrophages
and inflammatory-related signaling events in endothelium (e.g. inhibition of vascular cell
adhesion molecule-1 expression and function).

Activation of phagocytic leukocytes, including neutrophils, is a central feature of inflammatory
diseases. Neutrophil function in vivo can be regulated through *NO- and eicosanoid-depend-
ent mechanisms (Coles et al., 2002), where nitrated fatty acids could influence neutrophil
activation. In fact, LNO, inhibits N-formyl-Met-Leu-Phe- and phorbol 12-myristate 13-acetate-
mediated activation of human neutrophils. Superoxide generation, degranulation, and CD11b
expression were also inhibited by LNO,, at concentrations of 0.1-1pM. These actions occurred
in concert with attenuated increases in intracellular Ca*? and increased intracellular camp
(Coles et al., 2002). Recruitment of leukocytes to the arterial wall is an important event in
atherogenesis (Bilato and Crow, 1996; Potter et al., 1998; Tayeh and Scicli, 1998). This is medi-
ated via leukocyte integrin receptors, including CD11b. Inhibition of N-formyl-Met-Leu-Phe-
induced CD11b expression by LNO, indicates that nitrated fatty acids also modulate leukocyte
responses associated with the development of vascular disease (Coles et al., 2002).

Recent studies have shown that heme oxygenase 1 (HO-1) plays a central role in vascular
inflammatory signaling reactions and mediates a protective response in inflammatory diseases.
HO-1 is the rate-limiting step in the degradation of heme, yielding biliverdin, iron and car-
bon monoxide (CO), that displays anti-inflammatory, vasodilatory and immune modulatory
functions (Abraham and Kappas, 2005). Wright et al. (2006) reported that LNO, mediates

the induction of HO-1 by PPAR~- independent and both *NO-dependent and -independent
mechanisms. Considering the vascular protective effects of HO-1 expression, LNO, induction
of HO-1 represents a key novel cell signaling action of inflammatory-derived nitroalkenes.

It has been well established that AA signaling cascades and *NO pathways are intrinsically
related (Salvemini et al., 1995). Therefore, we evaluated the ability of AANO, to exert anti-
inflammatory actions during macrophage activation by lipopolysaccharide/interferon-~
(Trostchansky et al., 2007b). Micromolar levels of AANO, caused a reduction of *NO genera-
tion when cells were activated, exhibiting a transcriptional effect rather than acting on NOS2
synthesis/activity (Trostchansky et al., 2007b). Down-regulation of NOS2 by AANO, under
an inflammatory stimulus should contribute to the physiological shut down of the inflam-
matory response in macrophages.

Potential pitfalls for nitrated lipids detection and quantitation in vivo

Lipid nitration represents a growing area in the interface of lipid oxidation and RNS metabo-
lism which has increased in importance over the last 10 years (Freeman et al., 2008; Rubbo
and O'Donnell, 2005; Rubbo and Radi, 2008). However, in order to clarify the formation,
detection, quantitation and biological roles of nitrated fatty acids in vivo there are some poten-
tial pitfalls that should be critically addressed. As discussed above, there are many structural
possibilities for nitro-fatty acids (i.e. allyl and vinyl nitro-fatty acids, nitrohydroxy derivatives
that have been detected in cardiac tissue, human blood and urine) (Baker et al., 2005; Balazy
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et al., 2001; Ferreira et al., 2009; Jain et al., 2008; Lima et al., 2003), but most of the studies

on the physicochemical and biological characterization as well as in vivo detection have been
performed using nitroalkenes as standards. Indeed, different potential positional isomers of
nitro-fatty acids - and not only nitroalkenes or nitrohydroxy-fatty acids - should be present

in biological samples, whose biological properties remain to be studied (Napolitano et al.,
2000; Napolitano et al., 2004). Even with the available nitroalkene standards, there are addi-
tional problems regarding quantitation in biological samples. For example, Lima et al. (2002)
found an increase of LNO, in human plasma of hypercholesterolemic patients. However, the
total concentration of LNO, was not determined since they analyzed the ratio of the analyte
to the internal standard which was a mixture of isomers, lacking specific standards for most

of the positional isomers of all polyunsaturated fatty acids. At the time, Freeman and col-
leagues made the effort to synthesize and characterize 10- and 12-LNO, (Baker et al., 2004),
while the 9- and 13-LNO, isomers were not synthesized, but failed to determine which iso-
mers should preferentially be formed in vivo. In the case of AA, there are also many potential
AANO, isomers that would be expected to be formed in vivo. This is an open question and it
should be noted that in addition to the isomers synthesized and characterized by our group
(Trostchansky et al., 2007a), prostaglandin endoperoxide H synthase should represent a key
source of AANO,: during cyclooxygenase catalysis, stereospecific AA-derived radicals (AA®,
AAOQ?*) are formed, being potential sources of AANO, due to its reaction with *NO and *NO,.
This has physiological importance since stereospecific formation of AANO, may have the
potential to modulate the normal metabolic fate of AA (Trostchansky et al., 2007a). Fatty acids
are biologically present in free and esterified forms, but the release and stability of nitrated
fatty acids in membranes or lipoproteins remain unknown, probably affecting quantitation
studies. Recent data suggested that nitrated fatty acids, upon partitioning or esterification to
complex lipids, exist in a stabilized form that can be mobilized through esterases and phos-
pholipases (Schopfer et al., 2005a). This means that detection and quantitation of nitrated
lipids in vivo is complex, being influenced by the biological environment of target molecules.
Acidic nitration during sample processing (i.e. lipid extraction and hydrolysis) can mediate
artifactual generation of nitrated fatty acids due to the low pH and adventitious nitrite, leading
to overestimated concentrations of nitrated fatty acids in vivo.

CONCLUDING REMARKS

The physicochemical properties of *“NO and its derived reactive species determine the effi-
ciency of the reactions that can take place in the lipid environment relative to the aqueous
solution. The higher solubility of *NO in membranes than in water (Kp=3) leads to an accel-
eration of the rate of *NO autoxidation in the membrane, while the low permeability and
solubility of peroxynitrous acid in membranes is in part responsible for its low lipid oxidation
yields. The fraction of peroxynitrous acid that penetrates the membrane will undergo homo-
lysis as a major pathway of reaction and the derived radicals can then oxidize and nitrate pro-
tein tyrosines and fatty acids. Lipid oxidation products can further decompose to yield reactive
aldehydes that can react with proteins and yield covalent lipid-protein adducts that will
contribute to the nitrative damage, and are likely involved in the onset and/or development
of atherosclerosis, sporadic Parkinson disease and other pathologies. However, the damage to
lipid structures caused by RNS can be prevented by *NO itself. Since the diffusion in lipids is
only ~6-10 times lower and the solubility is ~3 times higher than in water, *"NO reacts with
LOO?* inhibiting oxidative damage at rates approaching those in solution. The antioxidant
activity of *“NO will be mainly defined by its rate of synthesis, whereas the simultaneous pro-
duction of O3~ will divert *NO to a pro-oxidant activity by the formation of peroxynitrite.

Oxidation and nitration in lipid environments modify RNS-mediated cell signaling and
injury processes. Under nitro oxidative stress conditions, the pathway of lipid nitration is
up-regulated concomitantly with lipid oxidation and protein nitration. As a result, the nitra-
tion chemistry switches from signaling to damage, because lipid oxidation products as well
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as nitrated proteins start to affect normal cellular functions and trigger processes such as
mitochondrial cytochrome c release and apoptosis (Fig. 4). In this unfavorable biochemi-

cal scenario for cell and tissue homeostasis, the higher levels of nitrated lipids may serve as
cyto- and tissue-protective agents, partially counteracting pro-inflammatory effects of oxidant
exposure (Fig. 4). The final protective versus toxic effect of lipid and protein nitration proc-
esses during inflammation seems to depend on a delicate balance in cells, the mediators of
which are just starting to be identified. Future research should identify which are the key
molecules involved in both routes, how they are formed, what signaling pathways are used
and what are the threshold levels that determine anti- or pro-inflammatory responses.
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Abstract

Protein tyrosine oxidation mechanisms in hydrophobic biocompartments (i.e.,
biomembranes, lipoproteins) leading to nitrated, dimerized, and hydroxylated
products are just starting to be appreciated. This chapter reports on the use of
the hydrophobic tyrosine analog N-t-BOC-L-tyrosine tert-butyl ester (BTBE)
incorporated to phosphatidyl choline liposomes to study peroxynitrite-
dependent tyrosine oxidation processes in model biomembranes. The probe
proved to be valuable in defining the role of biologically relevant variables in the
oxidation process, including the action of hydrophilic and hydrophobic perox-
ynitrite and peroxynitrite-derived free radical scavengers, transition metal cat-
alysts, carbon dioxide, molecular oxygen, pH, and fatty acid unsaturation
degree. Moreover, detection of the BTBE phenoxyl radical and relative product
distribution yields of 3-nitro-, 3,3’-di-, and 3-hydroxy-BTBE in the membrane
fully accommodate with a free radical mechanism of tyrosine oxidation, with
physical chemical and biochemical determinants that in several respects differ
of those participating in aqueous environments. The methods presented herein
can be extended to explore the reaction mechanisms of tyrosine oxidation by
other biologically relevant oxidants and in other hydrophobic biocompartments.

1. INTRODUCTION

Protein tyrosine nitration has been associated with several pathologies
(Beckman et al., 1994), such as inflammation, cardiovascular disease, neuro-
degeneration, and diabetic complications, and has been revealed as a bio-
marker of oxidative stress in vivo and a predictor of disease progression and
severity (Shishehbor ef al., 2003; Zhang et al., 2001b; Zheng ef al., 2005).

The nitration of protein tyrosine residues constitutes the substitution of
hydrogen by a nitro group (—NO,;+45 Da) in the three position of the
phenolic ring and represents a posttranslational modification produced by
nitric oxide (*NO)-derived oxidants, such as peroxynitrite (ONOOH,
ONOOM),! and nitrogen dioxide radical (-NO»).

1

IUPAC-recommended names for peroxynitrite anion (ONOO") and peroxynitrous acid (ONOOH, pK,=
6.8) are oxoperoxynitrate (1-) and hydrogen oxoperoxynitrate, respectively. The term peroxynitrite is used
to refer to the sum of ONOO™ and ONOOH.
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Early work showed that nitration could result in dramatic changes in
protein structure and function (Sokolovsky et al., 1966), resulting in either a
gain or a loss of function (Radi, 2004); however, it was not until the early
nineties (Beckman et al., 1990; Ischiropoulos ef al., 1992) when the biological
significance of protein tyrosine nitration was really appreciated, after recogniz-
ing the formation of strong oxidizing and nitrating intermediates during the
biological oxidation of *NO (Beckman ef al., 1990; Koppenol et al., 1992;
Radi ef al.,, 1991a,b). Since then, protein tyrosine nitration has been well
established to occur both in vivo and in vitro (Ischiropoulos, 1998; Radi, 2004).

Tyrosine nitration takes place biologically by a variety of routes, all of
them based in free radical chemistry. The oxidation of tyrosine? by different
oxidants (such as hydroxyl radical (+OH) carbonate radical (CO3"), *NO,,
and oxo-metal complexes) yields tyrosyl radical (+Tyr), which reacts with
nitrogen dioxide (*NO,) or another tyrosyl radical to yield 3-nitrotyrosine
(3-NO,-Tyr) and di-tyrosine (3,3'-di-Tyr), respectively. Alternatively,
3-nitrotyrosine can be formed secondary to the reaction of *NO with tyrosyl
radical to yield the transient 3-nitrosotyrosine, which must be further oxidized
by two consecutive one-electron steps with the intermediate formation of an
iminoxyl radical (Radi, 2004; Sturgeon et al., 2001); in conjunction with these
radicals processes, the addition of *OH to the tyrosyl radical leads to the
formation of a hydroxylated derivative, 3,4-dihydroxyphenylalanine
(DOPA) (Bartesaghi ef al., 2007; Radi, 2004; Santos ef al., 2000).

It has became evident that nitration of protein tyrosine can occur in both
hydrophilic or hydrophobic biocompartments (e.g., in proteins associated
to biomembranes and lipoproteins; reviewed in Bartesaghi et al., 2007) and
that various factors controlling the nitration pathways may differ in both
compartments. For instance, in the hydrophobic phase, several factors can
promote tyrosine nitration, whereas others may inhibit this process.
Enhanced nitration can be due to different factors, such as a higher concen-
tration of *NO,/+NO in this phase, membrane-associated transition metal
centers (e.g., hemin), or the exclusion of antioxidants such as glutathione,
which have a relevant role in aqueous phases. However, the high concen-
tration of unsaturated fatty acids in membranes, which may outcompete for
the radical species and therefore inhibit tyrosine nitration, as well as the lack
of permeability of some of the oxidants to the hydrophobic compartment
[e.g., CO5 (Bartesaghi et al., 2006), compound I myeloperoxidase (Zhang
et al., 2003)] may lead to lower nitration yields relative to the aqueous phase.

Peroxynitrite does not react directly with tyrosine (Alvarez ef al., 1999), but
peroxynitrite-derived radicals (e.g., *OH, COj5, NO,) do. Because the
peroxynitrite-derived radicals are short-lived, the nitration of tyrosine in
membranes by ONOOH can occur mainly by two mechanisms: peroxynitrite

? The term oxidation refers to the sum of nitration, dimerization, and hydroxylation processes.
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can decompose in the aqueous phase and its derived radicals diffuse into the
hydrophobic phase or peroxynitrite can enter the hydrophobic compartment
and the homolysis takes place in the interior of the membrane or lipoprotein.
Radical species have a specific diffusion behavior towards the membrane and
a different probability of formation in its interior. For instance, *NO; can both
readily permeate toward the membrane and be formed in its interior; how-
ever, *OH has a very short life and is diffusion is minimal (three to four
molecular diameters), in which case its action would depend exclusively on
ONOOH homolysis inside the hydrophobic compartment. We have previ-
ously described the formation of 3-hydroxy-BTBE (BTBE-OH) in model
membranes that must be because of a site-specific homolysis in the bilayer
(Bartesaghi ef al., 2006). In turn, COj3~ should not be either formed (by the
reaction of ONOO™ with CO,) in the membrane or permeate to it, as anions
will be excluded from the hydrophobic phase.

The formation of 3-nitrotyrosine and other oxidation products in the
membrane will depend on the distribution of radical intermediates, includ-
ing the concentration of *NO, and the competing pathway involving the
recombination of two tyrosyl radicals to yield 3,3’-di-tyrosine; in hydro-
phobic environments, there are diffusional restrictions for the lateral move-
ment of tyrosine residues that would not be present in aqueous phases. In
this context, work has been directed to define mechanisms and product
yields of tyrosine oxidation in hydrophobic compartments. Two main types
of probes have been developed to study tyrosine nitration in membranes:
hydrophobic tyrosine analogs such as N---BOC-L-tyrosine fert-butyl ester
(BTBE) (Zhang et al., 2001a) and tyrosine-containing transmembrane pep-
tides (Zhang et al., 2003). A description of BTBE and the methods for the
detection of its nitration and dimerization products have been reported
elsewhere in this series (Zhang et al., 2005).

This chapter focuses on the utilization of BTBE incorporated to phos-
phatidyl choline (PC) liposomes to study the mechanisms of peroxynitrite-
dependent tyrosine oxidation in model biomembranes. Variables that affect
tyrosine oxidation yields can be tested, including the effect of transition
metal catalysts, carbon dioxide, molecular oxygen, pH, hydrophilic and
hydrophobic antioxidants, and fatty acid composition of the membrane and
peroxynitrite-derived free radical scavengers (Bartesaghi ef al., 2000).

2. METHODS

2.1. Synthesis of BTBE and its oxidation products

The synthesis of BTBE and the standards 3-nitro-BTBE and 3,3’-di-BTBE has
been described previously (Zhang et al., 2005). 3-Hydroxy-BTBE is generated
by a hydroxylation reaction mediated by a Fenton system (Bartesaghi ef al.,
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2006). The Fenton reagent is prepared by diluting 10 mM ferrous ammonium
sulfate in 2.5 mM sulfuric acid. The reaction is started by adding 0.3 mM H,O,
and 0.3 mM Fe ' to BTBE (0.3 mM)-containing liposomes.

2.2. Preparation of BTBE-containing liposomes
and peroxynitrite addition

BTBE incorporation to liposomes is carried out as described previously
(Bartesaghi et al., 2006; Zhang et al., 2001a). Briefly, a methanolic solution
of BTBE (0.35 mM) is added to 35 mM PC lipids dissolved in chloroform.
The mixture is then dried under a stream of nitrogen gas. Multilamelar
liposomes are formed by thoroughly mixing the dried lipid with 100 mM
potassium phosphate buffer, pH 7.4, plus 0.1 mM DTPA. Under these
conditions, the BTBE incorporation degree is >98%.

Phosphatidyl choline liposomes of variable fatty acid composition can be
prepared containing saturated 1,2-dimyristoyl-su-glycero-3-phosphocholine
(DMPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), or unsatu-
rated (egg PC, soybean PC) fatty acids. In addition, the unsaturation degree
can be modulated by working with mixtures of DLPC and 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine. It is important to note that experi-
ments with liposomes must be performed in each case above the transition
phase temperature (i.e., 23, —1, —3, and <0 °C for DMPC, DLPC, egg PC,
and soybean PC, respectively).

Peroxynitrite synthesis is performed in a quenched-flow reactor from
sodium nitrite (NaNO,) and H,O, under acidic conditions as described
previously (Radi ef al., 1991b). The H,O, remaining from the synthesis is
eliminated by treating the stock solution with manganese dioxide. The
peroxynitrite concentration is determined spectrophotometrically at 302 nm
(¢ = 1670 M~! cm™1). The nitrite concentration in preparations is typically
lower than 30%. Nitrite levels must be strictly controlled and are critical for
obtaining reproducible data.

Peroxynitrite is added either as a single bolus or as multiple successive
boluses under vigorous vortexing or by infusion with a motor-driven
syringe under continuous stirring (Trostchansky et al., 2001). In some
control experiments, peroxynitrite is allowed to decompose to nitrate and
nitrite in 100 mM phosphate bufter, pH 7.4, for 2 min before use, i.c.,
“reverse order addition” of peroxynitrite (RA).

2.3. Sample preparation

A 200-pl reaction mixture containing liposomes is mixed with 200 ul
methanol and vortexed for 1 min to dissolve liposomes. The resulting
solution is mixed with 400 pl chloroform and 80 ul 5 M NaCl and is
vortexed for 2 min.
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The final solution is centrifuged at 5000 rpm for 10 min, and the
aqueous phase (supernatant) is removed. The chloroform layer is dried
under a stream of nitrogen and kept at —20 °C until use (Bartesaghi ef al.,
2006; Zhang et al., 2001a). Recovery efficiencies for all compounds are >95%
(Zhang et al., 20012). Immediately before HPLC analysis, samples are resus-
pended in 100 pl 85% methanol:15% 15 mM KPi, pH 3, sonicated for 10 min,
and centrifuged before injection.

Because chloroform is used during sample preparation, and because of
the affinity of lipids and BTBE for the hydrophobic components of plastic
tubes, experiments should be performed preferentially in glass tubes.

2.4. HPLC analysis

BTBE, 3-nitro-BTBE, and 3,3'-di-BTBE are separated on a Gilson HPLC
system equipped with UV-VIS and fluorescence detectors by reversed-phase
HPLC using a Partisil ODS-3 10-um column (250 mm length, 4.6 mmi.d.).

Mobile phase A consists of 15 mM phosphate potassium bufter, pH 3, and
mobile phase B consists of methanol. Chromatographic conditions are as
follows: flow, 1 ml/min; 75% mobile phase B for 25 min, followed by a linear
increase to 100% mobile phase B for 10 min, which is essential for column
reconstitution and elution of higher oxidation states of BTBE polymerization
products and phospholipids. UV-VIS settings are 280 nm, ¢ = 1200 M~!
cm~! for BTBE and 360 nm, ¢ = 1500 M~! cm™" for 3-nitro-BTBE. 3,3'-
di-BTBE is detected fluorimetrically at 4.,=294 nm and A.,= 401 nm.
Authentic 3-nitro-BTBE and 3,3'-di-BTBE are used as standards.

For the detection of 3-hydroxy-BTBE (i.e., 3,4-dihydroxy-N--BOC-
L-phenylalanine fert butyl ester), the HLPC protocol is modified slightly to
seek for more hydrophilic compounds derived from peroxynitrite-treated
BTBE-containing liposomes. Mobile phase A consists of water, and the
gradient is started at 50% methanol to 100% for 35 min.

2.5. Spectrophotometric analysis

In saturated fatty acid-containing PC liposomes (i.e., DLPC and DMPC),
3-nitro-BTBE can be quantitated by direct UV-VIS measurement. Briefly,
liposomes are solubilized with 1.2% deoxycholate (Bartesaghi ef al., 2006;
Buege and Aust, 1978), followed by alkalinization to pH 10 with 5 M NaOH,
and 3-nitro-BTBE is measured at 424 nm at pH 10, corresponding to the
phenolate anion absorbance (¢ = 4000 M~! cm™1).

Direct spectrophotometric measurement of 3-nitro-BTBE after deoxy-
cholate solubilization turn out to be practical and reproducible for saturated
fatty acid-containing liposomes and less time-consuming than the HPLC
experiments. However, this method should not be applied to unsaturated
fatty acid-containing liposomes, as peroxynitrite leads to the formation of
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other absorbing species in the same region of the spectrum, such as nitrated
and peroxidized lipids (Radi ef al., 1991b; Schopfer ef al., 2005).

2.6. Mass spectrometry analysis of 3-hydroxy-BTBE

3-Hydroxy-BTBE is analyzed using an Applied Biosystems QTR AP, triple
quadrupole-linear ion trap (LIT) mass spectrometer equipped with a turbo
ion spray ionization source (ESI). The mass spectrometer is operated in a
positive mode, and the ESI settings are optimized as follows: ion spray
voltage, 2500 V; temperature, 375 °C; declustering potential, 50 V; entrance
potential, 10 V; nebulizer gas, 40 psi; heater gas, 25 psi. Samples collected
from the HPLC are diluted in acidified methanol (0.1% formic acid) and
infused continuously (10 wM/min) at an estimated concentration of 10 nM.
The molecular ion is identified at m/z 352.2. Fragmentation analysis of
hydroxy-BTBE i1s conducted using the LIT in the enhanced product ion
mode of the instrument. Fragmentation experiments of the molecular ion at
352.2 are conducted at different collision-assisted dissociation energies
identifying fragments from the parent ion.

2.7. Electron spin resonance (ESR) measurements

Electron spin resonance spin-trapping experiments are performed to detect
the one-electron oxidation product of BTBE (i.e., BTBE phenoxyl radical).
DLPC liposomes are incubated with 20 mM 2-methyl-nitroso propane (MNP)
and peroxynitrite for 1 min. The liposomes are diluted with water, spinned
down to remove MNP, and resuspended in phosphate buffer. Samples are
subsequently transferred to a 100-ul capillary tube for ESR measurements.
ESR spectra are recorded at room temperature on a Bruker EMX spectrometer
operating at 9.8 GHz. Typical spectrometer parameters are as follow: scan range,
100 G; field set, 3510 G; time constant, 0.64 ms; scan time, 20 s; modulation
amplitude, 5.0 G; modulation frequency, 100 kHz; receiver gain, 2 x 103
microwave power, 20 mW. The obtained signals are the result of 200 scans.

3. RESULTS

3.1. Electron spin resonance spin trapping of BTBE
phenoxyl radical

Electron spin resonance spin trapping was used to detect the BTBE phenoxyl
radical formed during peroxynitrite-mediated BTBE oxidation with the spin
trap MNP as described previously (Bartesaghi ef al., 2006). BTBE-contain-
ing liposomes treated with ONOO ™ result in an anisotropic three line signal,
suggesting the formation of a partially immobilized phenoxyl radical in the



224 Silvina Bartesaghi et al.

A
’ WMWWWWW
) WMWMMMWMWM“‘WWM
D
I
/ I
/‘ /l /\
________ A I A
\ \
J 1
E \

| 25G |

Figure 12.1 ESR spin-trapping measurements. Reaction mixtures consisting of BTBE
(225 mM) incorporated into 45 mM DLPC liposomes in a phosphate buffer (100 mM,
pH74) containing DTPA (0.1 mM ) were treated with a20 mM2-methyl-2-nitrosopropane
(MNP) spin trap and mixed rapidly with 5 mM peroxynitrite. Samples were subsequently
transferred to a100-ul capillary tube for ESR measurements. (A) BTBE-containing lipo-
somes plus peroxynitrite. (B) BIBE-containing liposomes plus decomposed peroxynitrite
(RA). (C) Liposomes plus peroxynitrite plus MNP. (D) Sample A was centrifuged and
BTBE-containing liposomes were redissolved in ethanol any =13.8 G. (E) Product of MNP
photolysis,an=17.1 G.

interior of the membrane (Fig. 12.1A). No ESR spectrum was obtained
when liposomes were treated with decomposed peroxynitrite (Fig. 12.1B)
orin the absence of BTBE (Fig. 12.1C). When peroxynitrite-treated BTBE-
containing liposomes were dissolved in ethanol, a clear three line signal was
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obtained (Fig. 12.1D). Despite the low signal-to-noise ratio, we can estimate
a hyperfine constant of 13.8 G, which is consistent with the one-electron
oxidation of BTBE by peroxynitrite-derived radicals (Mossoba et al., 1982).

MNP photolysis may occur during the experiments and leads to the
formation of a three line signal corresponding to the di-fert-butyl nitroxide
radical, which has a different ayg value, as shown in Fig. 12.1E.

3.2. HPLC and spectroscopic analysis of BTBE,
3-nitro-BTBE, and 3,3’-di-BTBE

BTBE oxidation products were quantitated by UV-VIS and/or fluorimetric
measurements after either (a) reverse-phase-HPLC separation of organic
extraction material or (b) deoxycholate solubilization. Figure 12.2A shows a
typical HPLC chromatogram obtained from peroxynitrite-treated samples,
and the elution of BTBE and its oxidation products 3-nitro-BTBE and 3,3'-
di-BTBE is shown at 7, 9, and 19 min, respectively.

Alternatively, spectral analysis of 3-nitro-BTBE after liposome solubiliza-
tion with 1.2% deoxycholate allowed carrying out direct measurements at the
peak absorbance of 424 nm at pH 10 (Fig. 12.2B). In DLPC liposomes at
pH 7.4, peroxynitrite (0—2 mM) caused a dose-dependent increase in BTBE
nitration yields, with similar results obtained for both methods (Fig. 12.1C).
While the 3% yield obtained for 3-nitro-BTBE with respect to added perox-
ynitrite compares well for that obtained for free tyrosine (6—-10%), values for
the corresponding dimer 3,3'-di-BTBE are considerably lower (0.11 and
0.02% for egg PC and DLPC, respectively) because of the lateral restriction
of BTBE within the bilayer (Bartesaghi ef al., 2006). The direct spectroscopic
measurement of 3-nitro-BTBE should be applied for saturated fatty acid-
containing liposomes only, as mentioned in the description of the method.

3.3. Peroxynitrite-mediated BTBE hydroxylation in
DLPC liposomes

In order to explore if the ONOOH-derived +OH in lipophilic environ-
ments could form the hydroxylated derivative of BTBE, chromatographic
conditions were changed, as this product is less hydrophobic than the parent
compound and therefore elutes at shorter times in our HPLC system. As a
positive control for reactions of the * OH radical, BTBE-containing liposomes
were incubated with a Fenton system. Indeed a peak eluting at 11 min was
identified both in the Fenton and in the peroxynitrite addition experiments,
collected, and characterized by mass spectrometry.

* MNP adducts with free or peptide-bound tyrosyl radicals were reported to have ay values of 16.5 (Mossoba
et al., 1982) and 15.6 G (Zhang et al., 2003), respectively.
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Figure 12.2 Analysis of 3-nitro-BTBE and 3,3'-di-BTBE after peroxynitrite addition.
BTBE (0.3 mM) in DLPC liposomes (30 mM ) was exposed to peroxynitrite in phosphate
buffer (100 mM ), pH 74, plus 0.1 mM DTPA. (A) After an organic extraction, products
were separated by RP-HPLC as described in the text. The HPLC chromatogram shows the
elution of BTBE, 3-nitro-BTBE, and 3,3'-di-BTBE after treatment with peroxynitrite
(1 mM ); structures have been drawn above the peaks. UV-VIS detectionwas done for BTBE
and 3-nitro-BTBE at 280 nm (solid line) and 360 nm (dashed line). 3,3'-Di-BTBE was
measured fluorimetrically at 294- and 401-nm excitation and emission wavelengths, respec-
tively (dotted line). (B) Peroxynitrite-treated, BTBE-containing liposomes were solubi-
lized with1.2% deoxycholate, the pH was adjusted to 10 with NaOH, and UV-VIS spectra of
3-nitro-BTBE were recorded at different peroxynitrite concentrations. (C) Quantitation
of 3-nitro-BTBE as a function of peroxynitrite concentration after HPLC separation (=)
ordeoxycholate solubilization (®). Reproduced from Bartesaghi et al. (2006).

3-Hydroxy-BTBE yields were extremely low, which is consistent with
the fact that the competition reaction of *OH with the saturated fatty acids
[60 mM lauric acid, k = 6.4 x 108 M! 57! (Barber, 1978)] will predominate
over the *OH oxidation reaction with 0.3 mM BTBE.
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3.4. Mass spectrometry characterization of 3-hydroxy-BTBE

An aliquot (100 ul) of the peak eluting at 11 min was diluted in 80%
methanol 0.1 % formic acid and infused continuously to the mass spectro-
meter. Figure 12.3 shows the enhanced resolution mass spectrum of the
collected peak after the Fenton reagent and peroxynitrite addition to
BTBE-containing liposomes where an ion of m/z 353.2 was identified in
both experimental settings. A turbo electrospray ionization source was used,
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Figure 12.3 Mass spectrometry characterization of hydroxy-BTBE. BTBE (0.3 mM)
in DLPC liposomes (30 mM ) was exposed to FeSO, (0.3 mM ) +H,O, (0.3 mM) or per-
oxynitrite in phosphate buffer (20 mM), pH 6, supplemented with 04 mM DTPA and
injected to HPLC. A peak eluting with a retention time of 11 min was collected and
resuspended in 80% methanol plus 0.1% formic acid prior to injection into the mass
spectrometer. (Top) Enhanced resolution mass scan of the peak eluting at 11 min shows
an ion with an m/z of 353.2, which corresponds to the cation radical of hydroxy-BTBE
for the Fenton (left) and peroxynitrite (right) reactions. (Bottom) MS/MS fragmenta-
tion pattern of the m/z 353.2 ion showing the typical fragment ion of m/z 91 (arrow) aris-
ing from phenolic cation radicals. Reproduced with modifications from Bartesaghi
et al. (2006).
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which produces mild ionization of molecules after vaporization of the liquid
phase, minimizing in-source fragmentation. As opposed to atmospheric
pressure chemical ionization (APCI) sources, ESI ionization typically pro-
duces protonation (positive mode under acidic conditions) of Bronsted—
Lowry acids such as an amino group (e.g., -NH3™) giving rise to (M + H)
ions. The calculated monoisotopic molecular mass of BTBE is 337.2,
whereas that of hydroxy-BTBE is 353.2. Mass spectrometry analysis of
both compounds gives rise in our experimental settings to the molecular
ion with a m/z of 337 and 353, respectively. This is indicative of formation
of the cation radical ion of these molecules, most probably due to in-source
electrochemistry as described previously for ESI ionization. To further
confirm this observation, we conducted mass analysis of tyrosine and
N-acetyl tyrosine, as both are phenolic compounds as BTBE; in the former
molecule, protonation of the amino group is blocked by the acetyl moiety.
We detected the well-characterized [M + H™] ion of tyrosine (m/z 182.2)
but in agreement to what was observed for BTBE, the ion corresponding to
N-acetyl tyrosine was M with a m/z of 223.1. Furthermore, analysis of the
peak corresponding to 3-hydroxy-BTBE carried out without acidification
of the sample and in aprotic solvent (100% acetonitrile) to avoid the gas-
phase proton transfer reaction still gave rise to the m/z 353.2 species,
strongly suggesting formation of the cation radical ion (not shown). The
fragmentation pattern observed after Fenton and peroxynitrite addition
experiments were identical (Fig. 12.3).

3.5. Enhancers and inhibitors of peroxynitrite-mediated
tyrosine oxidation in membranes

In order to study the mechanism of peroxynitrite-mediated tyrosine oxidation
in hydrophobic environments, we studied the effect of different molecules
known to react with peroxynitrite or its derived radicals and that can up- or
downmodulate product formation. Tested scavengers may include polar
compounds that will mainly react in the aqueous phase or hydrophobic,
which may undergo reactions either in the lipophilic phase or in the aqueous/
lipid interphase.

For instance, BTBE nitration and dimerization were inhibited by glutathi-
one, lipoic acid (Trujillo ef al., 2005), pHPA, tyrosine, dimethyl sulfoxide,
mannitol, desferrioxamine (Bartesaghi et al., 2004), and uric acid in extents
that are compatible with their different reactivities with peroxynitrite (e.g.,
GSH and lipoic acid) and peroxynitrite-derived radicals* (Fig. 12.4). It is
important to note that the presence of nitrite (NO53) either remaining from

" Specific rate constants of scavengers and metal centers with peroxynitrite, *NO,, *OH, and CO3, as well as
reactant concentrations, critically influence tyrosine-oxidation yields. Exhaustive kinetic analyses of these
processes have been performed elsewhere (Bartesaghi ef al., 2004, 2006; Trujillo et al., 2005).
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Figure 12.4 Effect of scavengers, carbon dioxide, and oxygen on BTBE nitration and
dimerization. BTBE (0.3 mM) in DLPC liposomes (30 mM) was exposed to peroxyni-
trite (0.5 mM) in the presence of different compounds and concentrations, and 3-nitro-
BTBE (A) and 3,3'-di-BTBE (B) were analyzed by RP-HPLC. The condition under low
oxygen tensions (-O,) was obtained by saturation of the samples under an argon atmo-
sphere previous to peroxynitrite addition.
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peroxynitrite synthesis or added may affect product distribution and yields due
to its fast reaction with *OH to yield *NO, (k=6 x 102 M~'s71).

It is well known that some transition metal complexes enhance
peroxynitrite-mediated tyrosine nitration of phenolic compounds in aque-
ous media via a catalytic redox cycle mechanism (Beckman ef al., 1992;
Radi, 2004). The effect of difterent transition metal complexes on BTBE
nitration and dimerization in either saturated (DLPC) or unsaturated (egg
PC) BTBE-containing liposomes can be studied. In DLPC liposomes,
nitration yields were enhanced in the presence of hemin, Fe-EDTA, and
the metal porphyrins Mn (III) meso-tetrakis (4-carboxylatophenyl) porphy-
rin (Mn-tccp) and Fe (III) meso-tetrakis (4-carboxylatophenyl) porphyrin
(Fe-tccp), while ferrioxamine had no effect. In egg PC liposomes, hemin
clearly enhanced BTBE nitration fivefold, whereas Fe-EDTA, Mn-tccp and
Fe-tccp did not (Fig. 12.5). It is clear that transition metal complexes act as
nitration catalysts in simple saturated fatty acid-containing systems. Indeed,
in DLPC liposomes, BTBE nitration is enhanced by hemin and Mn-tccp in
a dose-dependent manner (Bartesaghi ef al., 2006). The effect of transition
metal catalysts may be different in more complex systems, such as unsatu-
rated fatty acid-containing liposomes where lipid peroxidation may play a
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Figure 12.5 Effect of transition metal complexes on BTBE nitration. BTBE (0.3 mM)
in DLPC and egg PC liposomes (30 mM ) were incubated with the indicated concentra-
tion of different transition metal complexes and treated with peroxynitrite (0.5 mM).
NO,-BTBE yields were analyzed by RP-HPLC. R A, reverse addition of peroxynitrite.
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relevant role in the nitration process (Bartesaghi ef al., 2007). Importantly,
oxygen depletion known to inhibit lipoperoxidation chain reactions was
also strongly inhibitory of BTBE nitration (Fig. 12.4A).

3.6. Effect of pH on nitration, dimerization,
and hydroxylation yields

The effect of pH on tyrosine oxidation has been established previously with
nitration, dimerization, and hydroxylation yields as a function of pH having
distinctive profiles (Beckman ef al., 1992; Santos et al., 2000; van der Vliet
et al., 1995). The pH profiles are dictated by different reactions, some of
which largely depend on the ionization state of the phenolic -OH group of
tyrosine. Indeed, the deprotonated form of the tyrosine ring (i.e., pheno-
late) is the molecular species that reacts readily with *NO,. The effect of pH
on BTBE oxidation aids in determining to what extent its incorporation to
hydrophobic environments affects the dependency observed for tyrosine
and therefore the reaction mechanism. Changes in pH will alter proton
concentration in the aqueous phase and may affect the chemistry of BTBE
in the bilayer directly or indirectly. 3-Nitro-BTBE formation as a function
of pH resulted in a bell-shaped curve with a maximum yield at pH 7.5
(Fig. 12.6), similar to what is observed for nitro-tyrosine. 3,3'-Di-BTBE
formation was very low at pH <8, but increased significantly towards
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Figure 12.6 BTBE oxidation as a function of pH. BTBE-containing DLPC liposomes
were prepared after lipid resuspension in phosphate buffer (100 mM) plus 0.1 mM DTPA
at different pH values. Then BTBE (0.3 mM ) was treated with peroxynitrite (0.5 mM)
at each pH. (A) 3-NO,-BTBE and 3,3'-di-BTBE were analyzed after organic extraction
by RP-HPLC. (B) The 3-hydroxy-BTBE concentration at two pH values, estimated
by using (34-dihydroxy-phenylalanine) DOPA as a standard. Reproduced with modifi-
cations from Bartesaghi et al. (2006).
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alkaline pH. In addition, 3-hydroxy-BTBE was detected at pH 6 but not at
pH 7.4.

The pH dependency of the three BTBE oxidation products can be fully
rationalized kinetically by free radical-dependent mechanisms and has been
reported elsewhere (Bartesaghi ef al., 2006). These data are also in agreement
with BTBE being partially immersed in the bilayer with the —OH being
exposed towards the aqueous phase and therefore capable of ionization; thus,
kinetic data are in agreement with structural information indicating that
BTBE is located all through the bilayer with the highest concentration near
the glycerol backbone of the phospholipids (Zhang ef al., 2001a).

4. DISCUSSION

BTBE incorporated to PC liposomes has been revealed to be a useful
probe to study tyrosine oxidation processes in membranes (Fig. 12.7),
particularly peroxynitrite-mediated nitration, dimerization, and hydroxyl-
ation; these oxidation processes require the intermediacy of BTBE phe-
noxyl radicals as evidenced by ESR spin-trapping studies.

In hydrophobic environments, tyrosine nitration is the predominant
pathway, partly because of the physical chemical properties of nitrogen
dioxide, that is, it partitions and diffuses favorably in hydrophobic environ-
ments and reacts with tyrosyl radicals close to diftusion-controlled rates. In
contrast, tyrosine dimerization is hindered because of the limited lateral
diffusion of tyrosyl radicals within the lipid bilayer structure, expected to
occur at least 100 times slower than in the aqueous phase (Bartesaghi et al.,
2006). Small amounts of the hydroxylated tyrosine analog derivative were
found, supporting the homolysis of ONOOH in the interior or the imme-
diate proximity of the liposomal membrane. The role of hydrophilic and
hydrophobic compounds that either enhance or inhibit tyrosine nitration
processes in the membrane can be studied in detail through the use of
membrane-containing BTBE. Additionally, the incidence of membrane
fatty acid unsaturation and the role of lipid peroxidation processes in
tyrosine oxidation product yields and distribution are just starting to be
appreciated. While kinetic data on the reactions of *NO,, CO;3", and *OH
radicals with BTBE or, in general, membrane-associated tyrosine residues
are still lacking, the use of known rate constants with tyrosine in computer-
assisted simulation studies recapitulates experimental data and fully supports
a free radical mechanism of BTBE oxidation by peroxynitrite in biomem-
branes (Bartesaghi et al., 2006). The use of BTBE can help to understand
distinctive factors that affect tyrosine oxidation in hydrophobic environ-
ments, which clearly differ in several respects to those existing in aqueous
phases. Importantly, BTBE incorporation and oxidation in red blood cell
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Figure 12.7 Tyrosine oxidation products in membranes induced by peroxynitrite. The structure of the hydrophobic probe BTBE, which
undergoes one-electron oxidation to the corresponding BTBE phenoxyl radical either by peroxynitrite-derived radicals (- OH, ‘NO,) or by
membrane-derived lipid peroxyl radicals (ROO*), is shown. The transient BTBE phenoxyl radical either reacts at diffusion-controlled rates
with *NO; to yield 3-nitro-BTBE or recombines with another phenoxyl radical to yield 3,3'di-BTBE; nitration yields are significantly larger
than dimerization yields. The figure also indicates the formation of small amounts of the 3-hydroxy-BTBE from the addition reaction with
hydroxyl radical and supports the diffusion and homolysis of ONOOH within the lipid bilayer.
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membranes have been just reported (Romero et al., 2007), opening the use
of BTBE as a probe to study free radical-dependent processes in hydropho-
bic biocompartments. While tyrosine-containing transmembrane peptides
(Zhang et al., 2003) reflect the biochemical behavior of a membrane-
associated protein more closely, the relative ease of BTBE synthesis, incor-
poration to model and biological membranes, extraction, and quantitation
of reaction products offers a unique possibility to study oxidation mechan-
1sms mediated by peroxynitrite and other reactive oxygen and nitrogen
species and their modulation by biomolecules, xenobiotics, and drugs, as
well as carbon dioxide and molecular oxygen.
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Summary. In this review we address current concepts on the biological
occurrence, levels and consequences of protein tyrosine nitration in bio-
logical systems. We focused on mechanistic aspects, emphasizing on the
free radical mechanisms of protein 3-nitrotyrosine formation and critically
analyzed the restrictions for obtaining large tyrosine nitration yields in vivo,
mainly due to the presence of strong reducing systems (e.g. glutathione)
that can potently inhibit at different levels the nitration process. Evidence
is provided to show that the existence of metal-catalyzed processes, the as-
sistance of nitric oxide-dependent nitration steps and the facilitation by
hydrophobic environments, provide individually and/or in combination,
feasible scenarios for nitration in complex biological milieux. Recent stud-
ies using hydrophobic tyrosine analogs and tyrosine-containing peptides
have revealed that factors controlling nitration in hydrophobic environ-
ments such as biomembranes and lipoproteins can differ to those in aque-
ous compartments. In particular, exclusion of key soluble reductants from
the lipid phase will more easily allow nitration and lipid-derived radicals
are suggested as important mediators of the one-electron oxidation of ty-
rosine to tyrosyl radical in proteins associated to hydrophobic environ-
ments. Development and testing of hydrophilic and hydrophobic probes that
can compete with endogenous constituents for the nitrating intermediates
provide tools to unravel nitration mechanisms in vitro and in vivo; addi-
tionally, they could also serve to play cellular and tissue protective func-
tions against the toxic effects of protein tyrosine nitration.

Keywords: Tyrosine nitration — Peroxynitrite — Nitrogen dioxide —
Hemeperoxidases — Free radicals — Hydrophobic environments

Tyrosine nitration: definition, levels and biological
significance

The nitration of protein tyrosine residues constitutes
the substitution of hydrogen by a nitro group (—NO,;
+45Da) in the 3-position of the phenolic ring and rep-
resents a post-translational modification produced by

nitric oxide (‘'NO)-derived oxidants such as peroxynitrite'
(ONOO™; ONOOH) and nitrogen dioxide radical ('NO,).
Early protein chemistry work (Sokolovsky et al., 1966)
indicated that nitration by agents such as tetranitromethane
could result in dramatic changes in protein structure and
function; however, it was not until early in the nineties
(Beckman et al., 1990; Ischiropoulos et al., 1992) when
the potential biological significance of protein tyrosine ni-
tration was appreciated after recognizing the formation of
strong oxidizing and nitrating intermediates during the bio-
logical oxidation of 'NO (Beckman et al., 1990; Koppenol
et al., 1992; Radi et al., 1991a, b). Since then, protein tyro-
sine nitration by a number of biologically-relevant nitrating
intermediates has been steadily established to occur both
in vitro and in vivo (Ischiropoulos, 2003; Radi, 2004).
Protein tyrosine nitration is, in general terms, a low
yield process and while substantial progress has been
made in detecting nitrated proteins in biological samples
by immunochemical methods (i.e. using antibodies against
protein 3-nitrotyrosine) (Radi et al., 2001; Ye et al., 1996)
and in identifying individual nitrated proteins by proteo-
mic-based strategies (Turko et al., 2003), precise quanti-
tative determination of 3-nitrotyrosine levels in fluids and
tissues represents a real challenge as it requires, develop-

'"TUPAC recommended names for peroxynitrite anion (ONOO™) and
peroxynitrous acid (ONOOH) (pK,=6.8) are oxoperoxonitrate (1—)
and hydrogen oxoperoxonitrate, respectively. The term peroxynitrite is
used to refer to the sum of ONOO™ and ONOOH.
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ment of analytical methodologies that must both be highly
specific and sensitive and avoid potential artifactual nitra-
tion which can easily occur during sample processing”.

Indeed, reported levels of protein 3-nitrotyrosine in
stressed tissues is in the range of 10-100 pmol/mg, cor-
responding to about 1-5 nitrated residues over 10,000
tyrosines (100-500 pmol/mol) (Radi, 2004; Zheng et al.,
2005). The extent of tyrosine modification by nitration is
comparable to that of other oxidative modifications in-
cluding chlorination, bromination and hydroxylation to
3-chloro, 3-bromo and 3-hydroxy-tyrosine, respectively,
modifications that may coexist with tyrosine nitration at
variable ratios, depending on the dominant nitration mech-
anism (vide infra).

The increase of the basal levels of 3-nitrotyrosine found
under normal conditions is established to serve as a foot-
print of nitro-oxidative damage in vivo both in animal
models and humans diseases; moreover, it has been also
revealed as a strong biomarker and predictor of disease pro-
gression and severity in conditions such as acute and chron-
ic inflammatory processes, cardiovascular disease, neuro-
degeneration and diabetic complications, among others
(Ceriello, 2002; Radi, 2004; Shishehbor et al., 2003; Zhang

% Techniques that are based on anti-protein 3-nitrotyrosine antibody (e.g.
ELISA) should be considered semi-quantitative. At present, the gold
standard analytical technique for the quantitation of 3-nitrotyrosine is
either GC or LC coupled to MS/MS; recently, much improvement has
been accomplished using LC/MS/MS due to the innovation on mild
ionization sources such us electrospray ionization (ESI). The basal level of
free 3-nitrotyrosine in human plasma is 1.5 & 1.0nM. Thus, analytical
approaches to measure free 3-nitrotyrosine must have a limit of quanti-
fication (LOQ) below 0.5 nM. Care should be taken in sample preparation
and processing since some of these techniques require derivatization
reactions that can lead to artifactual acid-catalyzed nitration (for extensive
reviews see (Duncan, 2003; Tsikas and Caidahl, 2005)). In this regard,
isotope dilution methods using uniformly labeled tyrosine and 3-nitrotyr-
osine (e.g. '*C-tyrosine) represent major advances for quantitation pur-
poses (see for example Gaut et al., 2002; Nicholls et al., 2005). The source
of free 3-nitrotyrosine is not fully established but it should mainly arise
from the turnover of nitrated proteins as free 3-nitrotyrosine can not be
incorporated in the de novo synthesis of proteins. Quantitation of protein-
3-nitrotyrosine involves total hydrolysis of sample proteins to release 3-
nitrotyrosine. Acid or alkaline hydrolysis and enzymatic digestion of
proteins is commonly used. In spite of the facts that protein acid hydro-
lysis is a tedious process and meticulous controls should be taken to cope
with artifactual nitration, it still represents the most accepted approach
(for further considerations on the hydrolysis methods, see (Fountoulakis
and Lahm, 1998). The reported basal concentration for human plasma
protein 3-nitrotyrosine is in the range of 0.4—1.6 over 1 x 10° (3-nitro-
Tyr/Tyr). However, more important discrepancies in values are found
in the literature for protein-3-nitrotyrosine than for free 3-nitrotyrosine
mainly because of the protein hydrolysis step required to perform this
measurement (Tsikas and Caidahl, 2005). Other analytical techniques
such as HPLC with electrochemical, fluorescence or even UV-Vis detec-
tion have been successfully applied for in vitro well-controlled biochem-
ical experimental setups (Radi et al., 2001).

etal., 2001; Zheng et al., 2005). In addition, protein tyrosine
nitration could contribute to alterations (loss or gain) of
protein function in vivo; in this regard, however, few
examples of a correlation between the extents of protein
nitration and inactivation in vivo have been substanti-
ated because for a significant loss-of-function, a large
proportion of nitrated protein molecules are required.
Moreover, many times, protein tyrosine nitration occurs
concomitantly with other oxidative modifications which
may also influence protein function and therefore a
cause-consequence relationship is in many cases not pos-
sible to demonstrate. A remarkable and well-documented
example is constituted by the in vivo nitration and inacti-
vation of MnSOD (MacMillan-Crow et al., 1996; Quijano
et al., 2005; Radi, 2004), a critical mitochondrial anti-
oxidant enzyme, that becomes modified in animal and hu-
man inflammatory disease conditions. MnSOD nitration
occurs site-specifically in Tyr-34 located at 5 A of the ac-
tive site, with the manganese atom playing a key role on
the nitration process (Beckman et al., 1992; Quijano et al.,
2001; Quint et al., 2006; Yamakura et al., 1998). Other
reported proteins to which extents of nitration might cause
significant decrease in activity in vivo in cell and animal
disease models are actin (in sickle cell disease) (Aslan
et al., 2003), prostacyclin synthase (in vascular dysfunc-
tion) (Zou and Ullrich, 1996; Zou et al., 1997), tyrosine
hydroxylase (in Parkinson’s disease) (Giasson et al., 2002;
Ischiropoulos and Beckman, 2003), and prostaglandin en-
doperoxide synthase-2 (PHS-2) (in vascular inflammation)
(Schildknecht et al., 2006). Alternatively, and as a more
novel concept, tyrosine nitration may promote a gain-of-
function, in which case modification of only a small protein
fraction may trigger a substantive signal from a previously
weak or non-existent function; this appears to be the case
of cytochrome c (i.e. peroxidase activity) (Batthyany et al.,
2005; Cassina et al., 2000), protein kinase Cg (i.e. trans-
location and interaction with RACK?2) (Balafanova et al.,
2002) and glutathione S-transferase (i.e. enzyme activation)
(Ji et al., 2006). Similarly, small amounts of a nitrated pro-
tein can serve in nucleation steps in the process of making
protein fibers (e.g. fibrinogen and pro-coagulant activity)
(Vadseth et al., 2004) or protein aggregates (e.g. o-synu-
clein and Lewy bodies) (Giasson et al., 2000; Hodara
et al., 2004). Thus, considering the low yield of tyrosine
nitration for most proteins, evaluation of new activities or
interactions by nitrated proteins becomes a relevant matter
in the context of alterations of cell homeostasis by nitro-
oxidative stress.

In addition to functional changes, protein nitration may
cause other biological effects: a) nitrated proteins may
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become auto-antigens and trigger immunological re-
sponses (Herzog et al., 2005; Radi, 2004; Whiteman et al.,
2006); b) since nitrated tyrosines are uncapable to un-
dergo phosphorylation in the phenolic —OH (Kong et al.,
1996; Tien et al., 1999), tyrosine kinase-dependent signal
transduction could be affected, and c) nitrated proteins
may be more readily targeted for protein degradation.
The presence of repair systems for tyrosine nitrated pro-
teins (e.g. the existence of “‘denitrase activity’) has been
proposed (Irie et al., 2003; Kamisaki et al., 1998) but these
pathways remain to be established.

Site- and protein-specificity in tyrosine nitration
processes

Tyrosine in a protein constitutes in average 3—4 mol% of
the amino acids and therefore proteins typically contain
several tyrosine residues. However, peptide mapping stud-
ies have shown that within a protein typically one or two
tyrosine residues become preferentially nitrated; the de-
terminants of which are not fully established but depend on
three main factors: a) protein structure, b) nitration mech-
anism, and c) environment where the protein is located.
Regarding protein structure, the available information
indicates that factors that favor nitration are the presence
of an acidic amino acid close to tyrosine (Ischiropoulos,
2003; Souza et al., 1999), the localization of a tyrosine
residue on a loop structure (Ischiropoulos, 2003; Souza
et al., 1999; Sacksteder et al., 2006) and the nearby pre-
sence of transition metal centers and binding sites for
hemeperoxidases (Shao et al., 2005). In particular, some
transition metal centers site-specifically enhance peroxyni-
trite-dependent nitration (Quijano et al., 2001; Schmidt
et al., 2003) and interactions of the positively charged
myeloperoxidase with negatively charged clusters of a
target protein can also focus protein nitration (Shao et al.,
2005). The presence of amino acids such as cysteine,
methionine and tryptophan that compete for the proximal
nitrating species (e.g. 'NO,), might be inhibitory for tyro-
sine nitration, although this view has been recently chal-
lenged (Sacksteder et al., 2006); moreover, cysteine can
also promote electron transfer through the protein back-
bone and reduce a tyrosyl radical to tyrosine with the
consequent formation of a cysteinyl radical and the inhi-
bition of nitration (Zhang et al., 2005; Sacksteder et al.,
2006). The influence of the nitration mechanism and the
protein environment (polar or nonpolar) on the selectivity
of the nitration site is discussed elsewhere in the review
and new data is rapidly emerging (Sacksteder et al., 2006;
Heijnen et al., 2006).

Proteomic based approaches involving peptide mapping
and sequencing are revealing that some proteins are pre-
ferentially nitrated in vivo, and that within those proteins
one or at most a few tyrosine residues are nitrated (see for
example Kanski et al., 2005; Zheng et al., 2005) Thus,
there is an ongoing interest in the identification of nitrated
proteins in disease states and since nitrating intermediates
react in the close proximity of their site of formation,
intra- or extracellular distribution of nitrated proteins also
provide information regarding the compartments on which
nitration events predominantly take place (Heijnen et al.,
2006). For example, the significant nitration of mito-
chondrial proteins observed in a variety of disease states,
strongly suggests the contribution of mitochondria in
the formation of 'NO-derived oxidants in conditions as-
sociated to mitochondrial dysfunction and signaling of
apoptosis (Quijano et al., 2005; Sacksteder et al., 20006),
where some nitrated proteins, in addition, can play a key
contributory role.

Structural and functional studies with pure and well-
characterized (i.e. with identified nitration site(s)) mono-
nitrated species are required to unambiguously and pre-
cisely define the potential biological effects of tyrosine
nitration in specific proteins; isolation and characteriza-
tion of mono-, di- and polynitrated species can be accom-
plished by chromatographic separation and peptide map-
ping of fractions derived from the in vitro treatment of
native protein with nitrating agents (e.g. peroxynitrite),
which will initially yield a mixture containing a variety
of modified species plus the remaining native protein
(Batthyany et al., 2005); among this mixture, a percentage
will be one or more mononitrated species, which in turn
may be the species preferentially formed in vivo. Impor-
tantly, depending on the protein under study, the nitration
system and the experimental conditions, is possible that
in vitro nitration does not completely match the nitration
sites identified in vivo, an aspect that warrants evaluation
in each specific case.

The free radical mechanism of tyrosine nitration

There is now agreement on that tyrosine nitration can
occur biologically by a variety of routes (e.g. peroxyni-
trite- or hemeperoxidase-dependent) but that are all based
in free radical chemistry. Indeed, 3-nitrotyrosine as evi-
denced in vitro and most probably in vivo is the product of
at least two consecutive reactions. Peroxynitrite-mediated
nitration is well studied and will serve as a starting point.
Subsequently we will broaden the view to consider al-
ternative precursors for the mechanism of nitration. In
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Fig. 1. Reactions leading to nitration or away from it. Reaction 1 is a one-electron oxidation that yields the intermediate tyrosine phenoxyl radical (A)
this reaction reverts to tyrosine in the presence of numerous reductants. If (A) adds a nitrogen dioxide radical (reaction 2) the main product (B) is 3-
nitrotyrosine. In reaction 3, the radical added to tyrosyl radical is nitric oxide and the new intermediate (C) is 3-nitrosotyrosine, which in turn can be
oxidized by two one-electron steps (reaction 4) to yield (B). Intermediate (A) can dimerize (reaction 5) to yield 3,3'-dityrosine (D) or can add radicals
other than 'NO, in reaction 6, for instance, if "X ="OH, then (E) is 3,4-dihydroxy-phenylalanine (DOPA). Reaction 3 constitutes a particular case of
reaction 6. The sequence of reactions 1, 3 and 4 has been observed in systems containing tyrosine, H,O, and a hemeperoxidase, see Sturgeon et al.

(2001). Reactions and products shown in gray represent those diverting the (A) from nitration pathways

a chemical system consisting in tyrosine, peroxynitrite
(added as bolus) and an inert buffer at neutral pH (such
as 50mM phosphate), tyrosine is first oxidized by either
of the radicals arising from homolysis of ONOOH ("OH or
‘NO, radicals (Radi et al., 2001)) (see Fig. 1) yielding the
tyrosine phenoxyl radical (A) which in turn couples with
‘NO, to produce 3-nitrotyrosine (B). Briefly, an oxidation
step (Fig. 1, reaction 1) followed by an addition step
(Fig. 1, reaction 2).

The identity of the first oxidant (Ox;) is not critical
and one-electron oxidants can produce A. In the original

example, ‘OH does it very fast (1.3 x 10'°M~'s~") but in
a low yield (5%, which can be increased by the base-
catalyzed dehydration of the main product) (Solar et al.,
1984), whereas ‘NO, is much slower (3.2 x 10°M~!s~ !,
pH 7.5) (Prutz et al., 1985). This example is of limited
biological relevance (as ONOOH homolysis is a minor
route of peroxynitrite decay in vivo (Radi et al., 2001))
but serves as a starting point to understand the reaction
mechanism and its details. The next step in complexity
involves the addition of a nitration promoter. Carbon di-
oxide, for instance, reacts with ONOO™ before homolysis
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Table 1. Promoters of peroxynitrite-mediated tyrosine nitration: yields in in vitro systems for bolus addition

Promoter Ox, Ox, k for reaction 1 NO,-Y Ref
yield (%) M~ 's7h yield (%)
H* ‘OH 33 13%x10" 6-10 Beckman et al. (1992)
CO, CO5~ 35 3.0 x 107 35 Denicola et al. (1996)
MPO compound IT 100 1.6 x 10* Marquez and Dunford (1995)
MnTM-2-PyP O =Mn"TM-2-PyP 100 49 x10° 30 Ferrer-Sueta et al. (2003)
a ‘NO, 32%10°

#*NO, can perform as Ox; and is produced during the reaction of peroxynitrite with all the promoters listed

to produce carbonate radical (COs ), which will be Ox;
in this case (Radi et al., 2001). COs~ excels in oxidizing
tyrosine (3 x 10’ M~' s~!) with quantitative yield. Another
possible promoter would be myeloperoxidase (MPO),
that is oxidized by peroxynitrite to yield compound II,
which in turn reacts with tyrosine with a rate constant of
1.57 x 10*M~! s~ (Marquez and Dunford, 1995). Finally,
low molecular weight transition metal complexes such as
MnPorphyrins, would yield a high oxidation state oxo-
metal complex (e.g. O=Mn'") that can act as Ox, in
Fig. 1, reaction 1 (in the case of MnTM-2-PyP with a rate
constant of 4.9 x 10°M~!s~! (Ferrer-Sueta et al., 1999)).

There is an apparent lack of correlation between the
rate constant of reaction 1 and the maximum nitration
yield achieved (see Table 1), even in relatively simple
systems like those mentioned. One factor influencing the
yield of nitration is the yield of formation of Ox; when
ONOO™ is the precursor. Other important factors would
be the relative stability of Ox; (Ferrer-Sueta et al., 2003)
and its possible involvement in oxidation reactions not
yielding 3-nitrotyrosine.

Reaction 2 is evidently much less ambiguous; the only
possibility is 'NO, reacting with the TyrO" formed in reac-
tion 1. Nitrogen dioxide can be formed in the same reac-
tion that produces Oxy, as is the case of all the promoters
of Table 1 reacting with ONOO™. It can also be formed
independently, for instance, by oxidation of nitrite. In
regard to this, some years ago a series of works disputed
the prevalence of ONOO™ as being the only ultimate
causative agent of tyrosine nitration in vivo (van der Vliet
et al., 1997). The main alternative proposed the combined
presence of H,O, as the oxidant taking an electron each
from nitrite and tyrosine in a reaction catalyzed by MPO
(and potentially several other hemeperoxidases). In fact,
this MPO-mediated tyrosine nitration also fits well in our
general scheme, namely, the reaction of HO, with MPO
produces compound I which can oxidize nitrite and tyro-
sine by one electron each yielding the TyrO" and ‘NO,
necessary for reaction 2. In this case either compound I

or compound II can act as Ox;. The rate constants indicate
that nitrite is oxidized faster than tyrosine by compound I
and the reverse is true for compound II (Burner et al.,
2000; Marquez and Dunford, 1995).

An alternative mechanism to the addition of ‘NO, for the
second step in nitration is the reaction with nitric oxide
(Fig. 1, reaction 3) which can readily react with TyrO’
radicals. Initially, reaction 3 was studied to understand
the effect of 'NO on catalytically-active TyrO® radicals
(Eiserich et al., 1995) but then it was discovered that
the nitroso intermediate (C) was further oxidized to form
an iminoxyl radical and finally the nitro compound (Gunther
et al., 1997; Sanakis et al., 1997). This reaction was ini-
tially identified in tyrosine residues of prostaglandin H
synthase-2 (PHS-2) and photosystem II, but later on it
was shown to take place with free tyrosine in solution
in the presence of hydrogen peroxide, a peroxidase and
‘NO (Sturgeon et al., 2001). This alternate route to 3-
nitrotyrosine has not been studied in detail as reactions
1 and 2, partly because of the elusive nature of intermedi-
ate (C), but offers an interesting bypass to the need of
‘NO, to reach the nitrated product (Chen et al., 2004).

In addition to the nitration of tyrosine, side reactions
can divert TyrO® from adding to 'NO, and result in the
formation of secondary products. The most studied of
these reactions is the dimerization to yield 3,3’-dityrosine
(Product D, reaction 5). No other reactants are needed for
this reaction, in fact even under strict stoichiometric con-
ditions relating Ox; and ‘NO, concentrations, 3,3’-dityr-
osine is a readily observable product of the reaction and
its proportion to the overall oxidation depends mainly on
the relative concentrations of Tyr, TyrO" and ‘NO, dur-
ing the reaction. Also the freedom of movement can gov-
ern the probability of the encounter of two TyrO’ radicals,
thus this reaction would be more important with free ty-
rosine in non-viscous solutions (vide infra). Excess radi-
cals other than 'NO, (X, Fig. 1, reaction 5) can convert
TyrO" to a 3-substituted tyrosine derivative (E). For instance,
during Fenton oxidation of tyrosine derivatives, excess
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‘OH leads to the formation of 3-hydroxylated derivatives
(Bartesaghi et al., 2006). The colocalization of 3-hydro-
xytyrosine and 3-nitrotyrosine was once considered to be
a useful tool to discriminate between peroxynitrite and
other nitrating species (Santos et al., 2000), but it was
later on discovered that 3-hydroxytyrosine formation can
also be inferred from the observed tyrosine semiquinone
radical in the reaction of cytochrome c with excess hy-
drogen peroxide (Chen et al., 2004). On the other hand,
the concomitant presence of 3-chloro or 3-bromotyrosine
with 3-nitrotyrosine, is indicative of the participation of
MPO and eosinophil peroxidase (EPO), respectively in
the nitration process (Brennan et al., 2002; Radi, 2004).

Tyrosine nitration in soluble proteins and proteins
associated to hydrophobic phases

The hydrophathy of tyrosine (relative preference for aque-
ous and nonpolar environments) is in a midway value re-
spect to highly hydrophilic (e.g. arginine, aspartate) and
hydrophobic (e.g. phenylalanine, tryptophan) amino acids.
The relatively hydrophilicity and hydrophobicity of tyro-
sine measured as free energy values derived from the par-
tition coefficients in vapor/water and water/cyclohexane,
respectively, are of —8.5 kcal/mol and —2.3 kcal /mol (con-
sidering a zero value for glycine), which can be compared,
for example, to —22.31 and +3.0kcal/mol for arginine
and —3.15 and —2.5 kcal /mol for phenylalanine (Creighton,
1992). The free energy of transfer from water to nonpolar
solvents of the side chain of tyrosine is close to zero
kcal /mol, but reported values vary from slightly negative
(ethanol and dioxane) to slightly positive (in cyclohexane),
depending on the organic solvent used for the measurement.
For comparative purposes, in the case of the more hydro-
phobic tryptophan and phenylalanine, the value is ~ —1.5
to 2kcal/mol regardless of the organic solvent used.

The —OH group in tyrosine tends to interact with water
while the aromatic ring with other non-polar groups. Thus,
it is difficult to a priori classify tyrosine as simply sol-
vent-exposed or buried amino acid; in average only 15%
of the residues are at least 95% buried and therefore inac-
cessible to the solvent (Creighton, 1992). In the case of
mammalian cytochrome c, for example, which is highly
soluble in aqueous environments® and contains four highly

3 Cytochrome c is a mitochondrial protein that interacts with the external
leaflet of the inner mitochondrial membrane shuttling electrons from
cytochrome b to cytochrome a; at least two different populations of
cytochrome c¢ exist at any time, one membrane-bound (through both
electrostatic and hydrophobic interactions) and one soluble in the inter-
membrane space.

conserved tyrosine residues, two tyrosines are close to
the protein surface (Tyr97; Tyr74), while one is in an in-
termediate position (Tyr67) and one protected from the
solvent (Tyr48). Cytochrome c nitration by peroxynitrite-
derived radicals (OH, CO3;~ and 'NO,) results in the pre-
ferential formation of mono-nitrated species in either
Tyr97 or Tyr74 (the most solvent-exposed); importantly,
di-nitrated species involve either 3-nitro-Tyr97 or 3-nitro-
Tyr74 plus 3-nitro-Tyr67 since nitration of the first ty-
rosine residue (Tyr97 or 74) promotes a conformational
change in cytochrome ¢ which results in a easier accessi-
bility for peroxides to the 6th coordination position of the
heme-Fe (Batthyany et al., 2005), which would promote
the direct reaction of peroxynitrite with the Fe"" and the
site-specific nitration of the adjacent Tyr67. Interestingly,
cytochrome c association to cardiolipin, the major phos-
pholipid of the inner mitochondrial membrane, also pro-
motes conformational changes in cytochrome c (Kagan
et al., 2005) which may favor nitration of Tyr67, assuring
that nonpolar environments can differentially modulate
nitration sites and yields in proteins.

Most of the mechanistic studies of tyrosine nitration for
free tyrosine or tyrosine analogs (e.g. p-hydroxyphenyl
acetic acid), tyrosine-containing peptides or proteins have
been performed in aqueous solution (Beckman et al., 1992;
Cassina et al., 2000; Kong et al., 1996; Quijano et al., 2001;
Radi, 2004; Tien et al., 1999). However, in many cases,
tyrosine nitration can occur in vitro and in vivo in proteins
associated to non-polar or hydrophobic compartments as
indicated by early work in lipoproteins (Beckman et al.,
1994) and biomembranes (Velsor et al., 2003). Indeed, the
first in vivo report detecting nitrated protein in a human
disease conditions, was performed in an atherosclerotic
human coronary artery, where a significant portion of the
nitrated protein, as detected by immunohistochemistry,
was associated to the lipid-rich material of the atheroma
plaque. Later studies involving isolation of lipoproteins
and analytical detection of 3-nitrotyrosine revealed that
both Apo A (Shao et al., 2005) and to a lesser extent Apo
B (Hazen et al., 1999) are nitrated in vitro and in vivo and
that apolipoprotein nitration increases in cardiovascular
patients, correlating well with the severity of the disease
and effectiveness of the treatment (Zhang et al., 2001;
Zheng et al., 2004, 2005). In biomembranes, protein tyro-
sine nitration in specific proteins has been revealed at the
plasma (e.g. erythrocyte membrane band 3 (Mallozzi et al.,
1997), mitochondrial (e.g. complex I of the inner mem-
brane) (Murray et al., 2003), sarcoplasmic reticulum (e.g.
Ca?"-ATPase, SERCA) (Viner et al., 1999; Xu et al., 2006)
and microsomal (e.g. glutathione-S-transferase) membranes
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(Ji et al., 2006). In proteins associated to hydrophobic
structures, nitration could occur in tyrosines located in hy-
drophobic domains but also in solvent-exposed tyrosines.
Although with the structural data available sometimes is
difficult to assign the position of a tyrosine within a pro-
tein because not in all cases the native three-dimensional
structure is available, in some this information exists or can
be inferred. For example, in case of erythrocyte membrane
band 3, tyrosine nitration occurs in the cytosolic, solvent
exposed, domain but not in the transmembrane domain
(Mallozzi et al., 1997). In the case of SERCA, Tyr294
and 295, located on a transmembrane domain are nitrated,
both in vitro and in vivo (Viner et al., 1999; Xu et al.,
2006); indeed, the specific nitration of SERCA at tyro-
sines 294, 295, has been just reported in arteries and skel-
etal muscle during vascular degeneration and aging in
both animals and human patients (Xu et al., 2006). For
microsomal glutathione S-transferase, Tyr92 close to the ac-
tive site and on a transmembrane domain becomes nitrated;
nitration may be catalyzed by the heme center and would
be responsible for the gain-of-function reported (Ji et al.,
2006). Finally, in ApoA the relatively hydrophilic Tyr-192
results nitrated but becomes resistant to myeloperoxidase-
dependent nitration once located more hydrophobically
secondary to association to HDL (Shao et al., 2005).

Probes for studying tyrosine nitration
in hydrophilic and hydrophobic environments

Most mechanistic studies of tyrosine nitration have been
performed in aqueous environments. L-Tyrosine has low
solubility in water (0.045g/100ml at 25°C) (Dawson
et al., 1986) and therefore its final concentration in buffers
at physiological pH and temperature can rarely go above
2.0mM. Thus, when higher concentrations are required
for mechanistic studies, hydrophilic analogs such as p-
hydroxyphenyl acetic acid (pHPA) have been extensively
used (Beckman et al., 1992; Mani et al., 2003; Moore and
Mani, 2002; Quijano et al., 2001). In addition, the first
report on the formation of peroxynitrite by human cells
was performed by following the nitration of pHPA added
extracellularly to activated iNOS-containing rat alveolar
macrophages, which evolved to 3-nitro-pHPA. Alternative
probes have been represented by tyrosine-containing pep-
tides (Eiserich et al., 1999; Kong et al., 1996; Zhang et al.,
2003) and mutated forms of CuZn-SOD containing a tyr-
osine residue adjacent to the copper center that becomes
prone to nitration (Macfadyen et al., 1999).

On the other hand, factors that influence tyrosine ni-
tration in hydrophobic environments are just starting to

be defined (Bartesaghi et al., 2006; Trujillo et al., 2005;
Zhang et al., 2001, 2003). To this aim, there has been a
recent appreciation of the need to develop hydrophobic
probes which should be a) incorporated and retained into
a lipid phase, b) stable before and after nitration, and
c) separated from the lipid phase components for quanti-
tation purposes. In this regard, two types of hydrophobic
probes have been recently generated and tested. On the
first place, different hydrophobic tyrosine analogs have
been evaluated, in particular tyrosine esters in liposomes.
Of all the potential compounds studied, N--BOC L-ty-
rosine fert butyl ester (BTBE) resulted to be a valuable
hydrophobic tyrosyl probe for investigating nitration and
other oxidation reactions (i.e. dimerization, hydroxylation)
in membranes. Indeed, BTBE was incorporated in high
yields (>98%) into the lipid phase of phosphatidylcholine
(PC) liposomes and turned to be an extremely stable com-
pound being resistant to hydrolysis for at least 40 h. Spin-
label data indicated that the highest concentration of
BTBE was present near the glycerol backbone (Zhang
et al., 2001) and kinetic data supported that the phenolic
hydroxyl group was located towards the lipid-water inter-
phase where it could dissociate with an apparent pKa ~10
(Bartesaghi et al., 2006), in agreement with the structural
properties of tyrosine (Fig. 2). The tert-butyl moieties of
BTBE serve to “anchor” it in the lipid bilayer and to min-
imize its diffusion back to the aqueous phase. Other tested
compounds such as tyrosine methyl and ethyl esters were
not suitable since they underwent slow hydrolysis to form
tyrosine, except for the case of tyrosine butyl ester which
was resistant to hydrolysis but its level of incorporation
into liposomes was only 53% of the initial amount added.
Exposure of multi- and unilamellar liposomes to nitrating
systems caused the formation of both 3-nitro-BTBE and
3,3’-di-BTBE, with the yield of the nitro-derivative much
higher than that of the corresponding dimer (Bartesaghi
et al., 2006; Zhang et al., 2001). More recently, we have
also detected the transient formation of the corresponding
BTBE-derived phenoxyl radical by spin trapping EPR,
the one-electron oxidation product of BTBE, as well as
small amounts of a hydroxylated derivative of BTBE, as-
signed as 3-hydroxy-BTBE, as determined by HPLC sep-
aration, fluorimetric detection and electrospray ionization
mass spectrometry (ESI-MS/MS) analysis of parent and
daughter ions of products arising from treatment of BTBE-
containing PC liposomes with peroxynitrite (Bartesaghi
et al., 2006).

Secondly, membrane spanning peptides containing 23
amino acids with a single tyrosine residue at position 4, 8
or 12 have been synthesized and incorporated success-
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Fig. 2. Tyrosine analog, BTBE, and tyrosine-containing transmembrane peptides as hydrophobic probes to study tyrosine nitration in biomembranes.
From left to right, the structure of BTBE (in red) and of transmembrane peptides are shown. BTBE is anchored to the bilayer by the hydrophobic tert-
butyl moieties; while the aromatic ring is immersed in the bilayer, the phenolic —OH group emerges at the lipid-water interphase. The 23-amino acid
transmembrane peptides (in yellow, blue and green) contain tyrosines at position 4-, 8- and 12, respectively which are located in the hydrophobic
region of the bilayer; the side chains of the N- and C-terminal lysines are shown and, being highly hydrophilic, interact with the phospholipid polar

head groups and water

fully to PC liposomes to study tyrosine nitration in bio-
membranes (Zhang et al., 2003) (Fig. 2). Indeed, these
transmembrane peptides are formed by two hydrophilic
and charged residues (e.g. K; Lys) both at the N- and C-
terminus, and a hydrophobic sequence (repeats of AL;
Ala-Leu) in the peptide central region containing the tyro-
sine residue at different positions. Prototypical peptides
have the following general structure (in this example tyro-
sine is located in position 4 from the N-terminus):

Y-4 Ac-NH-KKAYALALALALALALALALAKK
-CONH; 2350 Da

These peptides, designed as hydrophobic probes, resem-
ble more closely the structure of a protein transmembrane
domain of a protein and allow to study the influence of the
intramembrane location of tyrosine and the role of neigh-
boring amino acids on nitration yields. For instance, we
have observed that peroxynitrite-dependent tyrosine nitra-
tion is favored for tyrosines located deeper in the mem-
brane (e.g. Tyr12) while myeloperoxidase/hydrogen per-
oxide /nitrite-dependent nitration is favored in the tyrosine

closer to the membrane surface (e.g. Tyr4). The explana-
tion for this different distribution is still not clear, but may
be due to the fact that peroxynitrite can undergo homo-
lysis inside the membrane to ‘OH and ‘NO,, while mye-
loperoxidase-derived oxidants will be only formed outside
the liposome and will have to diffuse to reach a tyrosine
residue, thus minimizing nitration of more distant tyro-
sines (e.g. Tyr12). In the case of peroxynitrite, in spite that
ONOOH homolysis could occur throughout the mem-
brane, tyrosyl radical formation from '‘OH requires the
initial tyrosine-hydroxyl radical adduct to be dehydrated.
The transient formation of peptide-derived tyrosyl radical
has been detected by spin trapping-EPR, confirming that
tyrosine nitration in transmembrane peptides, as in the case
of BTBE, is a free radical-dependent mechanism. In the
case of the transmembrane peptides, no dimer product
from peroxynitrite-dependent oxidations was observed,
and tyrosine hydroxylation has not been explored yet.
The data obtained with transmembrane peptides may
be more easily extrapolable to biological systems as com-
pared to BTBE that is an isolated amino acid analog in-
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corporated into a membrane. However, some advantages
for BTBE also exist. Its synthesis is less costly and tedious,
which allows to have larger quantities of the probe to
perform a large number of experiments testing different
variables that include alternative nitration systems and
influence of pH, scavengers, catalysts and membrane
composition on nitration yields (Bartesaghi et al., 2006).
Also, incorporation of the transmembrane peptides to pre-
formed hydrophobic structures such as lipoproteins is
expected to be, at least, very difficult. On the other hand,
we have successfully incorporated BTBE to erythrocyte
membranes and lipoproteins (unpubl. data). BTBE and
transmembrane peptides can both provide useful informa-
tion and represent complementary probes to study physi-
cochemical and biochemical factors that control tyrosine
nitration and other oxidation processes in biologically-
relevant hydrophobic environments.

The gathered data utilizing the available hydrophobic
tyrosyl probes (Fig. 2), (Bartesaghi et al., 2006; Zhang
et al., 2001, 2003) indicate that many assumptions valid
for the aqueous phase are not readily applicable or not
applicable at all in lipid phases due to the different polar-
ity of the environment which will influence protein con-
formation, limit acid-base chemistry, cause spatial restric-
tions and diffusional constraints of both reactants and
target molecules, and result in an unique distribution of
free radical scavengers and nitration catalysts, among other
factors.

Nitration, dimerization and hydroxylation
in membranes

Tyrosine nitration processes usually occur concomitantly
with other oxidative modifications, namely dimerization
(to 3,3'-dityrosine) and hydroxylation (to 3-hydroxytyro-
sine) due to the nature of the nitration process and
the chemical properties of the reactive species (e.g. "OH,
‘NO,) (Fig. 1, reactions 5 and 6). In analogy to tyrosine in
solution, BTBE nitration in PC liposomes occurs through
free radical mechanisms and a pH-dependent distribution
of the different oxidation products have been established®.
Typically, at physiological pH nitration yields are higher
than that of dimerization and hydroxylation. The relative

“The yields of 3-nitrotyrosine, 3,3'-dityrosine and 3,4-di-hydroxy-phenyl-
alanine vary rather differently as a function of pH. Indeed, 3-nitrotyrosine
yields are bell-shaped with a maximum around pH 7.4 (Ischiropoulos et al.,
1992); on the other hand, 3,3'-dityrosine yields are minimal at low pH (van
der Vliet et al., 1995) and increase towards alkaline pH and 3,4-di-hydroxy-
phenylalanine yields are high at acidic pH and become null at pH >7.4
(Santos et al., 2000).

yields of tyrosine dimerization are diminished in biomem-
branes’, which can be fully explained by the diffusional
constraints. Indeed, the kinetic competition between tyro-
sine nitration and dimerization in biomembranes will
largely favor the first process due to a) the facile diffusion
of ‘NO, in hydrophobic environments which achieves ef-
ficient trapping of tyrosyl radicals and b) the low prob-
ability of reaction between two tyrosyl radicals within
the organized structure of membranes, where lateral diffu-
sion is at least two orders of magnitude slower relative
to the aqueous phase (Vanderkooi and Callis, 1974). The
D of molecules such as 'NO (and ‘NO,) is also lowered
once in liposomes, but to a much less extent (e.g. Dno =
4500 vs 310 pum?*s~" for buffer and egg PC liposomes,
respectively (Moller et al., 2005), since they do not fol-
low the Stokes-Einstein law, i.e. their diffusion is not
inversely related to the viscosity of the solvent (Moller
et al., 2005). As 'NO and ‘NO, concentrate 4-5 fold in
hydrophobic environments (Liu et al., 1998; Moller et al.,
2005), the apparent D value (D' = 1500 umz s~ 1) (Denicola
et al., 1996) results to be very close to that of the aque-
ous phase (4500 umz s~1) (Moller et al., 2005). On the
other hand, the dimerization reaction constant between
two BTBE-derived phenoxyl radicals has been estimated
~10°M~"s~!, 100 times less than that of tyrosyl radicals
in aqueous solution (k=2.25x 108M! s™1). Indeed,
while the diffusion coefficient (D) value of amino acids
such as tyrosine in the aqueous phase is in the order of
800-1000 pmz s~! (Lide, 1990), the estimated D for BTBE
in PC liposomes can be safely assumed as ~5 pm?s~! as
extrapolated from data obtained with the hydrophobic
fluorescence aromatic probe pyrene (Vanderkooi and Callis,
1974), implying a 100-200 fold decrease in tyrosyl radi-
cal diffusion in the membrane. Intermolecular tyrosine
dimerization will be even less likely in integral peptides
and proteins as D values become >10°-10* times smaller
than in solution (Sackmann et al., 1973; Vanderkooi and
Callis, 1974) and on line the lack of tyrosine dimerization
in peroxynitrite-treated transmembrane peptides (Zhang
et al., 2003).

The presence of CO, limits peroxynitrite-dependent tyro-
sine oxidation (nitration, dimerization and hydroxylation)
in hydrophobic phases because formation and decay of
ONOOCO; "~ will occur exclusively in the aqueous phase,
and the resulting negatively charged carbonate radical
(CO5; pKa<0) (Czapski, 1999) is uncapable to permeate

3 For example, for 250 pM peroxynitrite and pH 7.4, the ratio for [3-nitro-
BTBE]/[3,3'-di-BTBE] and [3-nitro-tyrosine] /[3,3'-di-tyrosine] is ~200
and 70, respectively (Bartesaghi et al., 2006; Zhang et al., 2001).



510

lipid bilayers (Bartesaghi et al., 2006; Khairutdinov et al.,
2000) to promote the one-electron oxidation of tyrosine.
The limited diffusion of anionic radical anions on mem-
branes has been also well established for other species
such as Br,” and Cl,”~ (Barber and Thomas, 1978).

In regard to tyrosine hydroxylation in hydrophobic
phases concomitant to the process on nitration, it has been
reported the hydroxylation of BTBE by peroxynitrite in
PC liposomes; ‘OH, formed from ONOOH in the aqueous
phase is capable to penetrate PC vesicles and react with
aromatic probe molecules incorporated in the membrane
interior as long as it is formed in the immediacy of the
bilayer and as previously shown in water radiolysis stud-
ies for pyrene hydroxylation (Barber and Thomas, 1978);
importantly, 'OH could be also formed inside the lipo-
somes as ONOOH permeates the lipid bilayer (Denicola
et al.,, 1998; Marla et al., 1997) and undergo homolysis
of ONOOH in aprotic solvents (Zhang et al., 2001). Stud-
ies of tyrosine hydroxylation in peptides containing resi-
dues at different depths in the membrane will assist in
defining the relevance of ONOOH homolysis in the aqu-
eous vs lipid phase, as ‘OH diffusing from the bulk solu-
tion will mainly react with residues located near the lipo-
some surface. On the other hand, during heme-dependent
nitration, hydroxylation would be expected only at ty-
rosines located near the membrane surface in the case
of soluble hemeperoxidases but could potentially occur
in tyrosines located deep in the membrane both in the
case of hemin that readily intercalates and undergoes re-
dox chemistry in the phospholipid bilayer (Bartesaghi
et al., 2006) and of integral membrane hemeperoxidases.

Mechanistic considerations for protein tyrosine
nitration in vivo: limitations and alternatives

Although in controlled-biochemical systems, the free rad-
ical mechanisms of tyrosine nitration are now well estab-
lished, we are confronted with a more complex problem in
vivo where 1) oxidants are formed as a flux (instead of the
usual chemical experiments using bolus additions) and
2) antioxidant and radical repair mechanisms largely limit
nitration reactions.

Tyrosine nitration initiated by a flux of the precursors of
peroxynitrite (NO and O, ") in the presence of CO, has
been studied by gamma radiolysis (Goldstein et al., 2000).
The results of this study suggest that an optimum yield is
achieved whenever the fluxes are equal and declines when
either reactant is in excess, and this is explained by the
excess precursor radicals (NO and O,) reacting with the
nitration intermediates (CO3~, NO, and TyrO’) and di-

S. Bartesaghi et al.

verting them from the nitration pathway. More recently,
our group (Quijano et al., 2005) has shown, through num-
erical simulation of the reaction kinetics, that the maxi-
mum yield related to a 1:1 stoichiometric ratio is most
probably unimportant in vivo. Provided that alternative
consumption routes exist for ‘NO (diffusion to other com-
partments where it is consumed) and O, (SOD-catalyzed
dismutation) the yield of peroxynitrite (and concomitantly
of nitration) is only limited by the availability of the pre-
cursor radicals, irrespective of the ratio of their transient
concentrations. In any case 3-nitrotyrosine is a very minor
end product of the reaction of 'NO with O, ; with rela-
tively high fluxes (>1 pM/min) of the radicals only about
one in 10° 'NO molecules ends up in 3-nitrotyrosine in a
system with 10 pM SOD and a cell membrane permeable
to ‘NO but not to O,

The next and fundamental obstacle to nitration in vivo
is the inclusion of reductants; as an example, 10 mM
glutathione (GSH) in the aforementioned simulation
(Quijano et al., 2005) reduces the expected nitration yield
by more than nine orders of magnitude. GSH can act in
the system shown in Fig. 1 by intercepting a number of
reactants and intermediaries. Besides reacting directly
with ONOOH, GSH can react with TyrO® in the reverse
of reaction 1, a reaction that has a relatively low rate
constant (ca. 10°M™! s~ 1) but becomes significant in view
of the elevated GSH concentration. Additionally, GSH is
an excellent scavenger of 'NO, (2 x 10’ M~!s~!). Thus,
the formation of 3-nitrotyrosine tends to be inhibited in
cellular systems with plenty of antioxidant compounds
prone to intercept any oxidant functioning as Ox;, capable
of pushing reaction 1 to the left, and proficient in scaven-
ging any significant amount of 'NO, formed, and therefore
it is difficult to imagine 3-nitrotyrosine being formed at all
under these conditions. Nevertheless 3-nitrotyrosine has
been shown to be formed in vivo beyond doubt and to
correlate well with the increased tissue levels of 'NO. We
will provide three possible explanations to account for
presence of 3-nitrotyrosine in vivo.

Site-specific nitration

The cases of MnSOD (Quijano et al., 2001), cytochrome
P450cam (Daiber et al., 2000) and prostaglandin H
synthase-2 (Gunther et al., 1997) are often cited examples
where the nitration of a specific tyrosine occurs via catal-
ysis by an adjacent metal center of the enzyme. In site-
specific nitration reaction intermediates may not be read-
ily accessible to reductants and competitors and therefore
nitration could not be abolished as easily. However, per-
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oxynitrite-mediated MnSOD nitration is prevented by
reductants and scavengers as shown in (Quijano et al.,
2001) much in the same way as non-catalyzed nitration.
Data on cytochrome P450caM are less clear cut as the
authors have not shown the effect of reductants and com-
petitors on the nitration yield, nevertheless the catalysis of
phenol nitration and oxidation (Daiber et al., 2000) per-
formed by this enzyme suggests that nitration intermedi-
ates are susceptible to interception by external scavengers.
Other redox active metalloenzymes promote nitration, for
example Cu/Zn-SOD (Crow et al., 1997) and the afore-
mentioned hemeperoxidases, by stabilizing strong oxi-
dants but in no case it seems that this site-specific nitra-
tion effectively isolates the protein self-catalyzed nitration
from outside reductants. There is still one possibility by
which metalloenzymes® in vitro can promote site-specific
nitration in vivo; this involves the selective formation of
a protein TyrO in a site not easily accessible for being
repaired. As 'NO, seems to be scavengeable in all cases
studied so far, nitration should be explained by an alter-
native mechanism, such as the one involving ‘NO.

Additional mechanisms

Both PHS (Goodwin et al., 1998; Sturgeon et al., 2001) and
cytochrome ¢ (Chen et al., 2004) are nitrated via 3-nitro-
sotyrosine and 3-iminoxyl tyrosine radical intermediates.
This alternative mechanism may be common in proteins
capable of stabilizing a TyrO" followed by the addition of
‘NO and subsequent two steps of one-electron oxidation
(most likely mediated by the protein oxo-metal centers)
to yield 3-nitrotyrosine (Fig. 1, reaction 3) and bypasses
the need of 'NO, which is efficiently scavenged by GSH.
The conjunction of a site-specific formation (catalyzed by
a metal center), of a TyrO protected from interaction with
external reductants and a nitration pathway not involving
‘NO, (for instance, reactions 1, 3 and 4) appears as a kine-
tically sound candidate for rationalizing protein nitration
in cellular milieu where reductants are abundant.

Compartmentalization

Nitration in hydrophobic environments such as mem-
branes could be enhanced by a number of factors. First
and foremost the great majority of antioxidants are ex-

®We should make a caution note here to make clear that various metal
centers in proteins actually protect from peroxynitrite-mediated nitration
by avoiding the oxidants to reach the tyrosine or diminishing the actual
yield of oxidation. One example is the oxyhemoglobin-catalyzed isomer-
ization of peroxynitrite to nitrate (Romero et al., 2003).

cluded from the hydrophobic interior of a membrane, this
includes low molecular weight reductants such as glu-
tathione, ascorbate and urate, and also enzymatic antiox-
idants such as peroxiredoxins any one of which could
abolish tyrosine nitration in aqueous solution. The re-
ductants present in lipidic environments, such as toco-
pherols and carotenes, are much less efficient in scaven-
ging ‘NO, and TyrO’ than their water-soluble counterparts.
Some oxidants capable of performing as Ox; precursors,
(for instance "OH and 'NO, from ONOOH homolysis) can
freely diffuse in and out of membranes, others such as
the polar and charged CO;~ and MPO compounds I
and II can be excluded by partition. Additional oxidants
can be formed locally as intermediates in lipid peroxida-
tion chain reactions, of these, alkoxyl and alkylperoxyl
radicals are strong oxidants (E°’ = + 1.76 Vand +1.02V,
respectively (Jonsson, 1996; Merenyi et al., 2002)) that
could contingently act as Ox;. This provides an additional
advantage because the original strong oxidants are not
really scavenged by lipids (which are in large abundance
in the membranes or lipoproteins and react fast with
‘OH (k= ~10°M~!s7! for PUFA) (Barber and Thomas,
1978)) and would outcompete protein tyrosine for the
initial oxidants but transformed to species potentially per-
forming as Ox; and even enhanced through the propaga-
tion phase of lipid peroxidation.

Thus, in spite of the chemical restrictions for obtain-
ing tyrosine nitration in vivo, the combination of site-spe-
cificity, assistance of alternative mechanisms and favored
nitration in hydrophobic compartments, can add up to pro-
vide feasible mechanisms of nitration in complex biologi-
cal milieux. Indeed, recent studies using high-resolution
immuno-electron microscopy have established that the sub-
cellular distribution of tyrosine-nitrated proteins in differ-
ent cells includes a substantial amount associated to the
endoplasmic reticulum and mitochondrial membranes, con-
sistent with an effect of the membrane environment in the
facilitation of nitration (Heijnen et al., 2006).

Conclusions and perspectives

Tyrosine nitration has been revealed as a relevant post-
translational modification linked to nitro-oxidative stress
conditions and pathophysiology. Usually, the level of
nitrated proteins in tissues and fluids correlate well with
the severity of the disease and can be considered a useful
biomarker and footprint of oxidative reactions mediated
by 'NO-derived oxidants. A number of biochemical pre-
cursor pathways of tyrosine nitration exist in vivo but
current evidence supports free radical mechanisms with
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the transient formation of tyrosine-derived phenoxyl radi-
cals. Nitration in vivo is limited by the presence of strong
reductants such as glutathione, but metal-catalyzed site-
specific nitration, transient formation and oxidation of
3-nitrosotyrosine and protein association to hydrophobic
environments, among other factors, can partially circum-
vent antioxidant processes. While immunochemical-based
methods have unambiguously revealed the presence of
nitrated protein in a wide variety of disease states,
analytical and proteomic-based methodologies are labo-
riously assisting on defining the levels of protein-3-nitro-
tyrosine and the preferential nitrated proteins (and within
those proteins which tyrosine residues), while functional
studies are revealing the cases under which tyrosine ni-
tration triggers changes in biological function. Recent
studies utilizing hydrophobic probes, including the tyro-
sine analog ester BTBE (Bartesaghi et al., 2006; Zhang
et al., 2001) or tyrosine-containing transmembrane pep-
tides (Zhang et al., 2001) have focused in defining nitra-
tion mechanisms in tyrosines located in liposomal mem-
branes and revealing particular characteristics on nitration
processes that sometimes are markedly different to those
previously shown to occur in aqueous phases. These stud-
ies should be expanded to other biologically-relevant hy-
drophobic phases, in particular, biomembranes and lipo-
proteins. Hydrophobic and hydrophilic tyrosine probes
can be also potentially utilized to follow nitration pro-
cesses in vivo. Moreover, in conditions under which ni-
tration processes play a contributory role to cell dysfunc-
tion and tissue injury, tyrosine analogs and/or tyrosine-
containing peptides may serve as nitration targets and
spare critical tyrosines in proteins, therefore potentially
serving protective roles. Finally, nitration processes are
not exclusive to proteins and can also occur in other bio-
molecules such as DNA bases (Niles et al., 2006; Sawa
and Ohshima, 2006; Sawa et al., 2006) and lipids (Baker
et al., 2004; Schopfer et al., 2005). In the latter case, a
relationship between protein and lipid nitration in bio-
membranes and lipoproteins should be explored in detail
in future studies as both polyunsaturated fatty acids and
tyrosine residues will compete for the same nitrating
intermediates. Importantly, lipid peroxidation processes
are being revealed as a key contributory factor to promote
protein tyrosine nitration in hydrophobic environments
(Bartesaghi et al., 2006).
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ABSTRACT. Most of the mechanistic studies of tyrosine nitration have been performed in aqueous solution.
However, many protein tyrosine residues shown to be nitrated in vitro and in vivo are associated to nonpolar
compartments. In this work, we have used the stable hydrophobic tyrosine anhlad@@C-.-tyrosine
tert-butyl ester (BTBE) incorporated into phosphatidylcholine (PC) liposomes to study physicochemical
and biochemical factors that control peroxynitrite-dependent tyrosine nitration in phospholipid bilayers.
Peroxynitrite leads to maximum 3-nitro-BTBE vyields (3%) at pH 7.4. In addition, small amounts'ef 3,3
di-BTBE were formed at pH 7.4 (0.02%) which increased over alkaline pH; at pH 6, a hydroxylated
derivative of BTBE was identified by HPLC-MS analysis. BTBE nitration yields were similar in dilauroyl-
and dimyristoyl-PC and were also significant in the polyunsaturated fatty acid-containing eg@HrC.
and*NO, scavengers inhibited BTBE nitration. In contrast to tyrosine in the aqueous phase, the presence
of CO, decreased BTBE nitration, indicating that €Ocannot permeate to the compartment where BTBE

is located. On the other hand, micromolar concentrations of hemin and Mn-tccp strongly enhanced BTBE
nitration. Electron spin resonance (ESR) detection of the BTBE phenoxyl radical and kinetic modeling of
the pH profiles of BTBE nitration and dimerization were in full agreement with a free radical mechanism
of oxidation initiated by ONOOH homolysis in the immediacy of or even inside the bilayer and with a
diffusion coefficient of BTBE phenoxyl radical 100 times less than for the aqueous phase tyrosyl radical.
BTBE was successfully applied as a hydrophobic probe to study nitration mechanisms and will serve to
study factors controlling protein and lipid nitration in biomembranes and lipoproteins.

Peroxynitrité is a powerful oxidant formed in vivo by the  iron-containing centerk(E= 10°~10"M~1stat pH 7.4 and
diffusion-controlled reaction between nitric oxidslQ) and 37 °C) leads to the formation of potent secondary oxidants
superoxide radicals (£), and it serves as a pathogenic such as oxeiron (O=F¢&") complexes antNO,, while the
mediator in a variety of disease statds-4). Peroxynitrite reaction with CQ(k=4.6 x 10 M~1statpH 7.4 and 37
can undergo a proton-catalyzed homoly$&isg] to nitrogen °C) yields the transient nitrosoperoxocarboxylate adduct
dioxide ({NO,) and hydroxyl (OH) radicals inr~30% yields, (ONOOCQ") (4, 9) which is homolyzed to the carbonate
with a first-order rate constant ef1 st at pH 7.4 and 37  radical (CQ") and*NO, in 33% vyields 8, 10, 11). Thus,
°C (5, 7, 8). However, in biological systems, the reactivity O=Fe*", CO;~, and°'NO; (E°orereét= 1.4-1.8 V,E° 5
of peroxynitrite is dictated mainly by direct reactions with coz = 1.78 V, andE®no, no, = 0.99 V), respectively, can
different biological targets including thiol$), transition be proximal reactive species in several peroxynitrite-mediated
metal-containing centers, and carbon dioxide §C@npor- oxidations (2—14), including protein tyrosine nitration to
tantly, peroxynitrite-mediated one-electron oxidation of heme 3-nitrotyrosine {, 15).

Protein tyrosine nitration in vivo not only serves as a

' This work was supported by grants from the Howard Hughes footprint to unravel the formation and reactions *dfO-
Medical Institute to R.R. and the National Institutes of Health to B.K. derived oxidants but in some cases contributes to alterations

and R.R. (2 RO1HI06311905). A donation for research support from ; ; ; ; ; _
Laboratorios Grarmo-Bagothrough Universidad de la Rébplica is (loss or gain) of protein function, affects tyrosine kinase

gratefully acknowledged. S.B. was partially supported by a fellowship depende_nt signal transduction CaS_CadES, an.d tr_iggers im-
from the Ph.D. Program of Facultad de ‘@ica, Universidad de la  munological response4,(16). There is an ongoing interest

Rep$|i0aﬁ Uruguay. g hould be add 4. Teleoh 508 in the identification of nitrated proteins in disease states, in
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* Universidad de la Refhlica. and in defining the biologically relevant mechanisms of
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1 IUPAC recommended names for peroxynitrite anion (ON®énd itrati ; _
peroxynitrous acid (ONOOH) . — 6.8) are oxoperoxonitratet) nitration occurs by more than one mechanism (e.g., peroxy

and hydrogen oxoperoxonitrate, respectively. The term peroxynitrite Nitrite or hemoperoxidase dependent) but which involves,
is used to refer to the sum of ONO@nd ONOOH. in all cases, the action of reactive intermediates and/or radical
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species 1). In the case of peroxynitrite, GO and oxo-
metal complexesl( 17, 20) initially attack the tyrosine
phenol moiety to form the tyrosyl (phenoxyl) radical which
can react with eitheiNO, to form 3-nitrotyrosine or another
phenoxyl radical to form 3;3dityrosine. Another tyrosine
product arising during peroxynitrite-dependent reactions is
3,4-dihydroxyphenylalanine (DOPA&)formed by reaction
with *OH which preferentially adds to the tyrosine ring
instead of performing one-electron abstraction or by reaction
with oxo—metal complexes. The yields of 3-nitrotyrosine,
3,3-dityrosine, and 3,4-dihydroxyphenylalanine vary rather
differently as a function of pH, with the largest tyrosine-
derived product being 3-nitrotyrosine at physiological pH.
Indeed, 3-nitrotyrosine yields are bell-shaped with a maxi-
mum around pH 7.421); on the other hand, 3;&lityrosine
yields are minimal at low pH and increase significantly under
alkaline conditions 15), and 3,4-dihydroxyphenylalanine
yields are high at acidic pH and decrease with the pH
increase 22). So far, and although the pH dependency for
peroxynitrite-dependent reactions has been rationalized for
a series of biotarget®$(8, 11), no kinetic mechanism has

Bartesaghi et al.

BTBE, with the yield of the nitro derivative much higher
than that of the corresponding dimer.

Peroxynitrite can diffuse through and interact with biomem-
branes 82, 33) and lipoproteins 34, 35 and promote
oxidation and nitration reactions in protein and lipid targets
(1, 25, 36, 37). However, mechanistic insights on peroxyni-
trite-mediated tyrosine nitration in hydrophobic compart-
ments are lacking; some of the assumptions valid for the
aqueous phase may not be valid due to the different polarity
of the environment and to spatial restrictions and diffusional
constraints of both reactants and target molecules, among
several other factors. Moreover, the relevance of tyrosine
dimerization and, the previously unexplored, hydroxylation
in the lipid phase remains to be specifically assegdéuls,
in this work we have used the hydrophobic tyrosine analogue
BTBE incorporated into different types of PC liposomes as
a probe to study physicochemical and biochemical factors
that control peroxynitrite-dependent tyrosine nitration in
membrane model systems.

MATERIALS AND METHODS

been offered to explain these pH dependencies of the yields

obtained for the three different tyrosine-derived products.
In phosphate buffer, pH 7.4, yields with respect to peroxy-
nitrite are about 6:8% for nitration, 0.24% for dimerization,
and 0% for hydroxylation; nitration yields could increase
up to 14-16% in the presence of G@nd to even higher
values in the presence of transition metal complexs (
23, 24).

Most of the mechanistic studies of tyrosine nitration have
been performed in aqueous solution. However, many tyrosine
residues shown to be nitrated in vitro and in vivo are

associated to nonpolar compartments such as biomembrane

[e.g., erythrocyte membrane band2b), red cell membrane
proteins £6), complex | of the mitochondrial inner membrane
(27), sarcoplasmic reticulum CGaATPase 28), and mi-
crosomal glutathioneStransferase 29)] and within the
structure of lipoproteins [e.g., Apo A and Apo BQ)]. In
many of these case{—29) nitration occurs in tyrosines
located in transmembrane domains, while in other cases
nitration is directed to solvent-exposed tyrosin2s) (or is
decreased after tyrosine association to hydrophobic domain
(30). Therefore, there is a need to develop and validate
hydrophobic probes to study and rationalize nitration pro-
cesses in hydrophobic environments. In this regdrdBOC-
L-tyrosine tert-butyl ester (BTBE) is a stable tyrosine
analogue that has been efficiently incorporate@8%) into

the lipid phase of phosphatidylcholine (PC) liposomes with
the highest concentration near the glycerol backb@&aig (
Peroxynitrite addition to both multi- and unilamellar lipo-
somes caused formation of both 3-nitro-BTBE and-8j3

2 Abbreviations: BOCtert-butyl pyrocarbonate; BTBE\-t-BOC-
L-tyrosinetert-butyl ester; DMPC, 1,2-dimyristoydn-glycero-3-phos-
phocholine; DLPC, 1,2-dilauroydn-glycero-3-phosphocholine; dtpa,

ChemicalsDiethylenetriaminepentaacetic acid (dtpa), eth-
ylenediaminetetraacetic acid (edta), manganese dioxide,
sodium bicarbonate, potassium phosphatgjrosine, des-
ferrioxamine mesylatey-lipoic acid, p-hydroxyphenylacetic
acid (pHPA), uric acid, mannitol, hemin, deoxycholic acid,
3-nitrotyrosine, 2-methyl-2-nitrosopropane (MNP), axd
acetyltyrosine were purchased from Sigmet-BOCH -
tyrosinetert-butyl ester (BTBE), 3-nitrdN-t-BOC-.-tyrosine
tert-butyl ester (3-nitro-BTBE), and 38li-N-t-BOC-.-
tyrosine tert-butyl ester (3,3di-BTBE) (see structures in

igure 1) were prepared and handled as previou3R). (

tock BTBE solutions (1 M) were prepared in methanol
immediately before use. 3;Bityrosine was kindly provided
by Dr. Stanley Hazen (Cleveland Clinic Foundation). 1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-di-
lauroyl-sn-glycero-3-phosphocholine (DLPC), and egg and
soybean phosphatidylcholine were from Avanti Polar Lipids.
Mn-tccp [manganese(llmesetetrakis(4-carboxylatophe-
nyl)porphyrin] and Fe-tcpp [iron(lll)mesetetrakis(4-car-

Sboxylatophenyl)porphyrin] were from Calbiochem. Hydrogen

peroxide (HO,;) was from Fluka. Organic solvents for
synthesis of standards and chromatography were from Baker.
All other compounds were of reagent grade.

Stock hemin solution was freshly prepared in 0.1 N NaOH
and kept in the dark at 4C until use. The ferric irorredta
and ferric iron-desferrioxamine (ferrioxamine) complexes
were prepared by mixing equal volumes of edta and
desferrioxamine with ferric chloride, respectively, in a
concentration ratio of 1.1:1. Mn-tccp and Fe-tcpp stock
solutions were 1.21 and 1.10 mM, respectively, and were
diluted in 0.1 N NaOH. Fenton chemistry was performed
by preparing a stock solution of 10 mM Fe&i@ 2.5 mM
H,SO, which was then added to BTBE-containing liposomes

diethylenetriaminepentaacetic acid; edta, ethylenediaminetetraaceticin the presence of hydrogen peroxide(@) to a final Fé*:

acid; ONOQO, peroxynitrite; Mn-tccp, manganese(lit)esetetrakis-
(4-carboxylatophenyl)porphyrin; Fe-tccp, iron(llnesetetrakis(4-
carboxylatophenyl)porphyrin; PC, phosphatidylcholine; HPLC, high-
performance liquid chromatography; MNP, 2-methyl-2-nitrosopropane;
DF, desferrioxamine; Fe-DF, ferrioxamine; LA, lipoic acid; pHPA,

H,0O, ratio of 1. All solutions were prepared with highly pure
deionized nanopure water to minimize trace metal contami-
nation.

p-hydroxyphenylacetic acid; DMSO, dimethyl sulfoxide; UA, uric acid;
GSH, glutathione; ESR, electron spin resonance; LIT, linear ion trap;
DOPA, 3,4 dihydroxyphenylalanine; RA, reverse addition.

3 Throughout this paper, we will refer as BTBE oxidation to the
sum of nitration, dimerization, and hydroxylation on the BTBE moiety.



Peroxynitrite-Mediated BTBE Nitration

Peroxynitrite Synthesis and AdditioReroxynitrite was
synthesized in a quenched-flow reactor from sodium nitrite
(NaNGQ,) and HO, under acidic conditions as described
previously 86). The HO, remaining from the synthesis was
eliminated by treating the stock solutions of peroxynitrite

Biochemistry, Vol. 45, No. 22, 2006815

acidic pH was ruled out by appropriate controls using
predecomposed peroxynitrite.

Spectrophotometric Analysig some experiments using
the saturated fatty acid-containing PC (DLPC, DMPC),
3-nitro-BTBE was quantitated by direct UWis measure-

with granular manganese dioxide, and the alkaline peroxy- ment. Briefly, liposomes were solubilized with 1.2% deoxy-

nitrite stock solution was kept at20 °C until use. Perox-

ynitrite concentrations were determined spectrophotometri-

cally at 302 nm = 1670 M cm™l). The nitrite
concentration in the preparations was typically lower than
30% with respect to peroxynitrite. Control of nitrite levels
proved to be critical for obtaining reproducible data (see

cholate 88) followed by alkalinization to pH 10 with 5 M
NaOH, and 3-nitro-BTBE was measured at 424 nm at pH
10 (¢ = 4000 Mt cm ). Similarly, 3-nitrotyrosine was
measured by absorbance measurements at 430 nm at pH 10
(e = 4100 Mt cm ).

Mass Spectrometry Analysis of Hydroxy-BTBigdroxy-

Results). In some control experiments, peroxynitrite was BTBE was analyzed using an Applied Biosystems QTRAP,
allowed to decompose to nitrate and nitrite in 100 mM triple quadrupole-linear ion trap (LIT) mass spectrometer
phosphate buffer, pH 7.4, before use, i.e., “reverse orderequipped with a turbo ion spray ionization source (ESI). The

addition” of peroxynitrite (RA).

BTBE Incorporation into Phosphatidylcholine Liposomes.
BTBE incorporation into liposomes was carried out as in
ref 31 with minor modifications. Briefly, a methanolic
solution of BTBE (0.35 mM) was added to 35 mM PC lipids
dissolved in chloroform. Under these conditions more than
98% BTBE was incorporated3l). The mixture was then

mass spectrometer was operated in positive mode, and the
ESI settings were optimized as follows: ion spray voltage
2500 V, temperature 37%5C; declustering potential 50 V,
entrance potential 10 V, nebulizer gas 40 psi; heater gas 25
psi. The samples collected from the HPLC were diluted in
acidified methanol (0.1% formic acid) and continuously
infused (10uL min~') at an estimated concentration of 10

dried under a stream of nitrogen gas. Multilamellar liposomes nM. We identified the molecular ion atVz 353.2. Frag-

were formed by thoroughly mixing the dried lipid with 100
mM potassium phosphate buffer, pH 7.4, plus 0.1 mM dtpa.
Liposomes (0.3 mM BTBE) were exposed to peroxynitrite
under different conditions throughout the work. BTBE and
BTBE-derived products (e.g., 3-nitro-BTBE and 3¢
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% @31)]. Samples were then dried and stored
at —20 °C. Immediately before HPLC separation, samples
were resuspended in 10Q. of a mixture containing 85%
methanol and 15% KR15 mM), pH 3. Experiments with
liposomes were performed at 3€ for DMPC and at 25C

mentation analysis of hydroxy-BTBE was conducted utilizing
the LIT in the enhanced product ion mode of the instrument.
Fragmentation experiments of the molecular ion at 353.2
were conducted at different collision-assisted dissociation
energies identifying fragments from the parent ion.

ESR MeasurementESR spectra were recorded at room
temperature on a Bruker EMX spectrometer operating at 9.8
GHz. Typical spectrometer parameters were as follows: scan
range, 100 G; field set, 3510 G; time constant, 0.64 ms; scan
time, 20 s; modulation amplitude, 5.0 G; modulation
frequency, 100 kHz; receiver gain, 2 1%, microwave
power, 20 mW. Samples were subsequently transferred to a
100 uL capillary tube for ESR measurements.

for DLPC, egg PC, and soybean PC, in all cases above the General Experimental ConditionExperiments were typi-

transition phase temperatures (i.e., 23,, —3, and<0 °C,
respectively).
HPLC AnalysisBTBE, 3-nitro-BTBE, and 3,3di-BTBE

cally carried out in the presence of BTBE (0.3 mM) in PC
liposomes (30 mM) in 100 mM potassium phosphate plus
0.1 mM dtpa, pH 7.4 and 25C unless otherwise stated.

were separated on a Gilson HPLC system equipped with When the effect of pH on BTBE oxidation yields was
UV —vis and fluorescence detectors by reverse-phase HPLCstudied, potassium phosphate was also used throughout the

using a Partisil ODS-3 1@m column (250 mm length, 4.6
mm i.d.). Mobile phase A consisted in 15 mM phosphate
buffer, pH 3, and mobile phase B consisted in methanol.
Chromatographic conditions were as follows: flow, 1 mL/
min; 75% mobile phase B for 25 min, followed by a linear
increase to 100% mobile phase B for 10 min. YVs
settings were for BTBE (280 nna,= 1200 M~ cm™1) and
for 3-nitro-BTBE (360 nm,e =1500 Mt cm™). 3,3-Di-
BTBE was detected fluorometrically atx 294 nm andiem
401 nm. Authentic 3-nitro-BTBE and 3;8i-BTBE were
used as standards.

For the detection of 3-hydroxy-BTBE (i.e., 3,4-dihydroxy-
N-t-BOC-.-phenylalaninetert-butyl ester), the HPLC pro-
tocol was slightly modified. Mobil phase A consisted of

pH range to avoid confounding reactivities with other buffer
system components. The reported final pH after addition of
the alkaline peroxynitrite solution was systematically mea-
sured and never increased more than 0.2 units.

Estimation of Peroxynitrite Diffusion Distances in the
Liposome Suspensiorsstimation of peroxynitrite diffusion
distances was made assuming multilamellar liposomes (20
mg/mL) of a mean external diameter of 1000 nm and five-
concentric lamellae39). According to previous data4Q,

41) a vesicle concentration can be estimated around 0.20
nM corresponding to 3.65% 10! vesicles/mL or 19QiL of
liposomes/mL of suspension.

On the basis of a previous model developed in our
laboratory (3) the average diffusion distanceAX) of

water, and the gradient was started at 50% methanol to 100%&aqueous phase-added peroxynitrite before reaching a lipo-

for 35 min. UV—vis detection was at 280 nm while
fluorometric detection was performed/fak 280 nm andlenm
306 nm.

Artifactual BTBE nitration during the chromatographic

separation procedure due to nitrite-dependent nitration at

some vesicle can be calculated as

3 2
3| “/anm
AX 4( 3 ) 1

1)
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Aoty

NO; OH

wheren represents the ratio between the total suspension g i
volume and the total liposome volume andepresents the
liposome radius. Solution of this equation yields/anvalue

of 1.1um. The percentage of added peroxynitrite that could

BTBE H

et Y

effectively reach a vesicle is determined from the equation: J(O}JYO* \k
O/ (o} O>/—NM
ONOO 5 3-nitro-BTBE ° J\"’(O\i/
Ir‘[ NOO'], —In2(AX’) @) J 35 diBTEE

I[ONOO_]O ~ 2Donoo tir

where ty, represents the half-life of peroxynitrite in the
extracellular medium an®onoo the diffusion coefficient
of peroxynitrite, considered to be similar to that of NO
1500um? s7 (32, 42).

Computer-Assisted Simulatioridomputer-assisted simula-
tions were performed using the GEPASI prograd) (

Data Analysis.All experiments reported herein were
reproduced a minimum of three times. Results are expressed
as mean values with the corresponding standard deviations.3
Graphics and data analysis were performed using Origin 6.1. 5

Time (min)

2 [ONOO] (mM)

0.075

0.050 —

Absrob:

RESULTS

HPLC and Spectroscopic Analysis of BTBE, 3-Nitro-
BTBE, and 3,3Di-BTBE. To study biochemical and phys-
icochemical factors that control tyrosine nitration in hydro-
phobic environments, BTBE was incorporated into PC
liposomes which then were treated with peroxynitrite. BTBE-
derived products were quantitated by Yvis and/or fluo-
rometric measurements after either (a) reverse phase-HPLC
separation of organic extraction material or (b) deoxycholate C
solubilization. Figure 1A shows a typical HPLC chromato-
gram obtained from peroxynitrite-treated samples, where
BTBE, 3-nitro-BTBE, and 3,3di-BTBE eluted at 7, 9, and
19 min, respectively. Alternatively, spectral analysis of
3-nitro-BTBE after liposome solubilization with 1.2% deox-
ycholate allowed to carry out direct measurements at the pea
absorbance of 424 nm at pH 10 (Figure 1B). In DLPC
liposomes and pH 7.4 (Figure 1C), peroxynitrite-@mM)
caused a dose-dependent increase in BTBE nitration with
yields of ~3% (e.g., 15uM 3-nitro-BTBE at 500 uM
peroxynitrite), with similar results obtained with both
methods. Importantly, while the direct spectrophotometric
measurement of 3-nitro-BTBE after deoxycholate solubili-
zation turned to be practical and reproducible for saturated
fatty acid-containing liposomes (e.g., DMPC and DLPC), it
should not be reliably applied to unsaturated fatty acid-
containing liposomes (e.g., egg and soybean PC) since
peroxynitrite leads to the formation of other absorbing species
in the same spectral region such as nitrated and oxidizedFIGURE 1. Analysis of 3-nitro- and 3,&i-BTBE after peroxynitrite
ipids (36, 44) xposed o peroxyntite ih phosphate pufter (100 mM). pH 7.4

_Peroxynitrite-Mediated BTBE Hydroxylation in DLPC  jys'0.1 mM dtpa. (A) After an organic extraction, products were
LiposomesWhile in previous work 81) the formation on  separated by RP-HPLC as described under Materials and Methods.
3-nitro- and 3,3di-BTBE was detected upon treatment with
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450 500
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The HPLC chromatogram shows the elution of BTBE, 3-nitro-
peroxynitrite and the myeloperoxidase/nitrite/hydrogen per-
oxide systems, formation of hydroxylated derivatives of
BTBE was not explored. The hydrophobic analogue of 3,4-
dihydroxyphenylalanine named herein as 3-hydroxy-BTBE,

BTBE, and 3,3di-BTBE after treatment with ONOO(1 mM);

the structures have been drawn above the peaks:\iB/detection

was done for BTBE and 3-nitro-BTBE at 280 nm (solid line) and
360 nm (dashed line). 3;®i-BTBE was measured fluorometrically

at 294 and 401 nm excitation and emission wavelengths, respec-

should be a more polar compound than BTBE, and thereforetively (dotted line). (B) Peroxynitrite-treated BTBE-containing

chromatographic conditions were adjusted to search for

compounds eluting at earlier times than BTBE. Initial
experiments with peroxynitrite were performed at pH 6.0 as
BTBE hydroxylation arising from ONOOH homolysis would

liposomes were solubilized with 1.2% deoxycholate, the pH was
adjusted to 10 with NaOH, and UWis spectra of 3-nitro-BTBE
were recorded at different peroxynitrite concentrations. (C) Quan-
titation of 3-nitro-BTBE as a function of peroxynitrite concentration
after HPLC separatioril) or deoxycholate solubilizatior).
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Ficure 2: HPLC and MS characterization of 3-hydroxy-BTBE. BTBE (0.3 mM) in DLPC liposomes (30 mM) (dashed line) was exposed

to FeSQ (0.3 mM) + H,0, (0.3 mM) (solid line) or peroxynitrite (1 mM) (detdashed line) in phosphate buffer (20 mM), pH 6, plus 0.4

mM dtpa. (A) After an organic extraction products were separated by RP-HPLC, and a product eluting immediately before BTBE (12 min)
only present in the Fenton and peroxynitrite conditions was obtained as described under Materials and Methods. (B) ES-MS characterization
of the peak eluting at 11 min. Left panel: Enhanced resolution mass scan showing the molecular ion at 353.2 and its isotopic distribution.
The proposed structure of the compound has been drawn and corresponds to 3-hydroxy-BTBE. Right panel: MS-MS scan (using the LIT)
of the ion atm/z 353.2 showing the fragmentation pattern of 3-hydroxy-BTBE. (C) Quantitation of 3-hydroxy-BTBE formation by a Fenton
system or peroxynitrite and the effect of nitrite. The reactions were carried out at pH 6, and conditions are indicated in the graph. 3-Hydroxy-
BTBE values were estimated assuming a similar fluorescense quantum yield to that of 3,4-dihydroxyphenylalanine.

be favored under acidic conditions, and additionally, as a Importantly, the fragmentation pattern of the parent ion at
positive control of hydroxylation, we used a Fenton system. m/z353.2 was identical for samples obtained from the Fenton
In both the Fenton and peroxynitrite addition experiments a or peroxynitrite addition to liposomes preloaded with BTBE.
new peak eluting at 11 min was detected (Figure 2A), which Among the fragments, one with avz of 335.3 could
was collected and characterized by MS spectrometry (Figurecorrespond to the loss of a water molecule from the parent
2B). Indeed, the molecular mass detected for the peak wasion. Assuming the fluorescence quantum yield of 3-hydroxy-
m/z 353.2. Although ES-MS in the positive mode usually BTBE to be similar to that of 3,4-dihydroxyphenylalanine,
produces protonated ions (M H™) which would yield a it can be calculated that approximately 5 nM product was
principal ion for hydroxy-BTBE ofm/z 354.2, we detected  formed from 1 mM peroxynitrite at pH 6.0, indicating a low-
the molecular ion as happens withacetyltyrosine (data not  yield process. No hydroxylated derivative was measured
shown) and a-tocopherol 45, 46). The absence of a  when reactions were conducted at pH 7.4. Figure 2C shows
protonatable group and the readily oxidizable phenolic a comparative quantitation of the hydroxylated BTBE
moiety in BTBE favors this type of ionization. The ion'z derivative formed under different conditions. Hydroxylation
353.2 corresponds to the molecular radical cation of a in the presence of ferrous iron is due to its fast oxidation to
hydroxylated derivative of BTBE that we assign as 3-hy- yield O,;"/H,O, under aerobic conditions, thus secondarily
droxy-BTBE by analogy with the preferential hydroxylation generating a Fenton reagent; howeveQtalone was unable
site of tyrosine and phenolic compounds in gene2a] 47). to hydroxylate BTBE, compatible with the need of an iron-
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A ] Table 1: Effect of Different Scavengers on BTBE Nitration and
25 Dimerizatior?

conditior? NO,-BTBE (uM)  di-BTBE (uM)

/ ONOO- (0.5 mM) 9.06+ 0.78 0.017+ 0.002
+GSH (0.1 mM) 5.1+ 1.0 ND
/ / +GSH (1.0 mM) 1.65k 0.26 ND

+LA (0.1 mM) 1.324+0.01 0.011+ 0.002
—=—DLPC +pHPA (0.3 mM) 5.60f 0.77 0.012+ 0.002
:::2”";00 +tyrosine (1 mM) 4.10t 0.66 ND
99 +DMSO (10 mM) 6.59+ 0.60 0.006+ 0.001

+mannitol (50 mM) 2.15+0.87 0

“uric acid (0.3 mM) 0 0

+DTPA (0.1 mM) 9.8+1.1 0.007+ 0.001

+DF (0.1 mM) 0.71+ 0.15 0

“+nitrite (50 mM) 5.6+1.1 ND

+HCO;~ (25 mM) 2.32+0 0.008+ 0
reverse addition of ONOO 0 0

o6 05 10 15 20 aBTBE (0.3 mM) in DLPC liposomes (30 mM) was exposed to
peroxynitrite (0.5 mM) in the presence of the different indicated
[ONOO]T mM compounds and concentrations, and 3-nitro-BTBE ant@;BTBE
were analyzed after RP-HPLC. In the cases where only 3-nitro-BTBE
B 030 values are provided, direct measurements were made after deoxycholate
\} solubilization. Reverse addition of peroxynitrite represents a control

20

[NO,-BTBE] uM

condition with predecomposed peroxynitrite in buffer. ND: not
determined?® The individual rate constants of the tested scavengers with
peroxynitrite,"OH and*NO,, are indicated in Supporting Information
(Table 2S).

0.25

0.20

¥

hd derived*OH and*NO; readily react with unsaturated fatty
0.15 4 —e—EggPC acids 86, 37); therefore, we investigated the extents of BTBE
A nitration and dimerization in PC liposomes of different fatty
acid composition. Peroxynitrite (€2 mM) caused a dose-
dependent increase in BTBE nitration and oxidation products
in DLPC, DMPC, and egg PC liposomes with preincorpo-
0.05 \E + E rated BTBE (Figure 3A). BTBE nitration yields were similar
1 /I\t—l\l in DLPC and DMPC liposomes while, surprisingly, nitration
0.00 , : , : . : : : yields were slightly higher in egg PC liposomes despite the
0.0 0.5 1.0 1.5 20 substantial percentage of polyunsaturated fatty aei@e$o)
[ONOO] mM present in this phospholipi®9). On the other hand, BTBE

FIGURE 3: Peroxynitrite-mediated BTBE nitration and dimerization mtratlon. Was .lOW (Vb4'8 “g/lc 3r—1n|tr0-BTI_3E fr?r E.O?]‘uMl |
in PC liposomes with different degrees of fatty acid unsaturation. PEroxynitrite) in soybean PC that contains the highest leve

BTBE (0.3 mM) in DLPC @), DMPC @), and egg PC #) of polyunsaturated fatty acids (57%) (data not shown). In
liposomes (30 mM) was treated with different concentrations of any event, 3-nitro-BTBE was formed after peroxynitrite

peroxynitrite in phosphate buffer (100 mM), pH 7.4, plus 0.1 MM addition to all four classes of PC liposomes.

dtpa; incubation temperatures were°Z1for all liposomes except e o -
for DMPC, which was incubated at 3T. (A) 3-Nitro-BTBE and In addition, peroxynitrite caused oxidation of BTBE to

(B) 3,3-di-BTBE were measured after RP-HPLC separation. For Yi€ld the corresponding dimer, 3,8i-BTBE, being the
DLPC and DMPC direct spectrophometric measurements after 1.2% Mmaximal yields at 25@&M peroxynitrite and higher for egg
deoxycholate solubilization were also performed, yielding similar PC than for DLPC{0.11% and 0.02%, respectively; Figure

results. 3B). The doseresponse profile of BTBE dimerization was
catalyzed reaction to yieldOH. While Fenton systems similar to that of tyrosine, which presented higher maximal
promoted hydroxylation with yields which were dependent yields (~0.24%) at 20QuM peroxynitrite 31). In all cases,
on concentration of reagents (i.e., 0.3 and 0.6 mM), the BTBE nitration yields were significantly higher than those
presence of nitrite (N&) which readily reacts withOH to of dimerization at pH 7.4, providing support to the concept
yield *NO, (k = 6 x 10° M~* s7%) was fully inhibitory. that nitration is by far the predominant oxidative modification
Peroxynitrite (1 mM) also caused BTBE hydroxylation, with  of tyrosine in membranes challenged with peroxynitrite at
somewhat less efficiency than the Fenton system, and, againphysiologically relevant pH31).
the presence of NO was completely inhibitory. Inhibition of Peroxynitrite-Mediated BTBE Oxidation by
While in Figures 1 and 2 the formation of the three BTBE Scaengers and Carbon Dioxidel.o explore the nitration
oxidation products by peroxynitrite, i.e., 3-nitro-BTBE, 3,3  mechanism by peroxynitrite of the membrane-associated
di-BTBE, and 3-hydroxy-BTBE, was established, ESR hydrophobic tyrosine analogue, we studied the effect of
studies using the spin trap MNP revealed the transient selected scavengers that react with known rate constants with
formation of the BTBE phenoxyl radical (Supporting Infor- peroxynitrite and/or its derived radicals, namel@H and
mation, Figure 1S). *NO, (Table 1). While most of the tested scavengers are polar
Peroxynitrite-Mediated BTBE Oxidation in Saturated and and will mainly react in the aqueous phase, lipoic acid has
Unsaturated Fatty Acid-Containing LiposomBgroxynitrite- a hydrophobic character and could undergo reactions in the

[Di-BTBE] uM
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FiGure 4: Desferrioxamine inhibition of BTBE nitration. BTBE
(0.3 mM) in DLPC liposomes (30 mM) was exposed to different
concentrations of desferrioxamine—<@ mM) and treated with
peroxynitrite (0.5 mM). 3-Nitro-BTBE was quantitated by bV

vis measurement after RP-HPLC separation of organic extraction
products of liposome suspensions. Inset: '-BBBTBE was
measured fluorometrically after RP-HPLC.

lipid phase or in the aqueous/lipid interphag®)( BTBE
nitration and dimerization were inhibited by glutathione,
lipoic acid, pHPA, tyrosine, DMSO, mannitol, and uric acid
in extents that are compatible with their different reactivities
with peroxynitrite and peroxynitrite-derived radicals (see
Supporting Information, Tables 1S and 2S). The metal
chelator dtpa did not affect BTBE nitration (Table 1), but
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Table 2: Effect of Transition Metal Complexes on BTBE Nitraion

NO,-BTBE (uM)

condition DLPC egg PC
ONOO (0.5 mM) 1414+ 1.9 18.0+ 2.8
+Fe-EDTA (0.1 mM) 225+ 2.2 7.5+ 1.7
+Fe-DF (0.1 mM) 152£1.1 ND
+hemin (25uM) 78.04+£5.5 97.1+ 4.4
+Mn-tccp (20uM) 41.2+1.2 20.6+ 2.0
+Fe-tccp (5QuM) 31.54+5.0 5.71+ 0.05

reverse addition of ONOO 0 0

aBTBE (0.3 mM) in DLPC and egg PC liposomes (30 mM) were
incubated with the indicated transition metal complexes and concentra-
tions and treated with peroxynitrite (0.5 mM). Samples were analyzed
for 3-nitro-BTBE content after RP-HPLC.

Importantly, while bicarbonate/carbon dioxide typically
increase tyrosine nitration in aqueous phdsel(, 50) due
to a more efficient formation of tyrosyl radical promoted by
COs~ (1), the presence of bicarbonate (25 mM) decreased
the nitration of liposome-incorporated BTBE (Table 1).
Moreover, bicarbonate inhibited BTBE nitration and dimer-
ization (Figure 5, left and right panels) in a dose-dependent
manner.

Transition Metal Complexes Catalyze Peroxynitrite-De-
pendent BTBE NitrationSome transition metal complexes
enhance peroxynitrite-mediated nitration of phenolic com-
pounds in aqueous environments via a catalytic redox cycle
mechanism 1, 23). We studied the effect of different
transition metal complexes on peroxynitrite-dependent BTBE
nitration and dimerization in saturated (DLPC) and unsatur-
ated (egg PC) liposomes. In DLPC liposomes nitration yields
were enhanced in the presence of hemin, Fe-edta, and the
metal porphyrins Mn-tccp and Fe-tcpp, while ferrioxamine

desferrioxamine was capable to potently and dose-depen-had no stimulatory effect. In egg PC liposomes, hemin and

dently inhibit 3-nitro-BTBE and 3,3di-BTBE formation
(Figure 4) in extents that are consistent with its reactions
with *OH and°'NO; (49) (Supporting Information, Figure 4S).
Notably, the presence of NO was also inhibitory of
nitration, underscoring the role oOH radicals in the
formation of 3-nitro-BTBE, despite a larger formation of
*NO; in this condition.
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Mn-tccp enhanced BTBE nitration, while Fe-edta and Fe-
tcpp did not (Table 2). It is clear that, in the more simple
system containing saturated phospholipids (DLPC), redox-
active metal complexes served as nitration catalysts. Indeed,
in DPLC liposomes hemin and Mn-tccp enhanced peroxy-
nitrite-dependent BTBE nitration (Figure 6) and dimerization
(not shown) in a dose-dependent manner. In particular, hemin
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Ficure 5. Bicarbonate modulation of BTBE and tyrosine nitration. BTBE (0.3 mM) in DLPC liposomes (30 mM) was treated with
peroxynitrite (0.5 mM) at different concentrations of bicarbonatel(00 mM) in phosphate buffer (100 mM). (A) BTBE nitration and (B)
dimerization products were analyzed by YVis after either RP-HPLCH) or 1.2% deoxycholate solubilization of liposomes)( (A)

3-Nitrotyrosine @) was measured directly by spectrophotometry.
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Ficure 6: Hemin and Mn-tccp catalysis of BTBE nitration. BTBE 0.30 1
(0.3 mM) in DLPC liposomes (30 mM) was treated with perox- 1
ynitrite (0.5 mM) in the presence of different concentrations of 0.25 -
hemin @) or Mn-tccp @) at pH 7.4, and samples were analyzed |
for 3-nitro-BTBE content after RP-HPLC. = 0204
was a potent catalyzer, causing arb-fold increase in m 1
nitration yields (15% at pH 7.4) at 2M. & 0151
Effect of pH on BTBE Nitration, Dimerization, and =) l
Hydroxylation YieldsThe effect of pH on BTBE nitration 0104 P
and dimerization was studied to determine to what extent ] /E
its incorporation into a hydrophobic environment affects the 0051 E/I
dependency observed for tyrosine. Changes in pH will alter
the proton concentration in the aqueous phase and may 70 75 80 85 90 95 100
indirectly influence the chemistry of BTBE occurring in the pH

Ilposomgs. Formation of 3-n|tro-BTBE as f‘l funCt'_On of pH FiIGURe 7: BTBE and tyrosine oxidation as a function of pH. DLPC
resulted in a bell-shaped curve with a maximum yield at pH |iposomes containing BTBE were prepared after lipid resuspension
7.5 (Figure 7A) and comparable to that of 3-nitrotyrosine; in phosphate buffer (100 mM) plus 0.1 mM dtpa at different pHs.
3,3-di-BTBE formation was very low at pH<8 but Then, BTBE (0.3 mM) or tyrosine (0.3 mM) was treated with

N . ; ; peroxynitrite (0.5 mM) under different pHs. (A) 3-Nitro-BTB®)
significantly increased toward alkaline pH (Figure 7B). As and (B) 3,3di-BTBE (W) were analyzed after organic extraction

indicated previously, 3-hydroxy-BTBE was detected at pH p, rRp_HPLC, while in (A) 3-nitrotyrosine %) was measured

6 (Figure 2C) but not at pH 7.4. The pH profiles of tyrosine directly by spectrophotometry.

and BTBE nitration, dimerization, and hydroxylation were

fully reproduced in silico by computer-assisted simulations for the first time detected (Figure 2). At pH 7.4, nitration

considering a free radical mechanism of peroxynitrite- was the predominant process with 3% yield with respect to

mediated tyrosine oxidation4,(8, 11) and a relatively slow  peroxynitrite in DPLC liposomes (versus-8% for free

dimerization rate constant for the BTBE-phenoxyl radicals tyrosine) as compared to dimerization (0.02% yield) and

(see Supporting Information, Table 1S and Figures 2S andhydroxylation (0% yield). In addition to being formed in

39). saturated fatty acid-containing liposomes (DLPC and DMPC),
On the other hand, the pH profiles of BTBE nitration 3-nitro-BTBE was also present in egg (Figure 3) and soybean

presented a completely different behavior in the presence of PC (data not shown), containing substantial amounts of

hemin and Mn-tccp, which resulted in a continuous increase polyunsaturated fatty acids which are readily oxidizable by

of 3-nitro-BTBE toward alkaline pH (Figure 8), reaching peroxynitrite-derived species3¢, 37). Moreover, despite

nitration yields of 17% and 20%, respectively, at pH 9. being modest, dimerization yields were even higher in egg
PC than in DLPC liposomes (Figure 3B), which suggests
DISCUSSION that secondary processes such as lipid peroxidation may

In this work we have used the hydrophobic tyrosine participate in_BTBE oxidation reactions when polyunsatu-
analogue BTBE to establish mechanisms of peroxynitrite- rated fatty acids are present (see below).
mediated tyrosine nitration in membranes and explore factors Tyrosine in aqueous solution does not react directly with
that control the extents of nitration as well as other oxidative peroxynitrite 61), and thus formation of 3-nitrotyrosine
modifications, i.e., tyrosine dimerization and tyrosine hy- depends on reactions of peroxynitrite-derived radic@#i(
droxylation. Herein, we confirmed that peroxynitrite was able *NO,, CO*") (1). In the case of BTBE nitration, the data
to induce the formation of 3-nitro-BTBE and 3.@-BTBE also support a free radical mechanism initiated by the
in DLPC liposomes (Figure 1) and, importantly, a hydroxy- homolysis of ONOOH either in close proximity or inside
lated derivative of BTBE, assigned as 3-hydroxy-BTBE, was the membrane. First, BTBE hydroxylation (Figure 2) is
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° respect to the corresponding one of tyrosyl radicéls=(
] 2.25x 10° M1 s7?) due to the restricted lateral motion of
90 - e 25t emin molecules in the organized membrane bilayer, which results
in a low yield of dimerization with respect to nitration
80 (Figures 3 and 7 and Supporting Information). Indeed, while
; i the diffusion coefficient D) value of amino acids such as
70 —_ tyrosine in the aqueous phase is in the order of-80000
um? st (42), the estimated for BTBE in PC liposomes
/ / can be safely assumed & um? s* as extrapolated from

100

60
data obtained with the hydrophobic fluorescence aromatic

[NO,-BTBE] uM

] probe pyrene 53), inferring a 106-200-fold decrease in

?i/i tyrosyl radical diffusion in the membrane. Intermolecular
/ tyrosine dimerization will be even less likely in integral
peptides and proteins & values become 10°—10* times
1 smaller than in solution53, 54) and in line with recent data
20 o0 65 70 75 8o 85 o0 reporting a lack of tyrosine dimerization in peroxynitrite-
’ ' ’ ’ ’ ‘ ’ treated transmembrane peptidgS)(On the other handNO
PH and*NO; concentrate 45-fold in hydrophobic environments,
Ficure 8: Effect of pH on metal complex-catalyzed BTBE and the apparerd value D'no = 1500um? s71) is very
nitration. DLPC liposomes containing BTBE were prepared as in .o<e to that of the aqueous phase of 4500 st (56).
Figure 7 and exposed to peroxynitrite (0.5 mM) in the presence of S . .
hemin (254M) and Mn-tccp (20uM) at different pHs. The kinetic model proposed herein also predicts that the
phenolic hydroxyl group of liposome-incorporated BTBE
explained by addition 0fOH to BTBE in the immediacy of plays arole, as in the case of Fyrosine, in the p_H dependency
the site of homolysis a®H reacts with target molecules (PKa ~ 10) and that there is no need to invoke other
within a few molecular diameters of its site of formation; dissociable moieties present in PC such as the phosphate and
*OH, formed from ONOOH in the aqueous phase, is able to choline moieties of_the polar headgroup. Thus, the I_(inetic
penetrate PC vesicles and react with aromatic probe mol-data support that liposomal BTBE accommodates its hy-
ecules incorporated in the membrane interior as previously droxyl group toward the lipid/water interphase, in agreement
shown in water radiolysis studie§2); importantly, *OH with the s_tructural daFa3a) indicating that the highest
could be also formed inside the liposomes as ONOOH concentration of.B'TBE is present near the glycerol backbone
permeates the lipid bilaye8®, 33), and we have previously ~ ©f the phospholipid.
established the homolysis of ONOOH in aprotic solvents In contrast to what is observed with tyrosine (Figure 5),
(32). Second, inhibitions in nitration and dimerization (Table the presence of bicarbonate decreased BTBE nitration (and
1 and Supporting Information) could be explained, in good dimerization, Figure 5). In heterogeneous systems the pres-
part, on the basis of simple competition kinetics with free €nce of bicarbonate may limit the oxidant actions of
radical scavengefsThird, the detection of the BTBE-derived ~ Peroxynitrite (1, 13, 50) by mechanisms that involve the
phenoxyl radical and the pH profile of nitration was fully ~fast reaction of ONOOwith CO; in the aqueous phase. At
consistent with a free radical mechanism of reaction leading 25 MM bicarbonate at pH 7.4 (1.3 mM Gyand 25°C, the
to the observed BTBE oxidative modifications. half-life of peroxynitrite is reduced from 2.7 s to 24 mi3(

Importantly, to our knowledge this is the first report where 20> corresponding to an average diffusion distance in
the processes of tyrosine (and tyrosine analogue) nitration,"0Mogeneous solution of8.5 um. However, as indicated

dimerization, and hydroxylation from the proton-catalyzed '

in Materials and Methods and from eq 1, under the vesicle
; ; . A
homolysis of peroxynitrite as a function of pH are rational- concentration of our experiments (i.e., 3.85.0'* vesicles/

ized with a kinetic model involving free radical reactiéns

mL), the average peroxynitrite diffusion distance to a
(Figure 7 and Supporting Information). Both, the pH profiles IPosome () is only 1.1um. Thus, according to eq 2 in
and yields of oxidation obtained in silico agree well with (e presence of 1.3 mM GOless than 2% of added
the experimental in vitro data for tyrosine and BTBE. In the Peroxynitrite will react with CQbefore finding a liposome
case of BTBE, the actual rate constants of its reactions with VESIcle- Even at the highest GOoncentrations tested (5.4
the primary radicals (i.e:OH, *NO,) are not known and were

mM CO; in equilibrium with 100 mM HCQ™, Figure 5)
assumed to be the same as for tyrosine: however, for thel€ss than 5% of peroxynitrite diffusion will be inhibited by
dimerization reaction (i.e., combination of two BTBE-derive

g external CQ. Thus, added peroxynitrite had access to the
phenoxyl radicals to form 3,31i-BTBE), the rate constant vesicles in the suspension under all of the experimental

value was lowered 100-folk(& 2.25 x 10° M~ s72) with conditions, and the inhibition of BTBE ox!dgtlons by €0
cannot be a consequence of diffusion limitations due to
shortening of peroxynitrite lifetime as previousl¥3 50)

4 For instance, the data on desferrioxamine (Figure 4 and Supporting bt is due to a more subtle reason Peroxynitrous acid, but
Information) provide mechanistic support to a previous report showing - . X . '
inhibition of red cell membrane protein tyrosine nitration by desferri- not peroxynitrite anion, permeates the liposomal membrane
oxamine during exposure tdlO, gas (26). o (32, 33, 41); however, ONOOH acid does not react directly

®In one previous papet (), kinetic modeling of tyrosine nitration  with either PC or BTBE, and therefore its consumption inside

as a function of pH was performed in the presence of.@der this ; .
condition (-CGQ,), the reaction has a pH dependency substantially the membrane will depend only on homolysis"@H and

different from the H- or metal-catalyzed nitration reported hereinand “NO2, which will be rate-limiting and relatively slow; in this
elsewhere 15, 23) with larger values of nitration at acidic pH. scenario, a quasi-equilibrium will be established between

40

30 4 '
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_cmoo—%. ONOOCO, — CO;+ “NO, lipid bilayer, and can participate in oxidation and nitration
"No *@- reactions {7, 59). In turn, Mn-tccp (also known as Mn-tbap)
and other Mn porphyrins have been extensively used as SOD

S S NO, L OH mimics and peroxynitrite reductases. While peroxynitrite-
QEQs

‘‘‘‘‘

mediated Mn-tccp-catalyzed nitration was reported for ty-
No, R R rosine, the presence of water-soluble reductants such as
onoor 2. oneno, { glutathione, ascorbate, and uric acid inhibits the process due
27 NG 9 to their fast reaction with the ©Mn*" species formed by
é? o peroxynitrite (see eq 3); however, these reductants will not
No, B penetrate to membranes, and therefore the prooxidant actions
% _ éou in hydrophobic environments of €Mn**—tccp and also
p; O=Fé&"—hemin can be more pronounced@5( and may

/ i explain part of their toxicity. For both hemin and Mn-tccp,
< » g Lo nitration yields are greatly enhanced (Figure 6), indicating
S $ €5 & that the metal complexes were in close proximity to BTBE
??@ oW % @ and support a reaction chemistry under which the transition
H o+ H i metal (Mé"X; eq 3) serves as a Lewis acid facilitating the
Ficure 9: Proposed mechanism of nitration of the hydrophobic formation of a transient complex with peroxynitrite (ONSO

tyrosine analogue BTBE in phosphatidylcholine bilayers. Peroxy- Me3*tX); in this complex the G-O bond is weakened and

nitrite anion (ONOO) added in the aqueous phase is in equilibrium - : S
(PKa = 6.8) \(/vith per)oxynitrous acidq(ONoopH) (1), and ?DNOOH undergoes homolysis ttiNO; plus a high oxidation state

can readily permeate the phospholipid bilayer (2); ONOOH can 0X0—metal intermediatel] that efficiently promotes the one-
undergo homolysis in either the aqueous or lipid phases (3), andelectron oxidation of BTBE to its corresponding phenoxyl
ONOO™ can react with C@only in the aqueous phase (4) to yield radical (BTBE):

a transient adduct followed by formation of @O and*NO,. In

the lipid phase, ONOOH could react directly with hemin to yield — 3ty 3ty

the O=Fe&*" metal complex andNO; (5). BTBE is incorporated ONOO + Me™'X ONSFO_Me X m

into the bilayer, accommodating its phenolic hydroxyl group toward ‘NO, + 'O—Me”" X — *NO, + O=Me™" X (3)

the lipid—water interphase (6) and can undergo a one-electron

oxidation to the BTBE phenoxyl radical by eitht€@H or the oxe- _medty . 3+ -
metal complex (Fe or Mn) followed by reaction witNO, (7). BTBE(H) + O=Me™" X — BTBE' + Me™ X + OH (4)

COs~ formed in the aqueous phase does not permeate into the ..

hydrophobic compartment where BTBE is located (8). In the BTBE + 'NO,— 3-NO,-BTBE (5)
presence of polyunsaturated fatty acids, the primary radicals will

preferentially initiate lipid peroxidation, and we propose that lipid This mechanism (eqs-3) is further supported by the pH

?'kot’.‘y' (9f) g_?gé)eroxyllra?icals a(;et_resplonsig(lﬁ_tpf atSi%”if.itcam dependency of the nitration yields in the presence of
raction o one-electron oxiaation. In a Iton to s-nitro- s . . .
BTBE, the formation (in lower yields) of 3ali-BTBE and transition metal complexes (Figure 8), which is completely

3-hydroxy-BTBE is indicated (10). different than in their absence (Figure 6) and totally
consistent with the higher stability of oxanetal complexes
peroxynitrite in the aqueous and lipid phasdg)((Figure at alkaline pH 60), which increase their oxidation efficiency
9). In the presence of CQonly the fraction of peroxynitrite ~ to BTBE and consistent with previous datbr(59).
anion present in the aqueous phase will readily react to yield Nitration and dimerization of the hydrophobic tyrosine
ONOOCQ™ and the resulting C®™ and*NO, radicals. The analogue were observed both in the absence (Figure 3) and
negatively charged C§& (pK, < 0) (57) is incapable of in the presence (Figure 6) of transition metal complexes in
permeating the lipid bilaye#(l) to promote the one-electron  both saturated (DLPC and DMPC) and polyunsaturated fatty
oxidation of BTBE as has been also well established in acid-containing liposomes (egg and soybean PC). Polyun-
studies of the reaction of PC membranes with other radical saturated fatty acids are good targets of strong oxidants such
anions such as Br and Cb*~ (52). As the “extraliposomal” as*OH and oxe-metal complexes. Moreover, in both egg
peroxynitrite is being consumed, there will be a backward and soybean PC liposomes (30 mM) the concentration of
diffusion of ONOOH to the bulk solution and after depro- polyunsaturated fatty acids (7.3 and 17 mM, respectively)
tonation will further react with Cg with an overall effect (39) is much higher than that of BTBE (0.3 mM) and would
of a decrease on BTBE oxidation yields. Globally, the data out compete for the reaction with peroxynitrite-derived
support that bicarbonate will facilitate nitration of water- radicals known to lead to lipid peroxidatioBg) and nitration
exposed tyrosine residues while it will inhibit nitration of (37). Thus, considering simple competition kinetics a pro-
tyrosine residues buried in transmembrane domains orfound inhibition in BTBE oxidations in egg and soybean PC
associated to lipoprotein environments. liposomes would be expected, unless BTBE oxidation is
An interesting observation of this work was that transition associated to the lipid oxidation process,; i.e., lipid-derived
metal complexes were capable of significantly enhancing radicals promoting one-electron oxidation of BTBE to the
peroxynitrite-dependent BTBE nitration (Table 2 and Figure corresponding BTBE (phenoxyl) radicéE? = +0.88 V)
6). In particular, hemin and Mn-tccp were strong catalyzers. (61). This is possible with a highly oxidizing intermediate
Hemin is extremely hazardous when it is released from its such as alkoxyl radicalE® = +1.76 V) 62) and maybe
natural anchor, the globin moiety, as observed in a variety also with the less reactive peroxyl radic&’(= +1.02 V)
of pathophysiological conditions and aged red blood cells (63). Once formed, the BTBE phenoxyl radical would react
(58). Being a hydrophobic molecule, hemin has a high with*NO, (k> 10® M~*s™1) or with another BTBE phenoxyl
affinity for cell membranes, intercalating into the phospho- radical (this latter indicated by the significant increase on
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dimerization yields in egg PC liposomes; Figure 3B)O, factors that control peroxynitrite-dependent as well as
could also be consumed by lipid radicals to yield nitro lipids independent (i.e., via hemin and metalloproteins) protein and
as the reaction is also close to diffusion-controlled; thus, the lipid nitration.
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11. Anexos



Abreviatura Nombre del compuesto

Moléculas Relevantes

o-TO* Radical a-tocoferoxilo
a-TOH alfa-tocoferol

y-TOH gamma-tocoferol

CO, Anhidrido carbénico
CO5” Radical carbonato
H.0, Perdxido de Hidrégeno
HCO4 Bicarbonato

HCO, Peroximonocarbonato
HOCI Acido hipocloroso

L Radical alquilo

LO: Radical alcoxilo

LOO: Radical peroxilo

LOOH Hidroperoéxido lipidico
LOONO Nitro lipido

N>O3 Triéxido de dinitrégeno
N,O, Tetraoxido de dinitrégeno
NO* Oxido nitrico sintasa
‘NO, Radical di6xido de nitrégeno
NO,CI Cloruro de nitrilo

0O, Radical superéxido

0, Oxigeno

*OH Radical hidroxilo

ONOO peroxinitrito anion



ONOOH

Proteinas

APO-A
APO-B
EPO
GPX
HRP
LDL
MPO
NOS
PHS-2
PRX
SERCA

SOD

Sondas hidrofébicas
3,3’ -di-BTBE
3-NO,-BTBE
3-OH-BTBE

BPBE

BTBE

Y4
Y8

Y12

Acido peroxinitroso

Apolipoproteina A

Apolipoproteina B

Eosinofilo Peroxidasa

Glutation Peroxidasa

Peroxidasa de rabano

Lipoproteina de baja densidad
Mieloperoxidasa

Oxido nitrico sintasa

prostaglandina endoperoxido sintasa-2
Peroxiredoxinas
Ca”*-reticulo-sarcoplasmico ATPasa

Superoxido dismutasa

3,3 'di-N-t-BOC tert butil ester L-tirosina
3-nitro-N-t-BOC tert butil ester L-tirosina
3-hidroxi-BTBE

N-t-BOC tert butil ester fenialalanina

N-t-BOC tert butil ester L-tirosina

Péptido transmembrana Y4

Péptido transmembrana Y8

Péptido transmembrana Y12

193



“Tyr
3,3"-di-Tyr

3-NT

ABAP
ALS
BHT
BOC
DF
DCM
DHLA
DIC
DMSO
DNA
DTPA
EDTA
EPR
ESI
Fe-tcpp
Fmoc
FOX
GSH
HOBt
LA

LIT

MBHA

Radical tirosilo
3,3"-di-tirosina

3-nitrotirosina

2,2 -Azobis (2-amidinopropano) hidrocloruro
Esclerosis Lateral Amiotréfica
Butilhidroxitolueno

Butoxipirocarbonato

Desferrioxamina

Diclorometano

Acido dihidrolipoico
di-isopropilcarbodi-imida

Dimetilsulféxido

Acido desoxirribonucleico

Acido dietilentriaminopentacético

Acido etilendiaminotetracético
Resonancia Paramagnética Electronica
Fuente de ionizacién de iones turbo spray
porfirina de Fe (lll) meso-tetrakis (4-carboxilatofenilo)
n-(9-fluororenil) metoxicarbonilo

Xylenol Orange ferroso

Glutation

1-hidroxibenzotriazol

Acido lipoico

Triple cuadrupolo lineal

p-amida metilbenzilhidrilamina

194



MDA
MNP
Mn-tcpp
NMP
PC
pHPA
PUFA
RNS
ROS

RP-HPLC

TBA
TFA
TIS

TNM

Lipidos
DMPC
DLPC
EYPC
PLPC

SBPC

Malondialdehido

2-metil-3-nitrosopropano

porfirina de Mn (lll) meso-tetrakis (4-carboxilatofenilo)
N-metil piperidina

Fosfatidilcolina

Acido para-hidroxifenilacético

Acidos grasos polinsaturados

Especies Reactivas del Nitrégeno

Especies Reactivas del Oxigeno

Cromatografia Liquida de Alta Resolucion- Fase
Reversa

Acido Tiobarbitarico

Acido Trifluoracético

Tri-isopropilsilano

Tetranitrometano

1,2-dimiristoil-sn-glicero-3-fosfocolina
1,2-dilauril-sn-glicero-3-fosfocolina
Fosfatidilcolina de yema de huevo
1-palmitoil-2-linoleil-sn-glicero-3-fosfocolina

Fosfatidilcolina de soja
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