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1.1. Aspectos tedricos

La fotoquimica es la ciencia derivada de la quimica en la que se estudia la interaccién de
luz con atomos y moléculas pequefias. Para que esto sea posible estos &tomos o molécu-
las han de absorber luz en primer lugar, gracias a los cromdforos que son los grupos
funcionales principales responsables de la actividad fotoquimica.

Los cromoforos poseen orbitales moleculares, resultado del solapamiento de orbitales
atémicos s y p. Estos orbitales se clasifican en enlazantes (¢ o m), antienlazantes (¢” o ")
y no enlazantes (n). En la mayoria de moléculas organicas la capa electrénica se encuen-
tra llena, siendo el orbital molecular ocupado de mas energia (HOMO) de tipo enlazante
0 no enlazante. Tras excitar la molécula se produce la transicion de un orbital HOMO a
un LUMO (orbital molecular de menor energia), que suele ser un orbital antienlazante,

derivando en una especie inestable.

Las excitaciones mas frecuentes son:

n—m, propio de alquenos, alquinos y moléculas arométicas;

n—7", propio de compuestos con carbonilos, tiocarbonilos, nitro, azo y grupos imino;
n—c’, propio de aminas, alcoholes y haloalcanos.

Cada electron en una molécula lleva un momento de spin angular con un spin cuéntico

de s = 1/2, que puede tener dos orientaciones:

- Espin arriba 7 0 o (Mms= +1/2).
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- Espin abajo | o f (ms=-1/2).

El momento angular de espin total de una molécula se representa mediante el nimero
cuantico de espin total S, que es la suma vectorial del nimero cuantico de giro de elec-

trones.

Si los espines son opuestos, la suma es 0, si son paralelos es 1. La multiplicidad de espin

se da por 2S+1.

En el estado electronico basal de la mayoria de las moléculas organicas los electrones
estan apareados, asi que S=0 y la multiplicidad es 1. Esta condicion se llama estado sin-

glete y se conoce como So.

Por tanto, una molécula en un estado superior excitado tendera a volver a su estado fun-
damental y la energia absorbida serd utilizada para producir algiin cambio en su estructu-
ra como un cambio fotoquimico o por el contrario busque otra forma de perder la energia

y volver al estado fundamental mediante un proceso fotofisico.
Estos procesos fotofisicos se dividen en tres tipos:

- Radiativos: aquel que consiste en la vuelta al estado fundamental mediante la
emisién de una radiacién electromagnética.
- No radiativos: cuando la vuelta al estado fundamental no tiene asociada la emi-

sién de radiacion.
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- Quenching (desactivacion molecular): se desactiva por la colision con otra mo-
lécula.
Las transiciones pueden estar permitidas o prohibidas por la regla de seleccion de espin.
Las transiciones permitidas, son aquellas cuyo AS=0, por otro lado, las prohibidas son
aquellas cuyo AS#0. Sin embargo, gracias al acoplamiento entre movimiento electrénico

y nuclear hay transiciones prohibidas que se dan, aunque de forma mas débil.
Los procesos radiativos principales son los siguientes:

- Absorcion (A): La absorcién de radiacion electromagnética depende de cada
cromdforo y de su coeficiente de absorcién molar (g) asociado y de la longitud
de onda () a la que este absorbe. Esta absorcion excita los electrones de la mo-
Iécula a niveles energéticos superiores. Transicion permitida, escala de tiempo
muy rapida.

- Fluorescencia (F): se produce la emision de la energia absorbida en forma de ra-
diacion desde un estado S, al estado basal So.

Sh> hv + Sp. Transicién fuertemente permitida.

- Fosforescencia (P): se produce la emisién de la energia absorbida desde un esta-
do excitado a un estado basal distinto del excitado. Esta emision prohibida por la
regla del espin, con una escala de tiempo entre milisegundos y picosegundos.

Los procesos no radiativos son:
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- Conversion interna (CI): la energia se libera desde un estado electrénico excita-
do a uno de su misma multiplicidad. Es una transicion permitida.
- Cruce intersistemas: la energia se libera desde un estado electrénico excitado a
uno de distinta multiplicidad.
- Relajacién vibracional: paso de un nivel vibracional a otro de menor energia.t
Por ultimo, el proceso de desactivacion o quenching consiste en la desactivacion de la
molécula excitada se lleva a cabo con otra molécula llamada “quencher”. Este proceso
bimolecular es seguido por la disminucidn de la concentracién de molécula excitada.

Tabla 1.1. Tiempos medios de procesos fotofisicos y diagrama simplificado de Jablonski

Proceso Fotofisico Tiempo (s) — ==
Absorcion (A) 105 Sn~ —%I
Relajacion Vibracional 1012-1010 S ECIS»
Tiempo de vida del estado excitado S1 (F) ~ 101-107
i6 -11.10-9
Conversion Interna (CI) 1011-10 A | F
Cruce Intersistemas (CIS) 1010-10® P
Tiempo de vida del estado excitado T1 (P) ~ 10%0-10* a
S fy

1.1.1. Procesos fotoinducidos
Consiste en los procesos que se pueden dar cuando un croméforo absorbe luz con otro

croméforo que no la abasorbe presente en su medio. Los procesos son los siguientes,

1 R. A. Larson; E. J. Weber, Reaction Mechanisms in Environmental Organic Chemistry; Lewis Publishers: Boca Raton, Florida,
1994.
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transferencia electronica de energia (TEn), transferencia de electrones (TE), formacion

de exciplejos (EX), transferencia de protones (TP) o formacidn de excimeros (EXC).

- Transferencia electrénica de energia (TEn)
La transferencia electronica de energia (TEn) definida por la IUPAC como el proceso
fotofisico en el que un estado excitado de una entidad molecular (donante, D) se desacti-
va a un estado mas bajo mediante la transferencia de energia a una segunda entidad mo-
lecular (aceptor, A) que de este modo se eleva a un estado de energia superior. Por lo

tanto, la reaccion se puede escribir de la siguiente manera:
D+AM™D* +A ->D+4

donde el donante inicialmente excitado D* transfiere energia a una molécula aceptora
adecuada (A4) con niveles de energia cercanos o por debajo del nivel de energia del do-
nante. Esto da como resultado la extincidn simultanea de D* y la excitacion de A. La
especie A*, excitada indirectamente, puede sufrir diversos procesos fotoquimicos y foto-

fisicos; los cuales son conocidos como procesos fotosensibilizados.

Esta transicion puede ser de dos tipos, si no hay cambio en la multiplicidad de espin de D

y A, sera singlete-singlete o si hay cambio en la multiplicidad de D sera triplete-triplete.

Este proceso se llevaré a cabo si la energia del estado excitado de D es superior a la de A
(Ecuacion 1.1), y el tiempo de vida del estado excitado es lo suficientemente largo para

gue pueda reaccionar.
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AG = AH =E}, — E; Ecuacién1.1

siendo AG el incremento de energia libre del proceso, E, la energia del estado excitado

del dador y E; la energia del estado excitado del aceptor.

Estos procesos siguen dos tipos de mecanismos: coulémbico (tipo Forster), o intercam-
bio electrénico (tipo Dexter).? El tipo Foster implica interacciones dipolo-dipolo y actuia
a largas distancias (de hasta 100 A). Por otro lado, el tipo Dexter requiere un solapa-
miento efectivo entre los orbitales del dador y el aceptor, dandose a distancias cortas
(menores de 10 A). En la Figura 1.1 se muestra esquematicamente el mecanismo de estos

Procesos.

Figura 1.1. Mecanismos de transferencia de energia. Fuente: Fotoquimica de compuestos heteroaroma-
ticos triciclicos en medios biomiméticos, Daniel Limones Herrero

2 S. Speiser, Chem. Rev. 1996, 96, 1953.
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- Transferencia electrénica (TE) y formacion de exciplejos (EX)

La transferencia electronica (TE), consiste en la cesidn de un electrén en su estado exci-
tado a otra molécula en su estado fundamental. Si lo que se forma es un complejo en el
estado excitado por la interaccion entre un cromoforo en su estado excitado (D*) y otro
cromdforo distinto en su estado fundamental (4) que posee caracter de carga parcial en
cada cromdforo y un elevado momento dipolar, esto se conoce como exciplejo (EX).

Este par idnico radicalario generado por la TE se estabiliza en disolventes polares, mien-
tras que en apolares esta favorecida la formacién de EX (Figura 1.2). Mediante fluores-

cencia es posible detectar los exciplejos.

v D*+ A ke
D+A—> 6 —— DY+ A4~
D+ A*

L Koy
st 6
(D + A)”

Figura 1.2. Mecanismo de transferencia electronica

La termodinamica de estos procesos se puede determinar haciendo uso de la ecuacion de

Rehm-Weller® # (Ecuacion 1.2).

AG =E,;, — Epoq— Eg_o+C Ecuacién 1.2

3 D. Rehm; A. Weller, Isr. J. Chem. 1970, 8, 259.

4A. Z. Weller, Phys. Chem. 1982, 133, 93.
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siendo AG la variacion de la energia libre del proceso, E,, Y E,.q l0s potenciales de
oxidacion y reduccion en el estado fundamental de D y A, E,_, €s la energia del estado
excitado implicado, y C es el término coulémbico que tiene en cuenta la estabilizacion de

las especies generadas en el disolvente empleado.

- Transferencia de proton fotoinducida (TP)
En la transferencia de proton fotoinducida (TP), el D transfiere un protén al A. Este pro-
ceso puede ocurrir indistintamente por excitacion de D o de A.

hv krp
DH—-—A——>DH*—A——D~ —AH™*
o bien

hv krp
DH—-—A——>DH—-A"—— D~ — AH*

Figura 1.4. Proceso de transferencia de proton, bien por excitacion del dador o del aceptor

- Formacion de excimero (EXC)

Un excimero (EXC) es un complejo que se forma entre un cromoforo en su estado exci-
tado con otro croméforo idéntico en su estado fundamental. Al igual que los EXs, los
EXCs también se pueden detectar utilizando la técnica de fluorescencia.> ¢ En los EXCs
no existe una separacion de carga como ocurre con los exciplejos, por lo que tienen pro-

piedades electrdnicas iguales.

5 J. B. Birks, Ber. Bunsen-Ges. Phys. Chem.; Wiley: New York, 1970.

6 J. B. Birks; L. G. Christophorou, Nature 1962, 194, 442.

10
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h k
20— ¢ 4 C—2S - C)

hv' 1l hv' 1
C c+C
Figura 1.5. Proceso de formacién de excimero para un croméforo C.
D+ A
| hv
l TEn l
Productos <—D*+ A D + A* —Productos
l TP TE l
TE
Productos<— D + A" D(-H) + AHE— Productos

Productos

D(-H) + AH’

Figura 1.6. Procesos fotofisicos encadenados.

El estudio de los procesos mencionados en este apartado es fundamental para el desarro-
llo de esta tesis, permitiendo recabar datos de los distintos estados y procesos fotoquimi-

cos observados.
1.2. Interaccion anfitrion-huésped

La quimica supramolecular se define tradicionalmente como la rama de la quimica que

se preocupa del estudio de las interacciones no covalentes entre una molécula denomina-

11
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da anfitrién y una molécula denominada huésped.” Este concepto se muestra esquemati-
camente en la Figura 1.7. Actualmente, engloba ademas conceptos mas amplios como
los dispositivos y maquinas moleculares,® ° reconocimiento molecular,* autoensambla-

je,*t 12 autoorganizacion y sobre todo la nanoquimica.’

Figura 1.7. Esquema de la unién entre una molécula anfitrién y una molécula huésped. Fuente: Pro-
teines com a microreactors en fotoquimica supramolecular, Mireia Marin i Melchor

Un sistema supramolecular es el resultado de muchas interacciones entre las cuales se
incluyen los puentes de hidrdgeno, interacciones hidrofobicas, coordinacion metal-
ligando, interacciones ion-ion, ion-dipolo o anion/catioén-n.” De esta manera, estos siste-
mas supramoleculares presentan unas propiedades diferentes respecto a la suma de pro-

piedades individuales de cada componente.'® * En esta tesis doctoral se ha centrado la

7 J. W. Steed, J. L. Atwood, Supramolecular Chemistry, 2nd ed., John Wiley & Sons, Ltd, 2009.
8 V. Balzani, M. Gomez-Lopez, J. F. Stoddart, Acc. Chem. Res. 1998, 31, 405.

9 W. R. Browne, B. L. Feringa, Nat. Nanotechnol. 2006, 1, 25.

105 Rebek, Jr, Science 1987, 235, 1478.

L E. M. Menger, Proc. Natl. Acad. Sci.U.S.A. 2002, 99, 4818.

12.G. M. Whitesides, B. Grzybowski, Science 2002, 295, 2418.

13 S. Koodanjeri, A. R. Pradhan, L. S. Kaanumalle, V. Ramamurthy, Tetrahedron Lett. 2003, 44, 3207.

12



Tesis Oscar Molins Molina Capitulo 1: Introduccion

atencion principalmente en las relaciones anfitrién-huésped dadas entre un sustrato y las

albiminas séricas.

La relacién anfitrion-huésped mas simple es la unién no covalente entre moléculas (tam-
bién conocidas como complejos). Normalmente, el papel de anfitrién lo constituye una
molécula grande como en este caso una proteina o enzima. EI huésped, por el contrario,
es una molécula mas pequefia como por ejemplo cationes, aniones o moléculas neutras,
también moléculas mas complejas, como una hormona, una feromona o un neurotrans-
misor. 7 1> Sitios de unién complementarios como bases de Lewis frente a &cidos de Le-
wis, dadores frente aceptores de puentes de hidrogeno, etc., favorecen la interac-
Cién.7’15'16

- Reconocimiento molecular y selectividad

Una de las relaciones no covalentes entre huésped y anfitrion mas significativa es el
reconocimiento molecular. Una enzima para llevar a cabo su actividad ya sea hidrolizan-
do o formando ésteres, debe reconocer antes los sustratos susceptibles de sufrirla. Este
reconocimiento, que se produce en la cavidad del anfitrién, inicialmente involucra inter-

acciones no covalentes, electrostaticas, estéricas, etc. Procesos como el transporte mole-

14R. Q. Xie, Y. C. Liu, X. G. Lei, Res. Chem.Intermed. 1992, 18, 61.
15 E. P. Kyba, R. C. Helgeson, K. Madan, G. W. Gokel, T. L. Tarnowski, S. S. Moore, D. J. Cram, J. Am. Chem. Soc. 1977, 99, 2564.

16 5. 3. cram, Angew. Chem. Int. Ed. 1988, 27, 1009,

13
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cular, el procesamiento de la informacion genética o ensamblaje de proteinas tienen co-
mo objetivo realizar una funcion especifica.” 7

- Constantes de union
La constante de afinidad o de unién, conocida como Kg,” evalta la estabilidad termodi-
namica de un complejo anfitrién-huésped en un disolvente y temperatura determinados.
Por ejemplo, para un complejo 1:1 se puede definir una constante de unién genérica con
la Ecuacion 1.3.

A+C - A@C

B % Ecuacion 1.3

Asi, la estequiometria de los complejos y la constante de afinidad se pueden determinar
mediante pardmetros matematicos conocidos como por ejemplo el método de Job'” o
Benesi-Hildebrand®® a partir de técnicas como: didlisis, dicroismo circular, ultracentrifu-
gacidn, fluorescencia, ultrafiltracién, cromatografia liquida, difusién de RMN, calorime-
tria, electroforesis capilar, espectrofotometria de absorcion, etc.

- Procesos fotoquimicos
Las reacciones fotoquimicas representan una herramienta importante y alternativa en la

guimica sintética moderna. Al involucrar estados excitados, en numerosos casos se ob-

17 1. 3. schneider, A. K. Yatsimirsky, Chem Soc Rev. 2008, 37, 263.

18 1. A. Benesi; J. H. Hildebrand, J. Am. Chem. Soc. 1949, 71, 2703.

14
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tienen productos que a menudo son inaccesibles a partir de reacciones térmicas. Sin em-
bargo, muchas veces no es facil predecir y controlar el resultado en disolucion homogé-
nea ya que las moléculas tienen un comportamiento relativamente caético. Por lo tanto,
para explotar las reacciones fotoquimicas como método sintético se debe de controlar la
distribucidn y el rendimiento de los fotoproductos actuando sobre las condiciones expe-
rimentales (como la temperatura, el disolvente, las concentraciones, etc.).

Desde este punto de vista, la fotoquimica supramolecular es una estrategia muy atractiva
en la que la combinacion de las fuerzas intramoleculares eléctricas y magnéticas entre un
sustrato y la entidad supramolecular ofrece la oportunidad de controlar el desarrollo de
nuevas reacciones fotoquimicas y de desarrollar con otras perspectivas las reacciones
clasicas. Asi pues, la restriccién espacial generada por la estructura tridimensional de una
cavidad supramolecular puede canalizar la fotorreaccion hasta un Gnico fotoproducto. En
este sentido, las reacciones fotoquimicas en medios organizados sintéticos han sido am-
pliamente analizadas mientras que los estudios en medios biologicos son escasos. Por
tanto, en la presente tesis doctoral nos centraremos en las reacciones fotoquimicas en el
interior de las albiminas séricas.

- Fotorreactividad en albliminas séricas
Algunos de los trabajos publicados en este campo son: la fotodescomposicion del binaf-

tol?®, la fotodeshalogenacion del carprofeno,® la fotociclacion de la bilirrubina,?* las

19 A. Ouchi, G. Zandomeneghi, M. Zandomeneghi, Chirality 2002, 14, 1.

15
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fotoisomerizaciones de la colchicina,?? la fotodescarboxilacién del ketoprofeno,?: 24 la
fotooxidacion del antraceno® y la fotodimerizacion del 4cido antraceno-2-carboxilico en
presencia de la albimina sérica humana y/o bovina.?s: 2. 28

Todos estos ejemplos muestran la encapsulacion del sustrato en los sitios de unién o
cavidades donde se llevan a cabo las reacciones que de otro modo no tendrian lugar,
influyendo en la enantio o estereodiferenciacion de reacciones y favoreciendo también la
formacién de unos fotoproductos de manera predominante frente a otros.

En nuestro grupo de investigacion, se ha estudiado la fotofisica y fotoquimica del carpro-
feno (CPF) en albimina sérica humana.?® Se observé una estereodiferenciacion en el
proceso de deshalogenacion del (R)-CPF y del (S)-CPF encapsulados en albumina sérica
humana siendo la formacion del fotoproducto de irradiacién (carbazol, figura 1.8) mas

eficiente para el enantiomero (S)-CPF.

20y, Lhiaubet-Vallet, F. Bosca, M. A. Miranda, J. Phys. Chem. B 2007, 111, 423.

2L A. F. McDonagh, G. Agati, F. Fusi, R. Pratesi, Photochem. Photobiol. 1989, 50, 305.

22p_Bartovsky, R. Tormos, M. A. Miranda, Chem. Phys. Lett. 2009, 480, 305.

z S. Monti, I. Manet, F. Manoli, R. Morrone, G. Nicolosi, S. Sortino, Photochem. Photobiol. 2006, 82, 13.

2 S. Monti, I. Manet, F. Manoli, S. Sortino, Photochem. Photobiol. Sci. 2007, 6, 462.

25 R. Alonso, M. C. Jiménez, M. A. Miranda, Org. Lett. 2011, 13, 3860.

% M. Nishijima, T-. C. S. Pace, A. Nakamura, T. Mori, T. Wada, C. Bohne, Y. Inoue, J. Org. Chem. 2007, 72, 2707.
a M. Nishijima, T. Wada, T. Mori, T. C. S. Pace, C. Bohne, Y. Inoue, J. Am. Chem. Soc. 2007, 129, 3478.

28 T. C. S. Pace, M. Nishijima, T. Wada, Y. Inoue, C. Bohne, J. Phys. Chem. B 2009, 113, 10445.
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Figura 1.8. Esquema la fotodeshalogenacion del carprofeno.
También se estudio en el grupo la fotooxidacion de un derivado aril propiénico del an-
traceno en el interior de varias proteinas.?® Se detecté una esterodiferenciacion de las
especies transitorias entre los enantiomeros R y S del sustrato en presencia de proteina,
siendo mas clara en presencia de albimina sérica humana en comparacién con el resto.
Se demostré que este derivado de antraceno tenia preferencia por el sitio de unién 1l de
la albumina sérica humana, donde la fotooxidacion del sustrato se producia de forma mas
lenta en el interior de proteinas que en disolucién, dado que la proteina protege el sustra-

to del ataque del 1O..

1.3. Proteinas
De todas las macromoléculas presentes en los organismos vivos, las proteinas son de las
mas abundantes. Exhiben una gran variabilidad y funcionalidad mediante las cuales
desarrollan acciones fundamentales para la vida, actuando como enzimas, hormonas,
anticuerpos, receptores o como vehiculo de transporte de diversas sustancias, tanto en-

dégenas como exogenas.?®

2 G. C. Barrett; J. S. Davies, Royal Society of Chemistry: Cambridge, 2004; Vol. 34
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Las proteinas estan formadas por cuatro niveles estructurales. La estructura primaria
consiste en una combinacion lineal de amino4cidos unidos por enlaces peptidicos. La
estructura secundaria es la responsable del esqueleto proteico plegandose mediante enla-
ces de hidrégeno formando los distintos motivos estructurales, como son la hélice alfa y
la lamina beta. La estructura terciaria por otro lado es la responsable del pliegue de la
cadena polipeptidica en el espacio mediante puentes disulfuro, de hidrégeno, interaccio-
nes idnicas o hidrofdbicas, este pliegue es el responsable de los distintos dominios de la
proteina. Por Gltimo, la estructura cuaternaria viene dada por la disposicion de las cade-
nas polipeptidicas, formando un multimero.

Debido a estas estructuras y su conformacion, se da una disposicién geométrica que
forma el conocido sitio de unién o centro activo de la proteina. Este centro activo es
donde la proteina desarrolla sus funciones®® y posee una disposicion tridimensional dis-
tinta del resto de la proteina.®! Las interacciones principales que se dan en el centro acti-
vo son de naturaleza iénica, por enlace de hidrogeno o van de Waals. En la Figura 1.9 se
muestra de forma esquematica la interaccion entre un sustrato y el sitio de union de la

proteina.

30 G. Petsko; D. Ringe, 2003. Protein Structure and Function. Blackwell Publishing

31 C. Branden; J. Tooze, 1999. Introduction to Protein Structure. Taylor and Francis eds.
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Sitio de - —
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P) ©)

Figura 1.9. Esquema de la formacion de un complejo proteina-sustrato (P-S).

Debido a su gran funcionalidad, existen muchos tipos de proteinas que interaccionan con
una gran variedad de sustratos como iones metalicos, vitaminas, acidos grasos, farmacos,
etc. En lo que respecta a esta tesis doctoral, cobra especial relevancia las proteinas que
interaccionan con farmacos, conocidas como dianas farmacoldgicas. En este grupo se
encuentran los receptores farmacoldgicos, enzimas y las proteinas transportadoras.®?

Los receptores farmacolégicos (Figura 1.10.A) son macromoléculas de naturaleza pro-
teica, situadas en la membrana celular o intracelularmente, en las que el farmaco desarro-
Ila su accion al interaccionar en el centro activo de éstas. Las interacciones que se dan
entre el farmaco y el receptor son generalmente labiles y reversibles. Los tipos de recep-
tores mas importantes son los asociados a proteinas G, receptores con actividad enzima-
tica intrinseca y receptores que regulan la transcripcion génica. Al interaccionar farmaco
y receptor se desencadena un cambio configuracional, originando una respuesta funcio-
nal en la célula que es lo que se conoce como efecto farmacolégico. La contraccion o

relajacion de un musculo, el aumento o inhibicién de la secrecion de una glandula, la

321 Ppeters, Adv. Protein Chem. 1985, 37, 161.
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apertura o bloqueo de un canal idnico, las variaciones del metabolismo celular, la activa-
cion de enzimas y proteinas intracelulares o inhibicidn de estas son algunos ejemplos del
efecto farmacoldgico. La forma de actuar de algunos farmacos consiste en la modifica-
cion de las reacciones celulares por la interaccion del farmaco sobre los receptores, como
son la ciclooxigenasa, objetivo de los antinflamatorios no esteroideos o la fosfolipasa A2
que se inhibe por los glucocorticoides.

Las enzimas (Figura 1.10.B), de naturaleza proteica, catalizan procesos biolégicos.® 3
La mayoria de reacciones quimicas del metabolismo celular se realizan gracias a su ac-
cion, incrementando la velocidad de los procesos quimicos de forma especifica.®® Algu-
nos ejemplos de los mismos son los citocromos P450 (fase 1) o la uridino difosfoglucu-
ronosiltranferasa, UDPGT (fase 2). Por ejemplo, los farmacos son metabolizados
mediante dos tipos de reacciones, conocidas como las reacciones de fase 1 y de fase 2.
Las de fase 1 son cambios simples que convierten o afiaden al farmaco grupos funciona-
les mas reactivos donde implica reacciones de oxidacion, reduccion o hidrdlisis. Por otro
lado, la fase 2 consiste en la inactivacion del farmaco y favorecer su eliminacion del
organismo. Asi, las enzimas de fase 2 aprovechan las reacciones de fase 1 afiadiendo un
sustituyente mayor, como por ejemplo el glucuronilo generado por la UDPGT. Se forma
el glucurénido del fArmaco que es un metabolito poco liposoluble, favoreciendo la elimi-

nacién renal o biliar.

33 1. Yamada: S. Shimizu, Angew. Chem. Int, Ed. Eng. 1988, 27, 622.

34 C. H. Wong, Science 1989, 244, 1145.
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Por ultimo, tenemos las proteinas transportadoras que son aquellas que por su afinidad y
facultad para encapsular sustratos pueden transportarlos a través de la membrana celular
o en el plasma. Las lipoproteinas, por ejemplo, transportan lipidos y grasas. La a-
glicoproteina acida (poco abundante en el plasma) actia como vehiculo de moléculas
organicas pequefias que se unen principalmente a un sitio de union. Este sitio de unién es
grande y flexible por lo que fArmacos acidos, basicos o neutros pueden coexistir.*® Pero
sin lugar a duda, las proteinas transportadoras mas importantes y abundantes en el plas-
ma son las alblminas séricas (Figura 1.10C).% A continuacion, se describen con mas

detalle ya que han sido objeto de esta tesis.

Figura 1.10. A) Ciclooxigenasa-2 (receptor farmacoldgico). B) uridino difosfoglucuronosiltranferasa
(enzima). C) Albumina sérica humana (proteina transportadora). Fuente: Estados excitados del antiin-
flamatorio no estereoideo flurbiprofeno como sondas para la interaccién con proteinas, Ignacio Vaya
Pérez

35 7. H. Israili, Drug Metabolism Review 2001, 33, 161.

36 T. Peters, All About Albumin; Biochemistry, Genetics and Medical Applications, Academic Press, 1995
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1.3.1. Albiminas séricas de distintas especies

La albdmina sérica humana (ASH), junto con la hemoglobina, es probablemente una de
las primeras proteinas del cuerpo humano que llamo la atencidn de los investigadores. La
alblmina sérica se encuentra presente en todas las especies animales. En este trabajo se
emplea la extraida de bovinos (ASB), ratas (ASR), conejos (ASC), cerdos (ASCe), ove-
jas (ASO) y humanos (ASH). Las albiminas séricas de animales se han usado como
sustituto de la humana basandose en la alta similitud encontrada en las secuencias de
aminodacidos y su mayor accesibilidad. Pese a estas similitudes, también presentan dife-
rencias en cuanto a la unién de varios farmacos y metabolitos, como es el caso de la
bilirrubina cuya afinidad varia seguin la albimina presente.®: 3. 3% 40 En este contexto,
serd de un gran interés y especial importancia el ampliar el conocimiento de la farmaco-
dinamica y farmacocinética de estas proteinas. La estructura de algunas de estas albimi-

nas se muestra en la Figura 1.11.

87 A. Robertson; W. B. Karp; R. Brodersen, Dev Pharmacol Ther 1990;15:106
38 b, Harmatz; G. Blauer, Arch Biochem Biophys 1975;170:375
39 L. Stern; R. Brodersen, Pediatrics 1987;79:154

405 D, Zucker, W. Goessling; J. L. Gollan, J Biol Chem 1995:270:1074
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Figura 1.11. Estructura de la albumina sérica humana (izquierda) y de la albimina sérica bovina (dere-
cha). Fuente: Estados excitados del antiinflamatorio no estereoideo flurbiprofeno como sondas para la
interaccién con proteinas, Ignacio Vayéa Pérez

1.3.2. Funcion de la albumina sérica

La albumina sérica se sintetiza en el higado, desde donde se distribuye a casi todos los
tejidos, especialmente a la piel y misculos. Se encuentra también en los fluidos corpora-
les, como por ejemplo en el fluido vitreo y acuoso ocular, sudor, lagrimas, saliva y san-
gre, siendo la proteina transportadora mas abundante (3.5-4 g en 100 ml).

La principal funcion de las albiminas séricas es el transporte de sustratos, como farma-
cos, acidos grasos anionicos de cadena larga, acidos biliares, hormonas, vitaminas, etc.**
Complementariamente, las albiminas séricas también ayudan a mantener el pH y la pre-

sion osmotica en la sangre.*? Junto a estos beneficios, también son capaces de aumentar

41 M. Dockal; D. C. Carter; F. Ruker, J. Biol. Chem. 1999, 274, 29303,

425 sugio; A. Kashima; S. Mochizuki; M. Noda; K. Kobayashi, Protein Eng. 1999, 12, 439.
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la solubilidad de sustratos en sangre (como de los acidos grasos), asi como proteger al
organismo frente a dafios. Disminuye la toxicidad presente en sangre actuando por ejem-
plo como almacén de toxinas (transporte de bilirrubina hasta el higado) o interaccionan-
do con toxinas exdgenas haciéndolas menos nocivas (interaccion de albimina sérica con
la aflatoxina G1 cancerigena hasta el higado) asi como de proteccion frente a la oxida-
cion.

Presentan también actividad enzimatica interaccionando con moléculas pequefias. Posee
actividad enolasa y tioesterasa (al poseer un grupo sulfhidrilo libre del residuo de ami-
noacido Cysas), llevando a cabo la degradacion de disulfuram.** 4 Presenta también
actividad esterasa asociado a la proximidad de la Argaio Y la Tyra11, que consigue hidro-
lizar &cidos grasos. La actividad esterasa resulta Gtil para el disefio de farmacos, en con-
creto de pro-farmacos como es el caso del medoxomil olmesartan, que se transforma al
farmaco activo olmesartan.* También es de destacar su actividad glucuronidasa, median-
te la cual se produce la hidrélisis del glucurdnido de algunos farmacos, como carprofeno,

naproxeno, flurbiprofeno o ketoprofeno.*: 47

Bz Drmanovic; S. Voyatzi; D. Kouretas; D. Sahpazidou; A. Papageorgiou; O. Antonoglou, Anticancer Res. 1999, 19, 4113.
YR.P. Agarwal; M. Phillips; R. A. McPherson; P. Hensley, Biochem. Pharmacol. 1986, 35, 3341.

S Ikeda, Proceedings of the international symposium on Serum Albumin & a1-Acid Glycoprotein. 2000, pp. 173-180

46 S. H. Georges; N. Presle; T. Buronfosse; S. Fournel-Gigleux; J. Magdalou; F. Lapicque, Chirality 2000, 12, 53.

41 N. Dubois-Presle; F. Lapicque; M. H. Maurice; S. Fournel-Gigleux; J. Magdalou; M. Abiteboul; G. Siest; P. Netter, Mol. Pharma-
col. 1995, 47, 647.
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1.3.3. Estructura general de la albimina

Las albiminas estdn compuestas por una cadena polipeptidica simple sin grupos prosté-
ticos u otros aditivos, con una masa molecular aproximada de 67 KDa. Dentro de esta se
sitan 9 logos dobles formados por 17 puentes disulfuro, que envuelven a los residuos de
cisteina adyacentes. Estos estan agrupados en tres dominios denominados I, 1l y 11, don-
de pueden interaccionar sustratos de distinta naturaleza. A su vez, cada uno de estos
dominios contiene 2 logos y estd separado de los contiguos por otro logo y en cada do-
minio hay dos subdominios A y B. De esta manera, existe un amplio y variado namero
de sitios de unién en las albiminas donde los sustratos pueden interaccionar. % En la
Figura 1.12 se muestran los principales dominios de unién de la albimina sérica humana,

asi como ejemplos de farmacos que se unen a cada sitio de union.

Cleft 7 FA1
Thyroxine § Hemin

ms
FAS
Thyroxine 2,3

lA: Drug site 1
FA7

Thyroxine 1
HIA: Drug site 2 A
FA3,4
Thyroxine 4

Figura 1.12. Representacion de los dominios I, 11 y 111 en ASH. Fuente: Interacciones farmaco-proteina

en estados excitados, Carlos Javier Bueno Alejo
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De entre las albdminas estudiadas en esta tesis la mas importante es la albimina sérica
humana (ASH) que constituye alrededor del 60% del total de proteina en la sangre. Po-
see una masa molecular promedio de 66,5 kDa y formada por 585 aminoacidos, entre los
cuales se forman un total de 17 puentes disulfuro; existe un tiol libre (Cysszs) y un Unico
triptéfano (Trpa14).#® Segun analisis cristalograficos por difraccion de rayos-X, la cadena
polipeptidica se dobla formando una hélice de dimensiones aproximadas de 80 x 80 x 30
A, con cerca del 67% de hélice-o, un 10% de giro B y un 23% de cadena extendida.*2 4
%0 Se ha reportado que la conformacion global de ASH en disolucién neutra es muy simi-
lar a la observada en la forma cristalina.>

Las albuminas de otras especies tienen ligeras diferencias, con una similitud en la se-
cuencia peptidica de alrededor del 70-80% con la humana. Entre estas diferencias se
encuentra el nimero de aminoacidos que las forman siendo para la bovina, cerdo y oveja
de 583 aminoacidos mientras que para la de conejo y rata es de 584 aminoacidos. Otra
diferencia es el nimero de triptéfanos presentes, este aminoacido se considera clave en la
interaccion con farmacos. Asi, las albiminas séricas de humano, cerdo y rata contienen
un Unico residuo de triptéfano mientras que las albuminas séricas de oveja, conejo y

bovina contienen dos.

48 K. M. He; D. C. Carter, Nature 1992, 358. 29.
49D, . Carter; J. X. Ho, Adv. Protein Chem. 1994, 45, 153,
50 4. Mandelkow; P. Brick: N. Frank; S. Curry, Nat. Struct. Biol. 1998, 5, 827.

51 M. Ferrer; R. Duchowicz; B. Carrasco; J. Garcia de la Torre; A. U. Acufia, Biophys. J. 2001, 80, 2422.
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1.3.4. Interaccion con sustratos

Las albuminas tienen la capacidad de interaccionar con una gran variedad de sustratos
tanto exdgenos como enddgenos, como por ejemplo farmacos, acidos grasos, aminoaci-
dos, metabolitos, etc. Esta capacidad se debe entre otras cosas a su gran flexibilidad
adaptandose a sustratos de distintos tamafios y a la variedad de sitios de unién. Debido a
esto, las propiedades de las alblminas séricas cambian al unirse sustratos, logrando en
ocasiones aumentar la afinidad por un sustrato que inicialmente no lo era tanto.5? A pesar
de que las albuminas poseen varios dominios de union con sustratos, esta aceptado por
consenso la existencia de dos sitios de union o centros activos para moléculas organicas
pequefias acufiados asi por Sudlow.* En la Tabla 1.1 se muestran algunas caracteristicas

de los dos principales sitios de union de la albdmina sérica humana (ASH).

Tabla 1.1. Caracteristicas de los dos principales sitios de unién de ASH.

Sitio de union Sitio | Sitio Il

Sustratos especificos Warfarina, dansilamida Dansilsarcosina, diazepan

Esteres de los acidos 2-

Otros sustratos afines : .
arilpropionicos

Acidos 2-arilpropionicos

Residuos de A.A presentes Trp2ia, Argais Hisiss, LyS104

52, Kragh-Hansen; V. T. G. Chuang; M. Otagiri, M. Biol. Pharm. Bull. 2002, 25, 695.

53 . sudlow; D. J. Birkett; D. N. Wade, Mol. Pharmacol. 1976, 12, 1052.
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El sitio I, situado en el subdominio 11A,% es flexible y de gran tamafio lo que resulta mas
dificil observar estereoselectividad en la interaccion con los sustratos. Los aminoécidos
mas relevantes que estan involucrados en estas interacciones (de tipo hidrofébicas)®® son
el Trpows y la Argois. De entre los sustratos que se localizan en este sitio de union, la
warfarina, dansilamida, indometacina, fenilbutazona o acidos 2-arilpropiénicos son los
mas importantes.®®

El sitio 11 esta situado en el subdominio I11A y es de menor tamafio y menos flexible que
el sitio | por lo que se pueden observar interacciones estereoselectivas.> Las interaccio-
nes con sustratos son de tipo electrostaticas y/o puente de hidrégeno,®® siendo los princi-
pales aminoécidos involucrados la Argaio Yy la Tyrs1.%* Los sustratos mas importantes
gue se unen a este sitio son los acidos 2-arilpropionicos. En la Figura 1.13 se muestran

los sitios de union 1y 1l de la ASH.

n /h
3 (“
W?{

‘»()

o

Figura 1.13. Sitio | (izquierda) y sitio 1l (derecha) de ASH.

54 K. M. He; D. C. Carter, Nature 1992, 358, 29.
%5 F. Lapicque; N. Muller; E. Payan; N. Dubois, Clin. Pharmacokinet. 1993, 25, 115.

56 M. H. Rahman; K. Yamasaki; Y. H. Shin; C. C. Lin; M. Otagiri, Biol. Pharml. Bull. 1993, 16, 1169.

28



Tesis Oscar Molins Molina Capitulo 1: Introduccion

Otro de los aspectos importantes en las interacciones de sustratos con las alblminas séri-
cas es que dos sustratos compitan por el mismo sitio de unién. Debido a la flexibilidad
de la albimina, la unién, por ejemplo, de un farmaco o de un acido graso a albimina
sérica puede generar cambios en su estructura que pueden influir en la forma de interac-
tuar con nuevos farmacos.5” %8 Esta alteracion es importante porque se puede modificar la
distribucién y eliminacién de un farmaco pudiendo modular sus efectos terapéuticos.
Este riesgo es mayor cuando dos 0 mas farmacos compiten por el mismo sitio de unién
(o cuando un &cido graso desplaza al farmaco de su sitio de unién). En algunos casos,
esta competicion entre dos ligandos por el mismo sitio puede generar un aumento en la
concentracion del farmaco desplazado, que pasa a encontrarse libre en el medio. Sin
embargo, en otras ocasiones se produce un desplazamiento del farmaco desde el sitio de
mayor afinidad a otro de menor afinidad, sin sacarlo fuera de la proteina. Un ejemplo
claro de este hecho se puede encontrar en la literatura, donde el farmaco carprofeno des-
plaza al ibuprofeno de su sitio I, de mayor afinidad, al sitio I, de menor afinidad.>®

La actividad farmacoldgica depende de la concentracion de farmaco libre en el medio,
por lo que los desplazamientos desde el sitio de mayor afinidad a otro de menor afinidad
son importantes para aquellos farmacos que interaccionan fuertemente con la proteina y

de los que s6lo se requiere una pequefia concentracion libre para causar su efecto farma-

57 G. Menke; W. Worner; W. Kratzer; N. Rietbrock, Arch. Pharmacol. 1989, 339, 42.
58 4y, Kragh-Hansen, Dan. Med. Bull. 1990, 37, 57.

59 M. H. Rahman; T. Maruyama; T. Okada; T. Imai; M. Otagiri, Biochem. Pharmacol. 1993, 46, 1733.

29



Tesis Oscar Molins Molina Capitulo 1: Introduccién

coldgico.®® Por esta razon es importante conocer los mecanismos de las interacciones
competitivas entre farmacos, ya que deben tenerse en cuenta a la hora, por ejemplo, de
calcular la dosis que se debe suministrar un farmaco durante la administracion simulta-
nea de otro.

1.4. Ligandos

Por lo general, los ligandos son moléculas organicas pequefias que forman complejos
con las proteinas. Como se ha comentado anteriormente, en esta tesis doctoral se ha es-
tudiado Unicamente la interaccidn de ligandos con albUiminas séricas.

La unidn de ligandos a proteinas transportadoras es un proceso clave ya que incluye la
modulacién de la solubilidad del farmaco en plasma, la toxicidad, la susceptibilidad a la
oxidacion y el tiempo de vida media in vivo. De ahi que este tipo de interacciones se
hayan estudiado durante afios utilizando diferentes técnicas para comprender sus funcio-
nes y revelar las bases estructurales que permitan el disefio de nuevos agentes terapéuti-
cos.

Por ejemplo, cuando los farmacos (actuando como ligandos) se unen a las proteinas, su
tiempo de accidn se prolonga al retardar la metabolizacién. El grado de unién depende
de las concentraciones totales del farmaco y de su afinidad con la proteina. El proceso
suele ser reversible y el equilibrio se establece entre el fa&rmaco unido y el libre. S6lo los

farmacos no unidos son farmacol6gicamente activos, por lo que una alta afinidad de

60 M. M. Rahman; M. H. Rahman; N. N., Pakistan J. Pharm. Sci. 2005, 18, 43,
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unioén a proteinas produce una solubilidad mejorada y un mayor tiempo de vida media.
La union farmaco/proteina es por tanto un proceso importante a estudiar. Se han aplicado
diversas técnicas como la dialisis, HPLC, cromatografia, ultrafiltracion, espectrofotome-
tria, calorimetria, dicroismo circular, electroforesis capilar, RMN, etc. Sin embargo,
estas técnicas estan limitadas en lo referente a sensibilidad, interferencias, problemas de
difusion o a veces falta de reproducibilidad debido a su dificil tratamiento. Por ello, en
nuestro grupo de investigacion, las técnicas empleadas para el estudio de estos ligandos
han sido las fotofisicas como la espectroscopia de absorciéon UV-vis, fluorescencia en
estado estacionario y tiempo resuelto, anisotropia de fluorescencia, la filtracién por gel,
la espectroscopia de absorcion de transitorios, ademas de técnicas interdisciplinares co-
mo el andlisis proteébmico y quimica computacional, en concreto el acoplamiento y di-

namica moleculares.

1.4.1. FArmacos

La concienciacién por parte de la sociedad con respecto a los medicamentos, la descon-
fianza a los quimicos introducidos a nuestro cuerpo (xenobi6ticos) y, en general, la me-
jora de la ciencia en su forma de estudiar como nos afectan y el desarrollo de organismos
como la European Medicines Evaluation Agency (EMEA), la Food Drug Administration
(FDA) forzaron a las farmacéuticas a desarrollar fA&rmacos cada vez mas eficientes, se-

lectivos y seguros. No obstante, muchos de estos xenobi6ticos son capaces de absorber
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luz e inducir alteraciones quimicas o fisicas en las biomoléculas, actuando como fotosen-
sibilizadores.

Pueden estar presentes como sustancias enddgenas en los sistemas vivos o pueden to-
marse de fuentes exdgenas. Las primeras incluyen porfirinas, bilirrubina o clorofila. Los
fotosensibilizadores exdgenos incluyen medicamentos, cosméticos, pesticidas, tintes y
otros xenobioticos. Pueden producir efectos beneficiosos en organismos vivos que pue-
den utilizarse con fines terapéuticos o de diagnostico. O bien, pueden convertir la luz de
longitud de onda no dafiina y de baja energia en un agente dafiino biolégico relacionado
con procesos fototdxicos, fotoalérgicos y/o fotocarcinogénicos.

El dafio fotosensibilizador solar se produce en general por la radiacion comprendida
dentro de los rangos UVB, UVA vy visible. La radiacion UVC (100 nm — 280 nm) se
absorbe en la capa de ozono, por lo que no afecta a la vida en la superficie de la tierra. La
radiacion UVA (315 nm — 400 nm) es la responsable de la mayoria de los casos de foto-
sensibilizacion debido a su penetracion mas profunda en la piel y su capacidad para exci-
tar una variedad mas amplia de croméforos en comparacién con los UVB (280 nm — 315
nm). Un fotosensibilizador activado por luz desencadena una cascada de eventos quimi-
cos que finalmente pueden resultar en importantes trastornos biol6gicos. Por lo tanto, el
dafio puede ocurrir por modificacion directa de biomoléculas (isomerizacién, ruptura de
enlaces, oxidacion, etc.) o por la participacién de intermediarios de radicales libres. Las

Gltimas incluyen especies reactivas de oxigeno (ROS), por ejemplo, oxigeno singlete
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(*Oy), radicales hidroxilo (HO"), aniones radicales superoxido (O2™) u oxigeno atémico
(O (P)).

Como resultado se pueden alterar los constituyentes celulares como lipidos, proteinas o
bases de acidos nucleicos insaturados. En esta situacidn, si los mecanismos de reparacion
no son eficientes puede haber lesiones irreversibles.

Algunos de los xenobidticos estudiados en nuestro grupo son farmacos pertenecientes a
la familia de los &cidos antiinflamatorios no esteroideos como por ejemplo el flurbipro-
feno,®t 62 63 ¢| naproxeno® ¢ o el carprofeno.’® Recientemente, hemos demostrado la
unién de una B-lactama a proteinas bajo una activacion fotoquimica.®” Los resultados han
revelado un nuevo camino de haptenacién de proteinas para esta familia de farmacos,
siendo una alternativa a la ya conocida apertura nucleofilica del anillo 4 -lactamico por el
grupo amino libre de los residuos de lisina. Asi, la escision fotoquimica del anillo 5 -
lactamico, siguiendo una retro-reaccion de Staudinger, conduce a la formacién de un

intermedio tipo cetena el cual es altamente reactivo (Figura 1.14). Este intermedio en

61 W. F. Kean, E. J. Antal, E. M. Grace, H. Cauvier, J. Rischke and W. W. Buchanan, J. Clin. Pharmacol. 1992, 32, 41.

62 A, M. Evans, J. Clin. Pharmacol. 1996, 36, 7S

63p, Bonancia, I. Vaya, M. C. Jiménez and M. A. Miranda, J. Phys. Chem. B 2012, 116, 14839.

64 F. Bosca, M. L. Marin and M. A. Miranda, Photochem. Photobiol. 2001, 74, 637.

65 I. Vay4, R. Pérez-Ruiz, V. Lhiaubet-Vallet, M. C. Jiménez and M. A. Miranda, Chem. Phys. Lett. 2010, 486, 147.

66 D. Limones-Herrero, R. Pérez-Ruiz, E. Lence, C. Gonzalez-Bello, M. A. Miranda and M. C. Jiménez, Chem. Sci. 2017, 8, 2621.

67 R. Pérez-Ruiz, E. Lence, I. Andreu, D. Limones-Herrero, C. Gonzélez-Bello, M. A. Miranda and M. C. Jiménez, Chem. Eur. J.
2017, 23, 13986.
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consecuencia reacciona rapidamente con los residuos de lisina quedando atrapado en un
lugar de la proteina formando un aducto tipo amida. En definitiva, se descubri6 que la
union fotoquimica irreversible era el camino clave de una secuancias de eventos para dar

lugar a la fotoalergia.

LEZT* (81) ——

o

o
Q,

Ezetimiba (EZT)

(0] disolucion
-

Lys525 ° /d )4

Lys414

Figura 1.14 Estructura quimica de la ezetimiba (EZT) y reaccion fotoquimica de la EZT tanto en diso-

lucion como en presencia de albimina sérica humana (ASH).
1.4.2. Metabolitos

Como se ha comentado anteriormente, los farmacos se metabolizan gracias a la accion de
las enzimas mediante dos tipos de reacciones, fase 1 o fase 2. A pesar de esta transfor-
macion, los metabolitos conservan el croméforo principal de los xenobidticos parentales
y por tanto su capacidad fotosensibilizadora. No resulta extrafio que los metabolitos
muestren una actividad fotobiolégica méas alta que el xenobidtico original debido a una

combinacion de factores, como puede ser:
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i) Desplazamiento batocrémico de la banda de absorcion hacia las regiones UVA vy visi-
ble, extendiendo asi la fraccion activa de la luz solar capaz de producir trastornos de
fotosensibilidad.

ii) propiedades modificadas de los estados excitados, ya sean fotofisicos (rendimientos
cuanticos, energias, tiempos de vida, etc.) o fotoquimicos (caracter acido-base, potencial
redox, etc.), lo que resulta en una reactividad diferente.

iii) mayor grado de funcionalizacién que hace mas probable la union covalente a bioma-
cromoléculas clave (es decir, fotounion).

iv) mayor capacidad de generacion de ROS.

v) diferente afinidad por el transporte de proteinas, lo que lleva a una modificacion de la
biodisponibilidad que resulta en una fotorreactividad compartimentada.

vi) produccion mejorada debido a las variaciones interindividuales del fenotipo metab6-
lico, que puede desempefiar un papel clave en manifestaciones idiosincrasicas, como la
fotoalergia.

Durante el desarrollo de fA&rmacos se estudia la reactividad fotoquimica, pero el compor-
tamiento y mecanismo de fotosensibilizacion de sus metabolitos suele pasarse por alto.
Se sabe que ciertos medicamentos son capaces de fotoinducir cambios en biomoléculas,
entre las que se encuentran la modificacion de lipidos (peroxidacion), proteinas (foto
reticulacién, fotounion) y acidos nucleicos (oxidacion de purina, dimerizacion de pirimi-
dina, etc.). La naturaleza de estos procesos quimicos es poco conocida, mas aun si cabe

para los originados por los metabolitos. Tampoco son conocidos muchos de los procesos
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fotofisicos y fotoquimicos que tienen lugar dentro de células, a pesar de su importancia
para la comprensién y prediccion de la fototoxicidad, la fotoalergia y la fotocarcinogeni-
cidad especificamente causada por los metabolitos.

Como se ha comentado, el potencial fotosensibilizante de los xenobidticos se analiza
siguiendo metodologias relativamente sencillas, pero los metabolitos de estos xenobioti-
cos generados dentro de las células tienden a pasar inadvertidos. Por lo tanto, una meto-
dologia para la identificacion de metabolitos con capacidad fototoxica o de formacién de
aductos cobra especial importancia. La temprana evaluacion del riesgo de un xenobiético
(medicamento, cosmético, etc.) podria permitir la correccion de los “cabeza de serie”,
evitaria efectos secundarios al paciente y una ventaja econémica para la industria, facili-
tando el disefio racional, sugiriendo formas de mejorar la fotoestabilidad y disminuir la

fototoxicidad.

1.4.3. Otros ligandos

En el campo del desarrollo de farmacos se ha intentado siempre encontrar aquellos cuya
unién a biomoléculas y accién inhibidora fuera considerada como reversible. Sin embar-
go, la efectividad de estos parece que ha caido en algunos casos, debido a la resistencia
gue presentan con el tiempo sus dianas farmacoldgicas, ya sean biomoléculas como pro-
teinas, enzimas, etc., u organismos vivos como bacterias 0 agentes infecciosos.

Aunque ha habido mucha controversia a lo largo de los afios sobre el papel de la union

covalente en la patogenia de la toxicidad relacionada con los farmacos idiosincréasicos, la
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formacion de metabolitos de farmacos quimicamente reactivos se ha considerado como
un factor de riesgo en el desarrollo de farmacos. Estudios vincularon la generacion de
productos intermedios electréfilos catalizados por el citocromo P450.68

Los estudios de radiomarcaje demostraron que las especies reactivas generadas a partir
de estos agentes se unieron covalentemente a las proteinas, y se planted la hipotesis de
que el dafo estructural y funcional resultante sirvié de base para la toxicidad celular
observada.®

Esto ha sido un lastre para los farmacos irreversibles y pese a muchos medicamentos
exitosos que funcionan a través de mecanismo covalente como esomeprazol (Nexium) y
clopidogrel (Plavix), siempre ha estado presente la reticencia a emplear la accién cova-
lente en los programas de descubrimiento de farmacos. En los Gltimos afios, han empe-
zado a desarrollarse farmacos que poseen modos de accion farmacoldgica tanto covalen-
tes como no covalentes. Estos compuestos combinan una reactividad cuidadosamente
sintonizada con una complementariedad especifica con el receptor farmacoldgico. La
inhibicién o “silenciamiento de proteinas” por este tipo de compuestos se da en dos pa-
sos principalmente. Primero, la unién no covalente a la diana, consiguiendo que el elec-
trofilo poco reactivo se aproxime al nucledfilo del sitio de unién que, tras reaccion, da
lugar al complejo inhibido siendo su formacion irreversible (Figura 1.15; ko>>k.;). Hay

que tener en cuenta que el concepto de inhibicién covalente en este caso es aquel que

68 1. A. Baillie, Chem. Res. Toxicol. 2006, 19, 889.

69 b, ¢. Liebler, Chem. Res. Toxicol. 2008, 21, 117.
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inhibe durante méas tiempo del que es capaz de reponer proteina o recuperarse del com-

puesto adherido.

k
E+1—E+[——EI
1 k—2

Figura 1.15. Esquema del mecanismo de accion de un “targeted covalent inhibitor” (TCI)

Estos compuestos “TCI” emplean la actividad catalitica de la enzima objeto para trans-
formarse de un ligando no reactivo en un intermedio altamente reactivo.” Esto conlleva
a la union covalente e irreversible de la diana, en este caso al enzima. Esto permite el
empleo de dosis bajas derivada consiguiendo una alta potencia. El abanico de aplicacion
de estos compuestos es muy amplio y abarca desde enzimas, receptores y dianas con
sitios de union poco profundos que no son susceptibles a los enfoques convencionales.®:
1,712,713, 74, 75 3 diferencia de los precursores inhibidores suicidas. Algunos ejemplos de
TCI de segunda generacion son el afatinib y neratinib que han demostrado una alta po-

tencia contra el receptor del factor de crecimiento epidérmico (EGFR) que representa la

70 M. H. Potashman: M. E. Duggan, J. Med. Chem. 2009, 52, 1231.

71 3. singh, R. C. Petter, T. A. Baillie, A. Whitty, Nat. Rev. Drug Discovery 2011, 10, 307.

2 M. C. Noe, A. M. Gilbert, Annu. Rep.Med. Chem. 2012, 47, 413.

73 B. R. Lanning, L. R. Whitby, M. M. Dix, J. Douhan, A. M. Gilbert, E. C. Hett, T. O. Johnson, C. Joslyn, J. C. Kath, S. Niessen, L.
R. Roberts, M. E. Schnute, C. Wang, J. J. Hulce, B. Wei, L. O. Whiteley, M. M. Hayward, B. J. Cravatt, Nat. Chem. Biol. 2014, 10,
760.

As. Kalgutkar, D. K. Dalvie, Expert Opin. Drug Discovery 2012, 7,561.

8 D. S. Johnson, E. Weerapana, B. F. Cravatt, Future Med. Chem. 2010, 2, 949.
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principal fuente de resistencia a la quimioterapia con los inhibidores de EGFR reversi-

bles de primera generacion gefitinib, erlotinib y lapatinib.

1.5. Andlisis de protedmica
El concepto de proteoma es un término reciente, definido en 1994 por Wilkins™, descrito
como el conjunto de todas las proteinas expresadas por un genoma. Mas tarde se incluy6
en la misma la variable de tiempo y espacio,’ ya que la composicién de las mismas no
depende solo de la variabilidad inherente de una célula, tejido, genoma a otro, sino que
se ven modificados factores externos como por ejemplo edad, sexo, el medio ambiente,
enfermedad, etc. e internos ya que aungue la secuencia de aminoacidos de una proteina
esté definida por un gen concreto, la informacién genética se ve maodificada tras las
transcripcion del ARN mensajero procedentes del ADN, estos a su vez son procesados
siguiendo sitios de corte y empalme alternativos™ y las proteinas traducidas pueden ser
cortadas, asi como modificadas quimicamente en la célula segin un procesado post-

traduccional. Esto origina que se haya podido reportar al menos unas 200 posibles modi-

76 R. A. Ward, M. J. Anderton, S. Ashton, P. A. Bethel, M. Box, S. Butterworth, N. Colclough, C. G. Chorley, C. Chuaqui, D. A. E.
Cross, L. A. Dakin, J. E. Debreczeni, C. Eberlein, M. R. V. Finlay, G. B. Hill, M. Grist, T. C. M. Klinowska, C. Lane, S. Martin, J. P.
Orme, P. Smith, F. Wang, M. J. Waring, J. Med. Chem. 2013, 56,7025.

m V.C. Wasinger; S. J. Cordwell; A, Cerpa-Poljak; J. X. Yan, A.A. Gooley; M. R. Wilkins; M. W. Duncan; R. Harris; K. L. Wil-
liams; 1, Humphery-Smith, Electrophoresis 1995, 16, 1090.

MR Wilkins; J. C. Sanchez; A. A. Gooley, R. D. Appel, I. Humphery-Smith; D. F. Hochstrasser; K. L. Williams, Biotechnol
Genet Eng Rev 1996, 13, 19.

7 B_R. Graveley, Trends Genet, 2001, 17, 100.
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ficaciones post-traduccionales diferentes®® y que, por tanto, el nimero de proteinas Uni-
cas que pueden comprender el proteoma de organismos complejos aumente exponen-
cialmente.t! Lo cual demuestra la existencia de un complejo entorno proteico dentro de
la célula.®?

El analisis de protedmica se ha desarrollado rapidamente gracias al avance en la instru-
mentacion analitica, en concreto, el de la espectrometria de masas acoplada con técnicas
de ionizacién mas suaves. Ademas, el empleo de técnicas de cromatografia liquida y
electroforesis posibilitan la separacion de proteinas y péptidos y disminuir la compleji-
dad de estas. Esto unido al desarrollo de la bioinformatica, permite tener una gran base
de datos en la que almacenar, procesar y visualizar los datos generados mediante estu-

dios protedmicos.

Otro aspecto importante es la adecuacién de las muestras bioldgicas a tratar y los méto-
dos de analisis que se ajusten mejor a las mismas. Las muestras son fraccionadas antes
de la identificacion de proteinas por espectrometria de masas.®® Esta técnica es indispen-
sable para la caracterizacion del proteoma de manera reproducible y con gran velocidad,

precision y sensibilidad.®* 8 El analisis puede dar como resultado, la identificacion de

80 M. Mann; O. N. Jensen, Nat. Biotechnol. 2003, 21, 255.

81 5. N. Jensen, Curr Opin Chem Biol. 2004, 8, 33.

82 A. Dziembowski, FEBS Lett 2004, 556, 1.

83 p_G. Righetti; A. Castagna; B. Herbert, Anal Chem. 2001, 73, 320A.

84 R. Aebersold; M. Man, Nature 2003, 422, 198.
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proteinas, la deteccién de sus modificaciones covalentes (incluyendo las modificaciones
post-traduccionales) y la caracterizacion y el control de calidad de las proteinas recombi-
nantes. En esta tesis doctoral, el analisis de proteémica ha sido crucial para la determina-

cioén de las modificaciones en las albdminas séricas.

1.6. Célculo tedrico
1.6.1. MD y computacional
La quimica computacional ha cobrado una gran relevancia en las Gltimas décadas, mues-
tra de ello es el premio Nobel de Quimica de 2013, otorgado por el desarrollo de mode-
los como herramientas predictivas. Ahora, estas herramientas permiten hacer aproxima-
ciones a la realidad de manera que se puede conocer si una reaccién puede o no ocurrir,
discernir mediante qué mecanismos se daria para disefiar nuevos farmacos o materiales.
Ademas, otra aplicacion interesante del calculo computacional es conocer cémo respon-
den proteinas frente a firmacos o xenobidticos y determinar sus interacciones.
El conocimiento obtenido por la quimica computacional y modelado molecular permite
desarrollar: i) modelos tridimensionales de receptores y ligandos; ii) estudiar sus prefe-
rencias conformacionales; iii) esclarecer la magnitud y naturaleza de las fuerzas inter-
atdmicas que gobiernan su interaccion; iv) analizar el comportamiento de cada molécula
por separado y de sus respectivos complejos. Es aqui donde el modelado molecular in-

terviene permitiendo relacionar estas estructuras con las observaciones experimentales,

85 M. Man, R. C. Hendrickson; A. Pandey, Annu Rev Biochem. 2001, 70, 437.
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constituyendo herramientas muy poderosas para disefiar nuevas moléculas con afinidad
por un determinado receptor.

En todo proceso de disefio de farmacos asistido por ordenador (Computer Assisted Mo-
lecular Design, CAMD) se emplean dos tipos de métodos, los directos y los indirectos.
Para el empleo de esta metodologia es necesaria la obtencion de nuevas dianas terapéuti-
cas, que gracias a la gendmica, protedmica y bioinformatica estan descubriendo. Si la
diana farmacoldgica o receptor que queremos inhibir es conocida y poseemos informa-
cién sobre su estructura ya sea mediante métodos experimentales o bien a través de la
construccion de un modelo molecular de ella, procederemos a emplear un método direc-
to. Dentro de los métodos directos se encuentran las siguientes técnicas computacionales:
modelado de proteinas, prediccién del modo de unién de ligandos (docking), mediante el
cual se intenta encontrar el mejor acoplamiento entre dos moléculas, evaluacién de la
interaccién ligando-receptor, screening virtual (cribado), disefio de novo.

En el caso de que no se posea informacion de su estructura o se decida prescindir de ella,
los métodos se basaran en el andlisis y comparacion de propiedades moleculares y datos
de afinidad por el receptor para ligandos conocidos, sin tener en cuenta la estructura de
dicho receptor. En este caso las técnicas empleadas serian la relacion cuantitativa estruc-
tura-actividad (Quantitative structure-activity relationship, QSAR), tanto 2D como 3D,
desarrollo de modelos farmacoforos y shape matching. Estas técnicas se basan en encon-
trar coincidencias en la estructura de un ligando y relacionarlas con los sitios de interac-

cion del receptor.
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1.6.2. Acoplamiento molecular (docking)

Las técnicas de acoplamiento molecular o docking permiten predecir la actividad de una
biblioteca de compuestos quimicos o de un ligando dado con un sitio de unién del recep-
tor. Esta técnica permite por tanto la identificacion la conformacion mas favorable de
union, es decir, conocer la orientacion y posicion que el ligando adopta en la cavidad de
la proteina, pudiéndose emplear también para identificar el sitio de unién (blind do-
cking).% Esta técnica consiste principalmente por el acoplamiento molecular y el scoring
0 puntuacion. El scoring predice la afinidad de unién entre ligando y receptor de manera

aproximada.®’

1.6.3. Simulaciones de dindmica molecular

El estudio dindmico de los movimientos y fluctuaciones de las moléculas permite evaluar
la interaccién farmaco-receptor, y por tanto muy relevante en el disefio de farmacos por
ordenador (CAMD). Permite el estudio del movimiento de las moléculas, mediante los
principios de la mecanica molecular y la segunda ecuacién de movimiento de Newton.
Esto aplicado a un modelo quimico con coordenadas definidas permite obtener informa-
cidén acerca de las propiedades del modelo en funcion del tiempo.

Gracias a estos estudios se pueden obtener propiedades del sistema como su estabilidad y

desviacion con respecto al inicial o la exploracién conformacional de forma mas exhaus-

86 ¢ Hetényi; D. Van der Spoel, Prot. Sci. 2002, 11, 1729.

87 W. Ajay; M. A. Murcko, J. Med. Chem. 1995, 38, 4953,
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tiva. El problema reside en que los cambios conformacionales implicados en fendmenos
bioldgicos, como la activacion de un receptor al unirse un ligando, ocurren a escalas de
tiempo mucho mayores que las que se pueden simular. Por ello, se han desarrollado
campos de fuerza simplificados® 8 para poder simular periodos de tiempo mayores, y
obtener el célculo promedio de propiedades moleculares mediante un muestreo sistema-

tico de valores de la propiedad que se quiera medir.

Las simulaciones de dinamica molecular tienen ademas otros parametros a tener en cuen-
ta. Por ejemplo, el efecto del solvente en el sistema quimico que bien puede intervenir
directamente en la reactividad mediante hidrdlisis o afectar en gran medida al soluto. Por
eso se han desarrollado métodos de solvente explicito, que contienen una cantidad de-

terminada de solvente.

En esta tesis se emplea uno de estos métodos, como es el Amber. O bien métodos apro-
ximados, que incorporan el efecto del solvente sin encontrar las moléculas de solvente en
el sistema, con ello se puede minimizar el ligando, generar y minimizar complejos y

realizar simulaciones.

88 M, Miller; D, Wales, J. Chem. Phys. 1999, 111, 6610.

89 M, Levitt, . Mol. Biol. 1976, 104, 59.
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Es evidente que la unién fotoquimica irreversible de ligandos (farmacos/metabolitos) a

proteinas supone un problema para la salud publica causando lo que Ilamamos

fotoalergia. Por tanto, una buena estrategia para mejorar el conocimiento en este campo
es esencial, mejorando la comprension y prediccion de los transtornos
fotosensibilizantes.

Objetivo general:

En esta tesis doctoral se ha desarrollado una estrategia multidisciplinar que incluye la

irradiacion de complejos ligando/proteina junto con estudios de fluorescencia y/o

espectroscopia de absorcion transitoria, cromatografia de exclusion por tamafio seguida

de espectroscopia de absorcion y/o fluorescencia, andlisis de protedmica y modelizacion

(docking y simulaciones de dinamica molecular) con el fin de profundizar y obtener

informacion relevante en procesos relacionados con la formacién de complejos

irreversibles ligando-proteina.

Obijetivos especificos:

1- Una de las informaciones relevantes que se puede extraer con esta metodologia es el
caracterizar el centro de reconocimiento de las alblminas séricas de distintas espe-
cies. Se ha publicado previamente que el farmaco carprofeno (CPF) posee propieda-
des fotoalérgicas debido a su fotounion con la alblmina sérica humana. Por tanto, el
primer objetivo de esta tesis ha sido el elucidar si hay un centro comdn de reconoci-

miento para farmacos tipo antiinflamatorio no esteroideo, por ejemplo, el CPF como
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sonda fotoactiva, en albdminas séricas de distintas especies (humana, bovina, porci-
na, conejo, rata y oveja).

Siguiendo en esta linea, el siguiente objetivo de esta tesis ha sido el llevar a cabo una
investigacion sobre la modificacion de los residuos de lisina en la albumina sérica
humana por la unién fotoquimica del HTB (principal metabolito del Triflusal). Esto
puede proporcionar informacion muy valiosa tanto del centro de reconocimiento de la
proteina por un metabolito como el problema de la fotoalergia debido al HTB.

El dltimo objetivo de esta tesis doctoral ha sido el explorar la viabilidad del concepto
de “targeted covalent inhibition” a través de la generacion fotoquimica de electréfilos
latentes y su posterior reaccién con proteinas. El reto sera identificar residuos de lisi-

na en sitios de unién poco accesibles.
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3.1. Abstract

The non-steroidal anti-inflammatory drug (S)-carprofen (CPF) has been used as photoac-
tive probe to investigate the possible existence of a common recognition center in serum
albumins (SAs) of different species. The methodology involves irradiation of the
CPF/SAs complexes, coupled with fluorescence, proteomic analysis, docking and mo-
lecular dynamic simulations. Photolysis of CPF/SAs complexes at A = 320 nm, was
followed by the enhancement in fluorescence intensity due to photodehalogenation. Af-
ter gel filtration chromatography, the protein fraction still displayed emission, in agree-
ment with covalent attachment of the photogenerated radical intermediate CBZ* to SAs.
After trypsin digestion and ESI-MS/MS, incorporation of CBZ® was detected at several
positions in the different albumins. Remarkably, modifications at the IB/II1A interface
were observed in all cases (Tyrd52 in HSA, RbSA and RtSA and Tyr451 in BSA, PSA
and SSA). The molecular basis of this common recognition, studied by docking and
Molecular Dynamics simulation studies on the corresponding non-covalent complexes,
corroborated the experimentally observed covalent modifications. Our computational
studies also revealed that the previously reported displacement of CPF by (S)-ibuprofen,
a site 1l specific drug, would be due to an allosteric effect in site Il, rather than a direct

molecular displacement, as expected.
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3.2. Introduction

Covalent photobinding of a ligand to a protein has recently been used as a tool for map-
ping the protein recognition center. This has been proven for a model system (carprofen
methyl ester/bovine ay acid glycoprotein) using a systematic approach that combines
photophysics, reactivity, proteomics and molecular dynamics simulation studies.*

The parent drug carprofen [2-(6-chloro-9H-carbazol-2-yl) propanoic acid] is a non-
steroidal antiinflammatory drug (NSAID) of the 2-arylpropionic acids family employed
for the treatment of pain and inflammation for almost a decade in the 90’s. Then, it was
removed from the market for human use, and currently tablets or injections are only used
for veterinary purposes. It possesses a chiral center and the (S)-enantiomer is the phar-
macologically active form (CPF, Chart 3.1).? Rather than glycoproteins, the major
transport proteins for CPF are serum albumins (SAs), which are very abundant in mam-
mals and play a crucial role in bio-distribution, metabolism and elimination of exoge-

nous compounds.®

Chart 3.1. Chemical structures of (S)-carprofen (CPF), its photoreaction product (CBZ) and

radical intermediate (CBZ")

CPF:R=ClI
CBZ:R=H cBz®
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Human serum albumin (HSA) consists in a single polypeptide chain with a heart shaped
three dimensional structure and three homologous domains I-111, each of them contain-
ing two sub-domains (A and B).* Small organic ligands bind to HSA in regions located
within hydrophobic cavities of sub-domain 1A and I11A.> While neutral, bulky heterocy-
clic compounds mostly bind to subdomain I1A by means of strong hydrophobic interac-
tions, acidic molecules bind preferentially to subdomain IIl1A, through electrostatic
and/or H-bonding interactions.® The binding properties of other albumins, such as bo-
vine, rabbit and rat serum albumins (BSA, RbSA and RtSA, respectively) have been
explored using different techniques, such as high performance displacement chromatog-
raphy, fluorescence or equilibrium dialysis.

The in vitro supramolecular dark binding of CPF to HSA has been investigated by sev-
eral methods, including photophysical techniques such as fluorescence and transient
absorption spectroscopy.’®° The results show that although subdomain I11A is the major
binding site for CPF within HSA, subdomain I1A is also populated to some extent.

In contrast to the reversible, non-covalent complexation, photobinding corresponds to
formation of a covalent photoadduct upon irradiation of a ligand in the presence of a
protein. Photobinding is relevant to photoallergy, which is generally attributed to cova-
lent conjugation of proteins with photosensitizing agents, photochemical intermediates or
photoproducts (usually denoted as haptens); the resulting modified proteins can act as

antigens, thus provoking the immune system response.? In this context, transport pro-
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teins, especially serum albumins, have been employed as models to investigate the pho-
tobinding process.!!

In connection with the photoallergic properties of CPF,*? its photobinding to HSA has
been reported; the process is thought to involve formation of aryl radicals (CBZ’) result-
ing from C-ClI photocleavage and can be followed by incorporation of the fluorophore to
the biomacromolecule.®*2 The process can be monitored by following the changes in the
fluorescence band at increasing irradiation times, since the fluorescence quantum yield
(o) of resulting CBZ is much higher than that of parent CPF.

The analogies and differences between species in drug response are due to pharmacoki-
netic or pharmacodynamic aspects. Species differences are often unpredictable and gen-
eralizations are not easy to make. In the case of NSAIDs, some pharmacokinetic aspects
(such as protein binding and distribution volumes) do not display significant variations
between species, while others (i. e. clearance and elimination half-life) do. Concerning
pharmacodynamic aspects, significant differences exist among animal species for this
family of drugs, such as the relative potencies for inhibition of the COX-1 and COX-2
isoforms.

In this context, the aim of the present work is to elucidate if there is a common recogni-
tion center for NSAIDs in SAs of different species, using the CPF as a photoactive probe
for different SAs [human (HSA), bovine (BSA), porcine (PSA), rabbit (RbSA), rat
(RtSA) and sheep (SSA)]. As a matter of fact, the combined information obtained from

photoreactivity, proteomic and molecular dynamic simulation studies unambiguously
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demonstrated the existence of a common recognition center for CPF in SAs of the dif-
ferent species, in the interface between subdomains 1B and I11A.

3.3. Results and Discussion

The obtained results are presented below, arranged under separate headings dealing with

dark binding interactions, covalent photobinding and theoretical calculations.

3.3.1. Dark binding interactions in CPF/SA complexes

Non-covalent binding of CPF to SAs resulted in very subtle changes in the intensity and
relative position of the CPF characteristic bands in the absorption spectra. Thus, shifts in
the order of 3-5 nm were noticed in the spectra of 1:1 complexes (CPF/SA) respect to
those obtained by addition of independent drug and protein contributions (CPF+SA)

(Table 3.1). The set of spectra for all the SAs is presented in Figure 3.1.
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Figure 3.1. Absorption spectra of CPF, SA, CPF/SA at 1:1 molar ratio and simulated spectra
obtained by addition of isolated CPF and SA spectra (CPF + SA). Concentration of drug and

protein was 2 x 105 M.
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Table 3.1. Photophysical data on CPF/SAs complexes

Absorption Emission
Complex AN, AN orldl ]l
(CPF/SA)PI  (CPF/SA)M

CPF/HSA 3,4 28/72 74/37 9.3 1.0
CPF/BSA 3,5 31/69 75/39 15.7 0.8
CPF/PSA 3,3 35/65 60/42 124 1.4
CPF/RbSA 3,5 29/71 62/45 6.4 2.0
CPF/RtSA 4,5 32/68 68/40 10.6 2.2
CPF/SSA 3,4 30/70 70/40 16.1 1.0

[a] Shifts of the position of characteristic absorption bands in CPF/SA respect to
CPF+SA, in nm; A\, correspond to the band at ca. 270 nm and AA; to the band at ca.
305 nm; [b] contribution to absorption, defined as the percentage of light absorbed at
266 nm by drug and protein, calculated from separate 8x10° M solutions of each
component; [c] contribution to emission, determined from fitting of emission band; [d]
average lifetime, at Aec = 355 nm, under air, in microseconds. The value in the absence
of protein is lower than 1 ps. [e] Relative fluorescence intensity at the maxima for
irradiated CPF/SAs, after Sephadex filtration, taking CPF/HSA as reference.

Complexation was also evidenced by energy transfer from Trp (of SA) to CPF in fluo-
rescence experiments, upon excitation at 266 nm. The relative amount of light absorbed
at this wavelength by the drug and the protein was determined from the UV absorption
spectra. The real emission was then compared with that calculated from independent

contributions of CPF and SA. The results, which are not corrected to take into account
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the inner filter effect,®> are presented in Table 3.1 and in Figure 3.2. In all cases, alt-
hough SAs were the main absorbing species at the excitation wavelength, their contribu-
tion to the emission was lower than that of CPF. The fact that the added values in emis-
sion were higher than 100, indicated that energy transfer from the protein is more

efficient producing fluorescence than direct excitation of CPF at 266 nm.
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Finally, laser flash photolysis was performed at dexc = 355 nm for CPF/SAs. This time,
complexation was evidenced by lengthening (by one order of magnitude) of triplet excit-
ed state decays (*CPF*) monitored at A = 450 nm in the presence of SAs (Table 3.1 and

Figure 3.3).

1.0 BSA v
25
HSA 2],
0.8 1
PSA g'*
= 10
05 L
0.6 -
\ RtSA o0 400 450 500 550 600 650 7O

AOD

Figure 3.3. Laser flash photolysis of CPF ([CPF] = 10* M, Aexc = 355 nm, PBS, air) in the
presence of different SAs at 1:1 drug/protein molar ratio. Decays monitored at A = 450 nm.

Inset. Transient absorption spectra of CPF/HSA 1.4 ps after the laser shot.

3.3.2. Covalent drug-protein photobinding
Solutions of CPF/SA (1:1 molar ratio) were irradiated at A = 320 nm. The spectra rec-
orded before (black traces) and after 3 minutes of irradiation (red traces) are shown in

Figure 3.4. In general, the emission bands of the irradiated samples were more intense.
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This is in agreement with the occurrence of photodehalogenation, leading to products
with a ¢r much higher than that of CPF.1¢

To check whether covalent modification of the proteins was occurring, the photolysates
were treated with 6M of guanidinium chloride and filtered through Sephadex (see exper-
imental details in the Section 1.5.5), a process that allows removing the species of low
molecular weight. The obtained spectra are also shown in Figure 3.4 (blue traces). In
general, filtration through Sephadex was associated with a remarkable decrease of the
emission intensity (compare red and blue traces), indicating that an important fraction of
the generated photoproducts was not bound to the protein. Nonetheless, emission was
still clearly observed, demonstrating that CPF-derived species are covalently attached to
the SAs. In parallel, non-irradiated samples of CPF/SAs were subjected to the same
work up, as control experiments; as expected from the lack of covalently bound adducts,
no emission was observed in these cases. The extent of photobinding relative to the
CPF/HSA system is given in Table 3.1.

Having demonstrated the photobinding of CPF to the SAs by gel filtration chromatog-
raphy coupled with fluorescence measurements, the formation of covalent photoadducts
was investigated in more detail by proteomic analysis. These studies were expected to
provide precise information of which amino acid(s) are covalently modified. Thus, the
photoreactivity of CPF with the six SAs was addressed. The irradiated CPF/SAs sys-
tems were filtered to remove excess of ligand; then, trypsin or endoproteinase Glu-C

digestions were followed by HPLC-MS/MS. This was intended to obtain information on
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the modified peptide sequence and to characterize the adduct. Full scan and fragmenta-
tion data files were analyzed by using the Mascot® database search engine (Matrix Sci-
ence, Boston, MA, USA) and by entering variable modifications that take into account
the main possible residues (FWY) able to react with the carbazolyl radical CBZ* ob-

tained after dehalogenation of CPF.
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Figure 3.4. Fluorescence spectra of CPF/SA mixtures at 1:1 drug/protein molar ratio: before
irradiation (black trace), after 3 min of irradiation at Aexc = 320 nm (red trace) and after Se-

phadex filtration of the photolyzate (blue trace).

For the human protein, the main results confirmed identification of CBZ-HSA derived
peptide adducts at Phel34, Trp214 and Tyr452 (Figure 3.5 and Table 3.2), according to
the ESI-MS/MS spectra and fragmentation pattern of the modified peptides, that agreed

well with the “y” and “b” ion series (see Section 3.6 Supplementary Material).
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Figure 3.5

MKWVTFISLL
FAQYLQQCPF
VATLRETYGE
FHDNEETFLK
CLLPKLDELR
EFAEVSKLVT
ECCEKPLLEK
LGMFLYEYAR
FKPLVEEPQN
SRNLGKVGSK
CTESLVNRRP
TALVELVKHK
AASQAALGL

. Amino acid sequence of HSA, with the amino acids modified by covalent bind-

FLFSSAYSRG
EDHVKLVNEV
MADCCAKQEP
KYLYEIARRH
DEGKASSAKQ
DLTKVHTECC
SHCIAEVEND
RHPDYSVVLL
LIKONCELFE
CCKHPEAKRM
CFSALEVDET
PKATKEQLKA

ing of CBZ indicated in red

VFRRDAHKSE
TEFAKTCVAD
ERNECFLQHK
PYFYAPELLF
RLKCASLQKF
HGDLLECADD
EMPADLPSLA
LRLAKTYETT
QLGEYKFQNA
PCAEDFLSVV
YVPKEFNAET
VMDDFAAFVE

VAHRFKDLGE
ESAENCDKSL
DDNPNLPRLV
FAKRYKAAFT
GERAFKAWAV
RADLAKYICE
ADFVESKDVC
LEKCCAAADP
LLVRYTKKVP
LNQLCVLHEK
FTFHADICTL
KCCKADDKET

Table 3.2. Modified peptides in HSA, with experimental
and calculated mass values

Peptide Mrexp  Mr calc®
LVRPEVDVMCTAFHDNEETELKK 3014.4445 3014.4306
AFKAWAVAR 1255.6516 1255.6502
DYLSVVLNQLCVLHE 2037.9448 2037.9870

[a] Monoisotopic mass of peptide
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Table 3.3. Summary of the experimentally observed covalent modifi-
cations in diverse homologous serum albumins-<]

Binding
pocket HSA BSA PSA RbSA  RtSA SSA
1B Phel34 Tyrl37 Phel34 Phel34 Tyrl37
Tyrl38 Tyrl38,
Phel49 Phel49
Tyrl61
1A Trp214 Tyr291
11B Phe325 Phe330 Phe325
Phe329 Phe329
IB/INA  Tyrd52 Tyrd51 Tyr451 Tyrd52 Tyrd52  Tyr451
interface
1B Phe508 Phe550 Phe509

[a] Only non-external modifications are considered. [b] The modifications are organized
according to the binding pocket. [c] The indicated numbering is the one used in the
available crystallographic structures where the position of the first 24 amino acids is not
resolved.

The procedure was performed for the whole set of investigated proteins. The observed
modified amino acids are indicated in Table 3.3; the protein sequence with the modified
amino acids highlighted together with the ESI-MS/MS spectra and fragmentation pattern
of all the peptide sequences are presented in Section 3.6 Supplementary Material. Re-
markably, for the six homologous proteins, covalent modification of the tyrosine residue
located at the interface between sub-domain IB and IIIA was obtained (Tyr452 for

HSA).
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A plausible mechanism for the photomodification of SAs is depicted in Scheme 3.1. It
involves reaction of *CPF* with Trp to afford the corresponding radical ion pairs; the
CBZ radical formed after loss of Cl- would react with Phe, Tyr or Trp resulting in cova-
lent binding to these residues.

Scheme 3.1. Proposed covalent modification mechanism.

hv ISC
(1) cPF —— 'CPF* —— 3CPF*

Trp** Trp*(-

(-H)
Trp Trp**
(@) scpF A-L» CPF* A%» cBz*
HCl

H
Trp*(-H) NG N OH
) ¢z 7;# O O o)
\:‘(§ Ar\@z Q)
SA Ar

3.3.3. Molecular modelling studies

For the six homologous proteins the covalent modification of the tyrosine residue located
in helix h4-111'7 of sub-domain I11A was obtained (Tyr452 for HSA). This suggested that
the main binding pocket of CPF is the interface region of sub-domains IllA and IB, in
which the tyrosine residue is located (Figure 3.6A). The latter residue is placed on the
cleft of the serum albumin “V” structure and about 10 A away from Trp214 (in HSA).

Another relevant binding pocket of CPF to serum albumins, which was identified in four
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of the six proteins, is the most accessible part of sub-domain IB involving helix h7-1, h8-
I, h9-1 and h10-I (Figure 3.6B). Moreover, with the exception of HSA and PorSA, bind-
ing to the pocket composed by helix h7-11, h8-11 and h9-11 in sub-domain 1B was identi-
fied (Figure 3.6B). The proteomic results also showed that for HSA, as well as RbSA
protein, binding to site | (sub-domain 11A) takes place.

In order to get a better understanding of the binding interactions responsible for the affin-
ity of CPF to SA proteins, the binding mode of this compound in atomic detail was ex-
plored. These studies were focused on HSA and on the main binding pockets identified
by the proteomic studies: (i) “V” cleft between domains I and II; and (ii) sub-domain 1B
(Figure 6). To this end, molecular docking using GOLD 5.2.2%8 program and the protein
coordinates found in the crystal structure of HSA in complex with palmitic acid (PDB
code 4BKE, 2.35 A) was first used. This structure was chosen because contains ligand
molecules (palmitic acid) in some of the regions studied in this work and has higher
resolution than other HSA structures. The proposed binding mode was further analysed
by Molecular Dynamics (MD) simulation studies in order to assess the stability and
therefore the reliability of the postulated binding. The results of these studies in the three

pockets are discussed below.
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Figure 3.6. Determined binding pockets of carprofen to serum albumin proteins. (A) Main
recognition pocket that is located in the cleft of the serum albumin “V” structure (green)
involving the interface region between sub-domains Il1IA and IB. The experimentally ob-
served modified residue is highlighted in yellow. The structure corresponds to wild-type
HSA (PDB 1E7B). (B) Other relevant binding pockets observed in two of the proteins stud-
ied. The crystal structures of HSA (PDB 1E7B, grey) and BSA (PDB 3V03, blue) are com-
pared showing the determined pockets and the modified residues as spheres (orange for HSA

and purple for BSA). The sub-domains of serum albumins are also labeled.

3.3.4. Binding to “V” cleft pocket

Our MD simulation studies revealed that the binary CPF/HSA-V cleft complex is very
stable, confirming the reliability of the proposed binding. Thus, an analysis of the root-
mean-square deviation (rmsd) for the three domains of protein backbone (Ca, C, N and
O atoms) calculated for the complex obtained from MD simulation studies (150—200 ns)
revealed that it varied slightly, in particular for sub-domains I11A (0.6 to 1.9 A) and 1B

(0.9 to 1.2 A) that surround the ligands (Figure 3.7).
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Figure 3.7. The rmsd plots for the three domains protein backbone (Ca, C, N and O atoms)
and ligand calculated for the binary CPF/HSA-V cleft complex obtained from MD simulation
studies: (A) domain I; (B) domain II; (C) domain Ill; and (D) CPF. Note how the complex is

stable during the simulation as no significant changes are observed during the 200 ns of
simulation.

As expected, the more flexible part of the complex showed to be sub-domain I11B, which
is the one of the most accessible sub-domains of the protein that in the absence of ligand

bounded undergoes conformational changes up to 10 A.2° Moreover, at the beginning of
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the simulation (the first ~30 ns) a small displacement of the ligand was observed result-
ing from the initial adjustment of a large ligand into the structure. But eventually the
ligand revealed to be stable during most of the simulation (~170 ns). Considering the
high sequence similarity of the studied serum albumins in general, and of the “V” cleft in
particular (see Figure 3.6.7 in the Section 3.6 Supplementary Material), we believe that
the proposed binding mode of CPF for HSA would be quite similar for the other homol-
ogous proteins.

As Figure 3.8 shows, CPF would be anchored to the “V” cleft pocket through its car-
boxylate group through strong electrostatic interactions with the guanidinium group of
Argl14 and the e-amino group of Lys190 and a strong hydrogen bonding between the
NH group of its aromatic moiety and the side chain carbonyl group of Asn429. In addi-
tion, the aromatic ring is stabilized by numerous lipophilic interactions with the apolar
residues that surround it involving residues Alal91, Alal94, Val433, Val455, Val456,
Val426 and GIn459. Under this arrangement, the C4 carbon atom attached to the chlo-
rine atom in CPF would be located pointing towards the side chain of Tyr452, which is
the only aromatic residue in the vicinity of the ligand. The proposed binding mode would

explain therefore the experimentally observed covalent modification of Tyr452.
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Figure 3.8. (A) Overall view of the proposed binary CPF/HSA-V cleft complex obtained by
docking and MD simulation studies. A Snapshot after 150 ns is shown. (B) Detailed view of
the CPF/HSA-V cleft complex. Relevant side chain residues are shown and labelled. Polar

(red) contacts and distances (black) to Tyr452 are shown as dashed lines.

It was previously suggested that CPF binds with high affinity to site Il and with weaker
affinity to site 1 on HSA.?! This was corroborated with diverse competition studies with
site specific drugs such as (S)-ibuprofen (IBU, site 1) and warfarin (site I). As it would
be discussed below, the proteomic and molecular modelling studies reported here also
corroborate site | as a secondary binding site of CPF. However, our results clearly
showed that the main binding pocket of CPF is the cleft of the serum albumin “V” struc-
ture and not site 11, as no covalent modifications of the aromatic residues of this pocket
were observed in any of the six proteins studied. Reasoning that: (1) as observed in the
crystal structure of HSA in complex with two molecules of ibuprofen (PDB code
2BXG,22 2.7 A), this cleft is located nearby to site 11; and (2) the significant conforma-

tional changes that HSA can undergo upon binding ligands, specifically in domains | and
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11, as previously reported by Curry et al®® and also by us®, we considered that the exper-
imentally observed displacement of CPF by ibuprofen, which suggest site Il as the main
binding pocket, is also in agreement with the herein proposed binding. Thus, we believe
that the higher affinity of ibuprofen than CPF to HSA and the expected conformational
changes resulting of ibuprofen binding, in particular in the proximity of site Il, might
disfavor the binding of CPF to the “V” cleft of the protein. As a consequence, CPF
would be displaced from its main binding pocket by an allosteric effect in site Il, rather
than a molecular displacement. In order to corroborate this allosteric modulation hypoth-
esis, the conformational changes that CPF/HSA complex undergoes upon ibuprofen
binding were studied by MD simulation studies. To this end, CPF was manually docked
into the “V” cleft of the tertiary IBU/HSA complex (PDB code 2BXG) with the ar-
rangement observed in the binary CPF/HSA complex (Figure 3.8B) and the resulting
quaternary complex was subjected to 100 ns of MD simulation. The opposite case was
also explored, i.e. the addition of two molecules of ibuprofen to the binary CPF/HSA
complex, providing similar results. Whereas no significant changes were observed in the
binding mode of the two ibuprofen molecules (S-isomer), which remain stable during the
whole simulation (Figures 3.9A and 3.9B), CPF underwent a large displacement from its
original binding pocket (up to 15 A) as well as significant variations in its binding ar-
rangement (rotation) as a consequence of the loss of its main anchoring interactions
(Figure 3.9C). This is clearly visualized by comparison of its position in the binary

CPF/HSA complex and after 100 ns of dynamic simulation in the quaternary
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IBU+IBU+CPF/HSA complex (Figure 3.9D). The binding free energy calculated for
each ligand in their corresponding pockets of the complex also highlighted the lower
binding affinity of CPF (Table 3.4, entries 3 vs 1). This was calculated using the
MM/PBSA?* approach in implicit water (generalised Born, GB) as implemented in Am-
ber. Thus, whereas the affinity of ibuprofen to both pockets is retained or even increased,

a large decrease on the calculated binding free energy of CPF is predicted (~ 6.8 kcal).

Table 3.4. Calculated Binding Free Energies using MM/PBSA of diverse HSA/ligand(s)
complexes to distinct pockets of the protein.

Entry  Complex Ligand(s) “V” cleft sub-ollcémain site 11 SUb'?f’énain
1 Binary CPF —28.5+ 0.4
2 CPF —37.540.21
3 Quaternary 1BU (x2) —21.7 +£0.2M -40.8+0.5  -40.6 +0.2M

+ CPF

[a] standard error of mean.
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Figure 3.9. (A-C) Comparison of the quaternary IBU+IBU+CPF HSA/ complex after mini-
misation and prior to simulation (grey) and after 100 ns of dynamic simulation (green). A
close view of IBU (A and B) and CPF (C) binding sites is provided. (D) Comparison of the
position of CPF in the binary CPF/HSA/ complex (see Fig. 3.5B) and in the quaternary one
(A—C). Note how whereas for IBU no significant changes are observed during the simulation,

CPF is displaced from its binding pocket even prior to simulation.

3.3.5. Binding to sub-domain IB

The results of proteomic studies revealed also that CPF binds to sub-domain IB. In all
serum albumin proteins, this is a pocket rich in phenylalanine and tyrosine residues and,
even in some cases it is composed by a tryptophan residue (Trp158 in PSA, SSA and
BSA). It recognizes compounds such as palmitic acid (PDB code 4BKE??), bicalutamide
(PDB code 4LA0%) and hemin (PDB code 109X?%). Our computational studies revealed
that CPF would be anchored to HSA pocket through an electrostatic interaction of its
carboxylate group with the guanidinium group of Arg117 and a hydrogen bonding with
the phenol group of Tyrl61 (Figure 3.10). In addition, the aromatic moiety of the ligand
would have favorable lipophilic interactions with diverse residues, specifically, Leul15,
Met123, Leul35, Tyrl38, Tyrl6l, Phel65, Leul82, and the carbon side chain of

Lys162. No interactions for the NH group of the ligand were identified. Under this ar-
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rangement, the experimentally observed modified Phe134 would be the closest aromatic
residue to the chlorine atom of the ligand (Figure 3.10B). Moreover, the binding free
energies calculated predicted a high affinity for this pocket (Table 3.4, entry 2). An anal-
ysis of rmsd for the three domains of protein backbone (Ca, C, N and O atoms) calculat-
ed for the complex obtained from MD simulation studies revealed that it is very stable

(Figure 3.11).

Leu115. Met123 .
\31{/;\' \ Arg117
Tyr138 fois
Phefi\@/\ P }—\

Leu182

Figure 3.10. (A) Overall view of the binary CPF/HSA-IB complex obtained by docking and
MD simulation studies. The ligand and residue modified are shown as spheres. (B) The
viewpoint showed corresponds to snapshot after 50 ns of MD simulation. Relevant side chain
residues are shown and labelled. Polar (red) contacts and distances (black) to Phel34 are

shown as dashed lines.
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Figure 3.11. The rmsd plots for the three domains protein backbone (Ca, C, N and O atoms)
and ligand calculated for the binary CPF/HSA-IB complex obtained from MD simulation
studies: (A) domain I; (B) domain II; (C) domain IlI; and (D) CPF.

3.4. Conclusions

In the dark, CPF binds to serum albumins of different species, giving rise to non-
covalent complexes. These complexes show characteristic features in their photophysical
properties, being especially noteworthy the lengthening of their triplet excited state life-
times by at least one order of magnitude. Irradiation of the complexes by selective exci-

tation of the CPF chromophore leads to irreversible covalent binding, as demonstrated
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by gel filtration chromatography, where incorporation of the fluorophore to the protein
fraction is clearly observed. Digestion of the irradiated CPF/SAs complexes and subse-
guent proteomic analysis reveal attachment of the photodehalogenated drug to selected
amino acid residues. Remarkably in all the investigated proteins, covalent modification
of Tyr452 (in HSA, RbSA, RtSA) or Tyr4d51 (in BSA, PSA, SSA) is consistently ob-
served. This indicates the presence of a common recognition center in SAs, irrespective
of the involved species, at the interface between sub-domains IB and IIIA (“V” cleft
pocket). Another relevant binding pocket of CPF to serum albumins, which was identi-
fied in four of the six proteins, proved to be the most accessible part of sub-domain IB.

The molecular basis of this common recognition was studied by Molecular Dynamics
simulation studies of the corresponding non-covalent complexes. The results revealed
that these complexes are very stable and the carbon atom of CPF in which the radical is
generated, would be in close contact with the identified aromatic residues. Moreover,
diverse previously reported competition studies with site specific drugs such as (S)-
ibuprofen (site 1) and warfarin (site 1) revealed that CPF binds with high affinity to site
Il and with weaker affinity to site | on HSA. The proteomic and molecular modelling
studies reported here also corroborate this idea. Our studies revealed that CPF would be
displaced by (S)-ibuprofen from its main binding pocket by an allosteric effect in site Il,
rather than an expected direct molecular displacement. The former would be due to: (i)
the large conformational changes that HSA can undergo upon binding ligands, and (ii)

the close proximity of this cleft to site 1. The reported integrated strategy that involves
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irradiation of CPF/SA complexes, coupled with fluorescence, identification of the pho-
toinduced modified amino acid residues by proteomic analysis, docking and MD simula-
tion studies could, in principle, be extended to a variety of protein/ligand complexes if an
active chromophore is present in the ligand.

3.5. Experimental

3.5.1. General

Racemic carprofen, HSA, BSA, PSA, RbSA, RtSA and SSA were commercially availa-
ble. Spectrophotometric, HPLC or reagent grade solvents were used without further puri-
fication. Solutions of phosphate-buffered saline (PBS) (0.01 M, pH 7.4) were prepared
by dissolving phosphate-buffered saline tablets in Milli-Q water. Steady state absorption
spectra were recorded in a JASCO V-630 spectrophotometer. Analytic HPLC analysis
was performed by means of a Waters HPLC system connected to a PDA Waters 2996
detector. HPLC isolation was carried out on a JASCO HPLC equipment, composed of a
DG-2080-54 degasification system, LG-2080-04 mixer and a PU-2080 pump connected
to a UV-1575 detector. The (S)-enantiomer of carprofen was separated from a 1.8 M
racemic mixture in methyl tert-butyl ether by HPLC (Technocroma Kromasil 100-TBB
column, mobile phase hexane/methyl tert-butyl ether/acetic acid (45:55:0.1, viviv) flow

2.2 mL/min.
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3.5.2. Fluorescence Experiments

Spectra were recorded on a JASCO FP-8500 spectrofluorometer system, provided with a
monochromator in the wavelength range of 200—850 nm, at 22 °C. Experiments were
performed on solutions of CPF (2.5 x 10°° M) in the presence of SAs (at 1:1 CPF/SA),

employing 10 x 10 mm? quartz cells with 4 mL capacity.

3.5.3. Laser Flash Photolysis Experiments

A Q-switched Nd:YAG laser (Quantel Brilliant, 355 nm, 15 mJ per pulse, 5 ns fwhm)
coupled to a mLFP-111 Luzchem miniaturized equipment was employed. This transient
absorption spectrometer includes a ceramic xenon light source, 125 mm monochromator,
Tektronix 9-bit digitizer TDS-3000 series with 300 MHz bandwidth, compact photomul-
tiplier, power supply, cell holder and fiber optic connectors, fiber optic sensor for laser-
sensing pretrigger signal, computer interfaces, and a software package developed in the
LabVIEW environment from National Instruments. The LFP equipment supplies 5 V
trigger pulses with programmable frequency and delay. The rise time of the detec-
tor/digitizer is ~3 ns up to 300 MHz (2.5 GHz sampling). The monitoring beam is pro-
vided by a ceramic xenon lamp and delivered through fiber optic cables. The laser pulse
is probed by a fiber that synchronizes the LFP system with the digitizer operating in the
pretrigger mode. Transient spectra and Kinetic traces were recorded employing 10x10
mm? quartz cells with 4 mL capacity. The concentration of CPF was 1.0 x10* M, and

the CPF/SA molar ratio was 1:1. All the experiments were carried out at room tempera-
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ture. The <tr> values of CPF were determined by fitting the decay traces at Amax = 450

nm by means of a monoexponential function.

3.5.4. Steady-State Photolysis Experiments

Steady-state photolysis of CPF (2.5 x 10> M) was performed by using a 150 W Xe lamp
coupled to a monochromator at lamp output (Aexc = 320 nm) in PBS under air and in the
presence of protein (CPF/SA 1:1 molar ratio), through Pyrex. The course of the reaction
was followed by monitoring the changes in the fluorescence spectra of the reaction mix-

tures at increasing times.

3.5.5. Treatment with Guanidinium Chloride and Filtration through Sephadex

Guanidinium chloride (1.72 mL, 6 M) was added to 3 mL of CPF/SA in PBS, in order to
cause protein denaturation. The mixture was then filtered through a Sephadex P-10 col-
umn. Firstly, 25 mL of pure PBS were eluted; then 2.5 mL of the CPF/SA mixture treat-
ed with GndClI were eluted. Subsequently, 3.5 mL of PBS were eluted again. The absorp-
tion and emission of the final sample were then measured. To take into account the
dilution factor, a similar experiment was conducted directly on SA (in the absence of
CPF). In this way, the ratio between the absorbance value before and after filtration was

obtained, which was employed as correction factor in the experiments.
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3.6. Supplementary Material

Amino acid sequence of the different SAs with the altered amino acid residues indicated
in red, together with the ESI-MS/MS spectra and fragmentation pathway of each modi-
fied peptide. The amino acid number is the one used in the available crystallographic

structures where the position of the first 24 amino acids is not resolved

CPF/HSA

Amino acid sequence of HSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFISLL
FAQYLQQCPF
VATLRETYGE
FHDNEETELK
CLLPKLDELR
EFAEVSKLVT
ECCEKPLLEK
LGMFLYEYAR
FKPLVEEPQN
SRNLGKVGSK
CTESLVNRRP
TALVELVKHK
AASQAALGL

FLFSSAYSRG
EDHVKLVNEV
MADCCAKQEP
KYLYEIARRH
DEGKASSAKQ
DLTKVHTECC
SHCIAEVEND
RHPDYSVVLL
LIKQNCELFE
CCKHPEAKRM
CFSALEVDET
PKATKEQLKA

VFRRDAHKSE
TEFAKTCVAD
ERNECFLQHK
PYFYAPELLF
RLKCASLQKF
HGDLLECADD
EMPADLPSLA
LRLAKTYETT
QLGEYKFQNA
PCAEDN¥LSVV
YVPKEFNAET
VMDDFAAFVE
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VAHRFKDLGE
ESAENCDKSL
DDNPNLPRLV
FAKRYKAAFT
GERAFKAMAV
RADLAKYICE
ADFVESKDVC
LEKCCAAADP
LLVRYTKKVP
LNQLCVLHEK
FTFHADICTL
KCCKADDKET

ENFKALVLIA
HTLFGDKLCT
RPEVDVMCTA
ECCQAADKAA
ARLSQRFPKA
NQDSISSKLK
KNYAEAKDVF
HECYAKVFDE
QVSTPTLVEV
TPVSDRVTKC
SEKERQIKKQ
CFAEEGKKLV
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CPF/BSA

Amino acid sequence of BSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
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MKWVTFISLL
FSQYLQQCPF
VASLRETYGD
KADEKKFWGK
LLPKIETMRE
FVEVTKLVTD
CCDKPLLEKS
GSELYEYSRR
KHLVDEPQNL
RSLGKVGTRC
TESLVNRRPC
ALVELLKHKP
STQTALA

LLFSSAYSRG
DEHVKLVNEL
MADCCEKQEP
¥LYEIARRHP
KVLASSARQR
LTKVHKECCH
HCIAEVEKDA
HPEYAVSVLL
IKQNCDQFEK
CTKPESERMP
FSALTPDETY
KATEEQLKTV

VFRRDTHKSE
TEFAKTCVAD
ERNECFLSHK
YFYAPELLYY
LRCASIQKFG
GDLLECADDR
IPENLPPLTA
RLAKEYEATL
LGEYGFQNAL
CTEDYLSLIL
VPKAFDEKLF
MENFVAFVDK
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IAHRFKDLGE
ESHAGCEKSL
DDSPDLPKLK
ANKYNGVFQE
ERALKAWSVA
ADLAKYICDN
DFAEDKDVCK
EECCAKDDPH
IVRYTRKVPQ
NRLCVLHEKT
TEHADICTLP
CCAADDKEAC

EHFKGLVLIA
HTLFGDELCK
PDPNTLCDEF
CCQAEDKGAC
RLSQKFPKAE
QDTISSKLKE
NYQEAKDAFL
ACYSTVFDKL
VSTPTLVEVS
PVSEKVTKCC
DTEKQIKKQT
FAVEGPKLVV
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3|677.29701339.1521 Y |651.3461)326.1767|634.3195{317.6634|633.3355|317.1714|5
41806.3396]403.6734|788.3290|394.6681| E [488.2827|244.6450|471.2562{236.1317]|470.2722|235.6397|4
5(919.4236/460.2155(901.4131{451.2102] T |359.2401|180.1237(342.2136/171.6104 3
6]990.4607(495.73401972.4502|486.7287| A |246.1561]123.5817]229.1295]|115.0684] 2
7 R |175.1190] 88.0631{158.0924| 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Phe325 DAELGSFLYEYSR
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3| 571.2187|286.1130| 553.2082|277.1077) F |1618.7577|809.8825|1601.7311|801.3692]1600.7471|800.8772|11
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9|1251.5721|626.2897|1233.5615|617.2844| Y | 717.3202|359.1638] 700.2937|350.6505| 699.3097|350.1585| 5
10{1380.6147|690.8110|1362.6041|681.8057| E | 534.2569|277.6321| 537.2304|269.1188| 536.2463|268.6268| 4|
11{1543.6780|772.3426|1525.6674|763.3374] Y | 425.2143|213.1108] 408.1878|204.5975| 407.2037|204.1055| 3
12{1630.7100{815.8587|1612.6995|806.8534] S | 262.1510{131.5791| 245.1244|123.0659| 244.1404[122.5738| 2
13 R | 175.1190) 88.0631| 158.0924] 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Tyr 451 MPCTED.LSLILNR
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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6| 954.45091477.7291| 936.4403|468.7238| A |1262.5933| 631.8003[1245.5667| 623.2870)1244.5827] 622.7950(11
7(1069.4778(535.2425|1051.4672(526.2373| D [1191.5562| 596.2817|1174.5296| 587.7685|1173.5456] 587.2764|10
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

CPF/PSA

Amino acid sequence of PSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFISLL
FSQHLQQCPY
IPSLREHYGD
QEDEQKFWGK
LLPKIEHLRE
FTEISKIVTD
CCDKPLLEKS
GTFLYEYSRR
QPLVDEPKNL
RKLGLVGSRC
TESLVNRRPC
ALVELLKHKP
EIRGILA

FLFSSAYSRG
EEHVKLVREV
LADCCEKEEP
YLYEIARRHP
KVLTSAAKQR
LAKVHKECCH
HCIAEAKRDE
HPDYSVSLLL
IKQNCELFEK
CKRPEEERLS
FSALTPDETY
HATEEQLRTV

VFRRDTYKSE
TEFAKTCVAD
ERNECFLQHK
YFYAPELLYY
LKCASIQKFG
GDLLECADDR
LPADLNPLEH
RIAKIYEATL
LGEYGFQNAL
CAEDYLSLVL
KPKEFVEGTF
LGNEAAFVQK

90

IAHRFKDLGE
ESAENCDKSI
NDNPDIPKLK
AIIYKDVFSE
ERAFKAWSLA
ADLAKYICEN
DFVEDKEVCK
EDCCAKEDPP
IVRYTKKVPQ
NRLCVLHEKT
TFHADLCTLP
CCAAPDHEAC

QYFKGLVLIA
HTLFGDKLCA
PDPVALCADF
CCQAADKAAC
RLSQRFPKAD
QDTISTKLKE
NYKEAKHVFL
ACYATVFDKF
VSTPTLVEVA
PVSEKVTKCC
EDEKQIKKQT
FAVEGPKFVI



Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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14 R | 7175.1190] 88.0631| 158.0924| 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Phe 550
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Tesis Oscar Molins Molina Capitulo 3: Common recognition center

CPF@RDbSA

Amino acid sequence of RbSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFISLL FLFSSAYSRG

FSQYLQKCPY
LPSLRDTYGD
FHDDEKABFG
CLTPKLDALE
DFTDISKIVT
ECCDKPILEK
LGKFLYEYSR
FQPLVDEPKN
SRSLGKVGSK
CSESLVDRRP
TALVELVKHK
ESSKATLG

EEHAKLVKEV
VADCCEKKEP
HYLYEVARRH
GKSLISAAQE
DLTKVHKECC
AHCINGLHND
RHPDYSVVLL
LVKQNCELYE
CCKHPEAERL
CFSALGPDET
PHATNDQLKT

VFRREAHKSE
TDLAKACVAD
ERNECFLHHK
PYBYAPELLY
RLRCASIQKF
HGDLLECADD
ETPAGLPAVA
LRLGKAYEAT
QLGDYNFQNA
PCVEDFLSVV
YVPKEFNAET
VVGEFTALLD

93

IAHRFNDVGE
ESAANCDKSL
DDKPDLPPFA
YAQKYKAILT
GDRAYKAWAL
RADLAKYMCE
EEFVEDKDVC
LKKCCATDDP
LLVRYTKKVP
LNRLCVLHEK
FTFHADICTL
KCCSAEDKEA

EHFIGLVLIT
HDIFGDKICA
RPEADVLCKA
ECCEAADKGA
VRLSQRFPKA
HQETISSHLK
KNYEEAKDLF
HACYAKVLDE
QVSTPTLVEI
TPVSEKVTKC
PETERKIKKQ
CFAVEGPKLV



Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Phe 134 KABFGHYLYE
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1] 129.1022| 65.0548] 112.0757] 56.5415] K 10
2| 200.1394]100.5733] 183.1128] 92.0600] A |1383.6045[692.3059|1365.5939|683 3006| 9
3| 584.2867]292.6470| 567.2602|284.1337] ¥ |1312.5673|656.7873[1294.5568|647.7820| 8
4| 731.3552[366.1812[ 714.3286357.6679] ¥ | 928.4199[464.7136] 910.4094[455 7083] 7
5| 788.3766|394.6920] 771.3501|386.1787] G | 781.3515[391.1794| 763.3410|382.1741] 6
6| 925.4355|463.2214] 908.4000[454.7081] H | 724.3301[362.6687| 706.3195|353.6634| 5
7|7088.4989]544.7531[1071.4723536.2398] ¥ | 587.2712[294.1392| 569.2606/285.1339] 4
8|7201.5829\601.2951[1184.5564/592.7818] L | 424.2078[212.6076] 406.1973|203.6023| 3
9|7364.6463682.8268[1347.6197|674.3135] ¥ | 311.1238[156.0655] 293.1132[147.0602] 2
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Tyr 138 AFFGHYLYEVAR
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811236.5513|618.7793 Y | 637.3304|319.1688| 620.3039(310.6556| 619.3198)310.1636] 5
9]1365.5939|683.3006)1347.58331674.2953| E | 474.2671|237.6372| 457.2405]229.1239] 456.2565|228.6319| 4
10]1464.6623|732.8348]|1446.6517|723.8295| V | 345.2245|173.1159] 328.1979]164.6026 3
11]1535.6994|768.3533(1517.6889(759.3481| A | 246.1561|123.5817| 229.1295[115.0684 2
12 R | 175.1190] 88.0631| 158.0924| 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Phe 149 HPYIYAPELLYYAQK
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# b bH b* |J*H IJD bﬂﬁ SE(]. y “.H }’* yi++ YD “.IIH #
1| 138.0662| 69.5367 H 15
2| 235.11901118.0631 P 12002.9626(1001.9849]1985.9360]993.4716|1984.9520(992.9796| 14
3| 398.1823]199.5948 Y |1905.9098| 953.4585|1888.8833944.9453|1887.8992(944.4533(13
4| 782.32971391.6685 F |1742.8465| 871.9269[1725.8199|863.4136|1724.8359(862.9216{12
5| 945.39301473.2001 Y |1358.6991| 679.8532[1341.6725|671.3399|1340.6885(670.8479[11
6[1016.4301)1508.7187 A |77195.6358| 598.3215(1178.6092|589.8082|1177.6252(589.3162(10
7[1113.4829|557.2451 P |71124.5986] 562.8030[1107.5721|554.2897|1106.5881|553.7977[ 9
8|7242.5255]621.7664 1224.5149(612.7611| E |1027.5459] 514.2766|1010.5193|505.7633]|1009.5353|505.2713| 8
9[1355.6095|678.3084 1337.5990(669.3031 L | 898.5033| 449.7553| 881.4767|441.2420 7
10]7468.6936734.8504 1450.6830[725.8452 L | 785.4792| 393.2132| 768.3927|384.7000, 6
11]71631.75691816.3821 1613.7464|807.3768| Y | 672.3352| 336.6712| 655.3086|328.1579 5
12]1794.8203]897.9138 1776.8097|888.9085| Y | 509.2718| 255.1396] 492.2453)|246.6263 4
13]|1865.8574/933.4323 1847.8468(924.4270| A | 346.2085] 173.6079| 329.1819]|165.0946 3
14]1993.9160{997.4616]1976.8894|988.0483|1975.9054|988.4563| Q | 275.1714| 138.0893| 258.1448]129.5761 2
15 K | 147.1128| 74.0600| 130.0863| 65.5468 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Tyr 291
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0 1000 2000 3000
# b b b* b* b’ ™ |Seq| ¥ v ¥* v ¥ Yy #
1| 72.0444] 36.5258 A 31
2| 209.1033| 105.0553 H |3650.6566|1825.832013633.6301|1817.3187(3632.6461|1816.8267(30
3| 369.1340| 185.0706| C |3513.5977|1757.3025|3496.5712|1748.7892|3495.5872]|1748.2972(29
4| 482.2180] 241.6126) 1 |3353.5671(1677.2872|3336.5405|1668.7739|3335.5565[1668.2819(28
5| 882.3603] 441.6838 Y |3240.4830)1620.7452)3223.4565(1612.2319]3222.4725]1611.7399(27
6] 939.3818| 470.1945 G |2840.3407)1420.6740]2823.3142(1412.1607)2822.3302]1411.6687|26
7|1052.4659] 526.7366| L |2783.3193(1392.1633]|2766.2927|1383.6500{2765.30871383.1580|25
8|7789.5248| 595.2660| H |2670.2352]1335.6212|2653.2086(1327.1080)2652.2246]1326.6159(24
9|71303.5677| 652.2875|1286.5411| 643.7742 N |2533.1763|1267.0918)2516.1497|1258.5785]|2515.1657]1258.0865(23
10(7418.5946] 709.8010J1401.5681| 701.2877|1400.5841] 700.7957| D |2419.1333 l210.0703|2402.1068 1201.5570{2401.1228}1201.0650{22
11|7547.6372] 774.3223]1530.6107| 765.8090{1529.6267) 765.3170| E |2304.1064|1152.5568|2287.0799|1144.0436|2286.0958]|1143.5516{21
12|7648.6849] 824.8461]1631.6584] 816.3328]|1630.6743| 815.8408| T |2175.0638{1088.0355|2158.0373|1079.5223|2157.0532{1079.0303|20
13|1745.7377] 873.3725|1728.7111 364.8592'1727.7271 8643672 P |20740161[1037.5117|2056.9896]1028.9984/2056.0056{1028.5064|19
14]7816.7748] 908.8910]1799.7482] 900.3778|1798.7642| 899.8857| A |1976.9634| 988.9853|1959.9368| 980.4720(1958.9528] 979.9800|18
15(71873.7962] 937.4018|1856.7697| 928.8885[1855.7857| 928.3965| G |1905.9263| 953.4668]|1888.8997| 944.9535[1887.9157| 944.4615(17
16]7986.8803] 993.9438]1969.8538] 985.4305]1968.8697| 984.9385| L |1848.9048] 924.9560]1831.8782| 916.4428(1830.8942] 915.9508|16
17|2083.933111042.4702]2066.9065]1033.9569|2065.9225|1033.4649| P |1735.8207] 868.414011718.7942] 839.9007(1717.8102] 859.4087|15
18|2154.970211077.9887|2137.9436]|10069.4755|2136.9596| 10689834 A [1638.7680| 819.8876|1621.7414| 811.3743|1620.7574] 810.8823|14
19]2254.0386]1127.522912237.0121]1119.0097]|2236.0280|1118.5177| V |1567.7309] 784.3691|1550.7043] 775.8558|1549.7203] 775.3638|13
20(2325.0757]1163.0415]2308.0492(1154.5282|2307.0652|1154.0362| A |1468.6624] 734.8349|1451.6359| 726.3216|1450.6519] 725.8296(12
21(2454.1183]11227.5628]|2437.0918(1219.0495|2436.1077|1218.5575| E |1397.6253] 699.3163|1380.5988| 690.8030])1379.6148] 690.3110{11
22|2583.160911292.0841]|2566.1344{1283.5708|2565.1503]1283.0788| E |1268.5827] 634.7950]1251.5562| 626.2817]1250.5722] 625.7897(10
23|2730.2293]1365.6183|2713.2028[1357.1050)2712.2188]1356.6130| F |1139.5401) 570.2737|1122.5136| 561.7604]1121.5296] 561.2684| 9
24(2829.2977|1415.1525]2812.2712{1406.6392|2811.2872|1406.1472| V | 9924717 496.7395] 975.4452| 488.2262| 974.4612] 487.7342| 8
25[2958.3403]1479.6738]|2941.3138[1471.1605|2940.3298]1470.6685| E | 893.4033) 447.2053] 876.3768| 438.6920] 875.3927] 438.2000f 7
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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4 b b b= bt B® B [Seq. y v ¥ yrr }_u .‘,ﬂ++ 4
1| 114.0913] 57.5493 L 14
2| 211.1441{106.0757 P |1800.8625]900.9349(1783.8360|892.4216(1782.8520{891.9296|13
3| 371.1748/|186.0910 C |1703.8098|852.4085|1686.7832(843.8952|1685.7992|843.4032(12,
4| 470.2432)235.6252 V |1543.7791|772.3932|1526.7526|763.8799|1525.7686|763.3879|11
5| 599.2858]|300.1465 581.2752|1291.1412| E |1444.7107|722.8590(1427.6842|714.345711426.7001]713.8537|10
6| 714.3127(357.6600 696.3021(348.6547| D |1315.6681|658.3377|1298.6416(649.8244|1297.6575|649.3324| 9
7|1114.4550]557.7311 1096.4444(548.7259| Y |1200.6412|600.8242|1183.6146(592.3109|1182.6306/591.8189| 8
8]1227.5391|614.2732 1209.5285(605.2679| L | 800.4989|400.7531| 783.4723(392.2398| 782.4883|391.7478| 7
9I1314 5711|1657.7892 1296.5605|648.7839| S | 687.4148[344.2110] 670.3883|335.6978| 669.4042|335.2058| 6
10]1413.6395|707.3234 1395.6290|698.3181| V | 600.3828[300.6950] 583.3562|292.1817 5
11{1512.7079(756.8576 1494.6974|747.8523| V | 501.3144]251.1608] 484.2878|242.6475 4
12]1625.7920(813.3996 1607.7814|804.3944| L | 402.2459[201.6266] 385.2194|193.1133 3
13]1739.8349[870.4211|1722.8084|861.9078|1721 8244|861 4158 N | 289.1619|145.0846] 272.1353]|136.5713 2
14 R | 1751190 88.0631| 158.0924| 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

CPF/RtSA

Amino acid sequence of RtSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFLLLL
FSQYLQKCPY
IPKLRDNYGE
FQENPTSHLG
CLTPKLDAVK
EFAEITKLAT
ACCDKPVLQK
LGTHLYEYSR
FQPLVEEPKN
ARNLGRVGTK
CSGSLVERRP
TALAELVKHK
ARSKEALA

FISGSAFSRG
EEHIKLVQEV
LADCCAKQEP
H¥LHEVARRH
EKALVAAVRQ
DVTKINKECC
SQCLAEIEHD
RHPDYSVSLL
LVKTNCELYE
CCTLPEAQRL
CFSALTVDET
PKATEDQLKT

VFRREAHKSE
TDFAKTCVAD
ERNECFLQHK
PYBYAPELLY
RMKCSSMQRF
HGDLLECADD
NIPADLPSIA
LRLAKKYEAT
KLGEYGFQNA
PCVEDFLSAI
YVPKEFKAET
VMGDFAQFVD

99

IAHRFKDLGE
ENAENCDKSI
DDNPNLPPFQ
YAEKYNEVLT
GERAFKAWAV
RAELAKYMCE
ADFVEDKEVC
LEKCCAEGDP
VLVRYTQKAP
LNRLCVLHEK
FTEHSDICTL
KCCKAADKDN

QHFKGLVLIA
HTLFGDKLCA
RPEAEAMCTS
QCCTESDKAA
ARMSQRFPNA
NQATISSKLQ
KNYAEAKDVF
PACYGTVLAE
QVSTPTLVEA
TPVSEKVTKC
PDKEKQIKKQ
CFATEGPNLV



Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

Phe 134 NECFLQHKDDNPNLPPFQRPEAEAMCTSFQENPTSELGHYLHEVAR
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T T T T T T T T T 1
Q 1000 2000 000
8 b b b* bt g " [Seq. v .‘__H ¥ -‘**—F yu FD-H 4
1] 115.0502] 58.0287] 98.0237| 49.5155 N 46
2| 244.0928| 122.5500] 227.0662| 114.0368| 226.0822| 113.5448| E [5594.5416|2797.7744|5577.5150(2789.2612|5576.5310[2788.7691 |45
3| 404.1234| 202.5654| 387.0969] 194.0521] 386.1129] 193.5601| C [5465.4990]2733.2531|5448.4724(2724 7399|5447 4884(2724.2479144
4] 551.1919| 276.0996] 534.1653] 267.5863| 533.1813] 267.0943| F [5305.4683]|2653.2378|5288.4418(2644.7245|5287 4578(2644.2325]43
5| 664.2759| 332.6416| 647.2494] 324 1283 646.2654] 323.6363| L [5158.3999)2579.7036|5141.3734[2571.1903|5140.3894(2570.6983142
6| 792.3345] 396.6709| 775.3080| 388.1576| 774.3239| 387.6656| Q |5045.3159|2523.1616|5028.2893[2514.6483|5027.3053|2514.1563 |41
7] 929.3934| 465.2003] 912.3669| 456.6871| 911.3828] 456.1951| H [4917.2573]2459.1323|4900.2307[2450.6190)4899.2467(2450.1270]40
8]1057.4884| 529.2478[1040.4618] 520.7346 lf]39‘4778| 520.2425] K [4780.1984]2390.6028[4763.1718|2382.0896{4762. 1878 [2381.5975(39
911172.5153] 586.7613|1155 4888 578.2480(1154.5048] 577.7560| D [|4652.1034(2326.5553[4635.0769|2318.0421|4634.0928(2317.5501|38
10|71287.5423| 644.2748[1270.5157] 635.7615]1269.5317] 635.2695| D [4537.0765(2269.0419]4520.0499]2260.5286/4519.0659(2260.0366(37
11}7401.5852] 701.2962[1384.5586] 692.7830[1383.5746] 692.2910| N [4422.0495|2211.5284|4405.0230(2203.0151{4404.0390{2202.5231|36
12]1498.6380] 749.8226(1481.6114]) 741.3093[1480.6274] 740.8173| P [4308.0066|2154.5069|4290.98012145.9937]4289.9960(2145.5017|35
1311612.6809] 806.8441[1595.6543] 798.3308[1594.6703] 797.8388| N [4210.9538|2105.9806|4193.9273|2097.4673(4192.9433[2096.9753|34
14)1725.7649 863.3861|1708.7384] 854.8728]1707.7544] 854.3808| L [4096.9109[2048.959][4079.8844|2040.445814078.9003|2039.9538|33
IS)IR22.81771 911.9125]1805.7912] 903.3992]11804.8071] 902.9072| P |3983.8268[1992.4171[3966.8003|1983.9038|3965.8163|1983.4118|32
16{1919.8705] 960.4389(1902.8439] 951.9256]|1901.8599] 951.4336| P |3886.7741[1943.8907|3869.7475]1935.3774|3868.7635[1934.8854(31
17|2066.9389|1033.9731(2049.9123]1025.4598]2048,928311024.9678| F |3789.7213|1895.3643]|3772.6948|1886.8510{3771.7108|1886.3590(30
18]2194.9975|1098.0024(2177.9709|1089.489112176.9869] L088.9971| Q |3642.6529(1821.8301]|3625.6264|1813.3168|3624.6423|1812.8248(29
19]2351.0986[1176.0529(2334.0720]1167.5397|2333.0880]1167.0476| R [3514.5943|1757.8008|3497.5678|1749.2875|3496.5838|1748.7955|28
2012448.1513(1224.5793(2431.1248]1216.0660(2430.1408|1215.5740 P [3358.4932|1679.7502|3341.4667|1671.2370{3340.4826(1670.7450|27
21|2577.1939(1289.1006(2560.1674|1280.5873|2559.1834|1280.0953| E [3261.4404|1631.2239|3244.4139(1622.7106{3243.4299(1622.2186|26
2212648.2310{1324.6192]2631.2045]1316.1059|2630.2205|1315.6139| A [3132.3979|1566.7026|3115.3713|1558.1893|3114.3873|1557.6973|25
23|2777.2736]1389.1405|2760.2471]1380.6272]2759.2631{1380.1352| E |3061.3607|1531.1840]3044.3342]1522.6707|3043.35021522.1787|24
24|2848.3108[1424.6590]2831.2842]1416.1457|2830.3002|1415.6537| A [2932.3181|1466.6627|2915.2916(1458.1494)2914 3076[1457.6574|23
2512979.3512(1490.1793]2962.3247|1481.6660(2961.3407| 148 1.1740| M [2861.2810]1431.1442|2844.2545(1422.6309)2843.2705[1422.1389|22
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

26[3139.3819[1570.1946[3122.3553[1561.6813|3121.3713]1561.1893] C [2730.2405{1365.6239|2713.2140|1357.1106{2712.2300{1356.6186|21
2713240.4296|1620.7184(3223 4030 1612.2051|3222.4190{1611.7131| T |2570.2099]|1285.6086|2553.1834(1277.0953|2552.1993|1276.6033 |20
28)|3327.4616|1664.2344(3310.435011655.7212|3309.4510{1655.2292| S |2469.1622|1235.0847|2452.1357(1226.5715|2451.1517|1226.0795[19
2913474.5300|1737.7686(3457.5035]|1729.2554|3456.5194{1728.7634| F |2382.1302]|1191.5687]2365.1036(1183.0555|2364.1196|1182.5635|18
30[3602.5886[1801.7979|3585.5620{1793.2847|3584.5780]1792.7926] Q |2235.0618[1118.0345|2218.0352]|1109.5213|2217.0512{1109.0292|17
31)|3731.6312|1866.3192(3714.6046)|1857.8060(3713.6206[1857.3139| E |2107.0032]1054.0052]{2089.9767(1045.4920]2088.9926|1045.0000(16
32[3845.67411923.3407[3828.6476[1914.8274|3827.6635[1914.3354) N |71977.9606( 989.4839|1960.9341[ 980.9707]1959.9500f 980.4787(15
33|3942.7269[1971.8671|3925.7003|1963.3538(3924.7163|1962.8618| P [I863.9177] 932.4625|1846.8911| 923.9492|1845.9071| 923.4572(14
3414043.774512022.3909{4026.7480)12013.8776{4025.7640{2013.3856| T |1766.8649| 883.9361[1749.8384( 875.4228|1748.8544| 874.9308(13
35[4130.8066/2065.9069[4113.7800{2057.3937|4112.7960{2056.9016] S |1665.8172( 833.4123|1648.7907( 824.8990]1647.8067| 824.4070(12
36)4514.9540)2257.9806(4497.9274)|2249 4673 |4496.9434[2248 9753| F |1578.7852| 789.8962|1561.7587| 781.3830]1560.7746| 780.8910(11
3714628.0380)2314.5227[4611.0115)2306.0094}4610.0275{2305.5174| L |1194.6378| 597.8225[1177.6113[ 589.3093|1176.6273| 588.8173|10
38[4685.0595|2343.0334[4668.0329]2334.5201|4667.0489(2334.0281| G |I1081.5538( 541.2805|1064.5272( 532.7672]1063.5432| 532.2752( 9
39[4822.1184|2411.5628[4805.0919]2403.0496[4804.1078(2402.5576] H |1024.5323( 512.7698|1007.5057[ 504.2565]1006.5217| 503.7645| 8
4014985.1817)2493.0945[4968.1552)|2484 .581214967.1712|2484.0892| 'Y | 887.4734| 444.2403| 870.4468( 435.7271| 869.4628| 435.2350( 7
41]5098.2658|2549.6365[5081.2393)12541.1233|5080.2552|2540.6313| L | 724.4100] 3627087 707.3835( 354.1954] 706.3995| 353.7034| 6
42]5235.3247|2618.1660(5218.2982)120609.6527|5217.3142{2609.1607| H | 611.3260] 306.1666| 594.2994( 297.6534| 593.3154| 297.1613| §
43]15364.3673|2682.6873(5347.3408)|2674.1740(5346.3567|2673.6820| E | 474.2671| 237.6372| 457.2405( 229.1239| 456.2565| 228.6319| 4
4415463.4357|2732.2215(5446.4092)12723. 7082|5445 425212723 2162| V | 345.2245] 173.1159] 328.1979( 164.6026) 3
4515534.4728|2767.7401(5517.4463)|2759.2268|5516.4623|2758.7348| A | 246.1561| 123.5817| 229.1295( 115.0684 2
46 R | 175.1190] 88.0631| 158.0924 79.5498 1

101




Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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1] 116.0342) 58.5207 98.0237] 495155 D 38
2] 231.0612) 116.0342 213.0506] 107.0289( D [4537.0765|2269.0419|4520.0499[2260.5286]4519.0659|2260.0366|37|
3| 345.1041) 173.0557| 328.0775] 1645424 327.0935] 164.0504| N [4422.0495|2211.5284(4405.0230]2203.0151]|4404.0390{2202.5231|36
4] 4421569 2215821 425.1303] 213.0688] 424 1463] 2125768 P [4308.0066|2154.5069[4290.9801]2145 9937|4289.9960[2145.5017|35
5] 556.1998| 278.6035| 539.1732] 270.0903| 538.1892] 269.5982| N [4210.9538|2105.9806[4193.9273]12097 4673|4192.9433[2096.9753|34
6] 669.2838| 3351456 652.2573] 326.6323| 651.2733| 326.1403| L |4096.9109]2048.9591|4079.8844[2040.4458|4078.9003]2039.9538|33
7] 766.3366| 383.6719] 749.3101] 375.1587| 748.3260| 374.6667| P |3983.8268]1992.4171|3966.8003[1983 9038|3965, 8163|1983.4118|32
8] 863.3894| 432 1983| 846.3628] 4236850 845.3788| 423.1930| P |3886.7741]1943 8907|3869.7475]1935.3774|3868.7635]1934.8854|31
9110104578 505.7325] 993.4312] 497.2193] 992.4472] 496.7272] F [3789.7213|1895.3643|3772.6948]1886.8510|3771.7108]1886.3590|30
10]1138.5164) 569.7618[1121.4898] 561.2485[1120.5058] 560.7565 Q 13642.6529|1821.8301]|3625.62064[1813.3168|3624.6423|1812.8248/|29
11)1294.6175| 647.8124]1277.5909| 639.2991|1276.6069] 638.8071 R |3574.5943|1757.8008|3497 5678 [1749.2875]13496.5838]1748.7955|28|
12|1391.6702| 696.3388|1374.6437| 687.8255|1373.6597] 687.3335 P |3358.4932|1679.7502|3341.4667[1671.2370)3340.48261670.7450|27|
1311520.7128) 760.8601]1503.6863| 752.3468|1502.7023] 751.8548 E [3261.4404|1631.2239|3244.4139(1622.7106)3243.4299]1622.2186|26|
14|1591.7499| 796.3786|1574.7234| 787.8653|1573.7394] 7873733 A |3132.3979|1566.7026|3115.3713[1558.1893]3114.3873|1557.6973|25]
15]1720.7925) 860.8999]1703.7660f 852.38661702.7820] 851.8946 E [3061.3607|1531.1840|3044.3342(1522.6707)3043.35021522.1787|24|
16]1791.8297| 896.4185[1774.8031| 887.9052|1773.8191] 887.4132| A |2932.318111466.6627|2915.2916[1458.1494|2914.3076|1457.6574|23
1711922.8701| 961.9387[1905.8436) 953.4254)1904.8596] 952.9334| M |2861.2810]1431.1442)|2844.2545(1422.6309|2843.2705|1422.1389|22
18]2082.9008[1041.9540(2065.8742|1033.4408[2064.8902[1032.9487| C |2730.2405{1365.6239(2713.2140[1357.1106/2712.2300{1356.6186|21
19]2183.9485[1092.4779]2166.9219[1083.9646(2165.9379]1083.4726( T |2570.2099|1285.6086|2553.1834[1277.0953]12552.199311276.6033|20|
20]2270.9805]1135.9939]2253.9539|1127.4806{2252.9699|1126.9886( S |2469.7622]1235.0847|2452.1357[1226.5715|2451.15171226.0795|19,
2112418.0489)1209.52812401.0224]1201.0148|2400.0383}1200.5228| F |2352.1302|1191.5687|2365.1036]1183.0555|2364.1196)1182.5635]18
22(2546.1075|1273.5574(2529.0809|1265.0441|2528.0969|1264.5521| Q [2235.0618|1118.0345|2218.0352(1109.5213|2217.0512|1109.0292|17,
23|12675.1501|1338.0787|2658.123511329.5654|2657.1395)1329.0734| E |2107.0032]1054.0052|2089.9767]1045.4920|2088.9926]1045.0000{16
24|2789.193001395.1001|2772.1665]1386.5869|2771.1824]1386.0949] N [1977.9606| 989.4839(1960.9341] 980.9707|1959.9500) 980.4787|15
25|2886.2458]1443.6265|2869.2192]1435.1132|2868.2352|1434.6212| P |I863.9177| 932.4625[1846.8911] 923.9492|1845.9071| 923.4572|14
T
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center

26|2987.2934]1494.1504(2970.2669| 1485.6371)12969.2829[1485.1451| T [1766.8649| 883.9361|1749.8384| 875.4228|1748.8544] 874.9308[13
27[3074.3255|1537.6664|3057.2989|1529.1531|3056.3149]1528.6611] S [1665.8172| 833.4123|10648.7907| 824.8990|1647.8067| 824.4070(12
283221.3939]1611.2006[3204.3673| 1602.6873]13203.3833[1602,1953| F [/578.7852| T89.8962|1561.7587| 781.3830[1560.7746] 780.8910[11
29]3334.4780]1667.7426[3317.4514|1659.2293]13316.4674[ 1658.7373| L [1431.7168| 716.3620|1414.6902| 707 8488|1413.7062] 707.3568[10
30[3391.4994]1696.2533(3374.4729[1687.7401|3373 4889(1687.2481| G [1378.6327| 659.8200(1301.6062[ 651.3067|1300.6222| 650.8147| 9|
31)|3528.5583[1764.7828|3511.5318]1756.2695[3510.5478|1755.7775| H [1261.6113] 631.3093[1244.5847| 622.7960|1243.6007| 622.3040| 8|
32(3928.7006]1964.8540[3911.6741{1956.3407)|3910.6901 [ 19558487 Y [1124.5524] 562.7798|1107.5258[ 554.2665|1106.5418| 553.7745[ 7
33]14041.7847[2021.3960(4024.7582|2012.8827[4023.7741|2012.3907| L | 724.4100] 362.7087| 707.3835]| 354.1954] 706.3995[ 353.7034| 6|
34[4178.84306(2089,9254(4161.8171{2081.4122(4160.83312080,9202] H | 611.3260| 306.1666| 394.2994| 297.6534| 393.3154| 297.1613| §
35|4307.8862(2154.4467(4290.8597| 2145 9335[4289 8756|2145 4415| E | 474.2671| 237.6372| 457.2405| 229.1239| 456.2565( 228.6319| 4|
36[4406.9546(2203.9809(4389.9281(2195.4677[4388.9441(2194.9757) V | 345.2245[ 173.1159] 328.1979| 164.6026 3
3714477.9917[2239.4995|4460.9652)2230.9862[4459.9812|2230.4942| A | 246.1561) 123.5817] 229.1295]| 115.0684 2
38 R | 1751190 88.0631| 158.0924] 79.5498 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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1| 138.0662| 69.5367 H 15
2| 235.17190(118.0631 P |2003.9466|1002.4769(1986.9200{993.9637]1985.9360(993.4716(14
3| 398.1823[199.5948 Y |1906.8938| 953.9505/1889.8673|945.4373|1888.8833|944.9453[13
4| 782.3297|391.6685 F |1743.8305| 872.4189(1726.8039|863.9056{1725.8199|863.4136{12
5| 945.39301473.2001 Y [7359.6831| 680.3452|1342.6565|671.8319|1341.6725|671.3399|11
6|1016.43011508.7187 A |1796.6198] 598.8135[1179.5932|590.3002|1178.6092|589.8082[10
7(1113.4829|557.2451 P [7125.5827] 563.2950|1108.5561|554.7817|1107.5721|554.2897| 9
8(7242.5255|621.7664[1224.5149|612.7611| E [1028.5299| 514.7686[1011.5033|506.2553|1010.5193|505.7633| 8
911355.6095|678.3084]|1337.5990]669.3031| L | 899.4873| 450.2473| 882.4607|441.7340| 881.4767(441.2420( 7
10]7468.6936|734.8504[1450.6830]725.8452| L | 786.4032| 393.7053| 769.3767|385.1920| 768.3927|384.7000| 6
11|7631.7569|816.3821{1613.7464|807.3768| Y | 673.3192| 337.1632| 656.2926|328.6499| 655.3086|328.1579| §
12]1794.8203|897.9138[1776.8097|888.9085| Y | 570.2558| 255.6316| 493.2293]|247.1183| 492.2453|246.6263| 4
13]1865.8574(1933.4323|1847.8468(924.4270| A | 347.1925| 174.0999] 330.1660]|165.5866| 329.1819(165.0946| 3
14]1994.9000(997.9536]11976.88941988.9483| E | 276.1554]| 138.5813]| 259.1288|130.0681| 258.1448]129.5761| 2
15 K | 147.1128] 74.0600| 130.0863| 65.5468 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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1| 401.1496] 201.0784 Y 21
2| 515.1925| 258.0999] 498.1660] 249.5866 N |2325.0519(1163.0296)2308.0254(1154.5163]2307.0414(1154.0243]|20
3| 644.2351] 322.6212| 627.2086] 314.1079] 626.2245| 313.6159] E |2211.0090(1106.0081]2193.9825[1097.4949]12192.9985[1097.0029]19
4| 743.3035] 372.1554| 726.2770| 363.6421| 725.2930| 363.1501| V |2081.9664(1041.4869]2064.9399(1032.9736/2063.9559[1032.4816|18
5| 856.3876] 428.6974| 83936101 420.1842] 838.3770| 419.6921| L |7982.8980| 991.9526{1965.8715| 983.4394| 1964 8874| 982.9474|17
6| 957.4353] 479.2213| 940.4087| 470.7080] 939.4247| 470.2160) T |1869.8139| 935.4106{1852.7874| 926.8973]1851.8034| 926.4053|16
T|1085.4938| 543.2506|1068 4673] 534. 7373|1067 4833] 534.2453| Q |1768.7663| 884 .8R68|1751.7397| 876.3735]1750.7557| 875.8815]15
8[1245.5245] 623.2659(1228.4979] 614.7526]1227.5139| 614.2606] C |1640.7077| 820.8575]1623.6811| 812.3442]1622.6971| 811.8522|14
911405.5551| 703.2812|1388.5286| 694.7679|1387.5446| 694.2759| C |1480.6770( 740.8422]1463.6505| 732.3289|1462.6665( 731.8369(13
10{1506.6028| 753 .8050[1489.5763| 745.2918|1488.5923| 744.7998| T |I320.6464] 660.8268]1303.6198] 652.3136)1302.6358] 651.8216[12
11[1635.6454| 818.3263|1618.6189 809.8131|1617.6348| 809.3211| E |1219.5987| 610.3030)1202.5722] 601.7897|1201.5882] 601.2977(11
12]1722.6774] 861.8424|1705.6509| 853.3291]1704.6669] 8528371 S [1090.5561| 545.7817|1073.5296| 537.2684]1072.5456| 536.7764|10|
13(1837.7044| 919.3558[1820.6778| 910.8426|1819.6938| 910.3505| D |1003.5241| 502.2657| 986.4975]| 493.7524] 985.5135] 493.2604| 9|
14(1965.7993| 983.4033[1948.7728| 97489001947 7888 974.3980| K | &88.4972| 444.7522| 871.4706] 436.2389] 870.4866| 435.7469| 8|
15[2036.8365(1018.9219(2019.8099{1010.4086]|2018.8259{1009.9166| A | 760.4022] 380.7047) 743.3756] 372.1915| 742.3916] 371.6994| 7
16/2107.8736[1054.4404(2090.8470|1045.9271]12089.8630]1045.4351) A | 689.3651| 345.1862| 672.3385| 336.6729| 671.3545] 336.1809| 6|
17|2267.9042|1134.4557(2250.8777| 1125942512249 8937]1125.4505) C | 618.3280| 309.6676| 601.3014| 301.1543| 600.3174| 300.6623] 5
18[2380.9883|1190.9978(2363.9617[1182.4845|2362 9777(1181.9925] L | 458.2973] 229.6523] 441.2708] 221.1390] 440.2867| 220.6470| 4
19]2482.0360{1241.5216[2465.0094]1233.0083|2464.0254{1232.5163| T | 345.2132| 173.1103] 328.1867 164.597{}' 327.2027] 164.1050] 3
20)2579.0887(1290.0480|2562.0622]1281.5347(2561.0782|1281.0427| P | 244.1656| 122.5864| 227.1390 114.073l| 2
21 K | 1471128 74.0600f 130.0863 65.5468' 1
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Tesis Oscar Molins Molina

Capitulo 3: Common recognition center
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2| 215.1026/108.0550] 197.0921| 99.0497| V |1731.8417|866.4245|1714.8152|857.9112|1713.8312|857.4192|12
3| 362.1710|181.5892] 344.1605|172.5839| F |1632.7733|816.8903|1615.7468|808.3770|1614.7627|807.8850|11
4| 475.2551|238.1312] 457.2445|229.1259| L |1485.7049]743 3561|1468.6783|734 8428|1467 6943|734.3508|10
5] 532.2766|266.6419] 514.26601257.6366] G |1372.6208|686.8141]|1355.5943|678.3008|1354.6103|677.8088| 9
6] 633.3243|317.1658| 6153137|308.1605] T |/315.5994|658.3033|1298.5728|649.7900|1297.5888|649.2980| 8
711017.4716|509.2395] 999.4611|500.2342) F |1214.5517|607.7795|1197.5251|599.2662|1196.5411|598.7742| 7
8|1130.5557|565.7815]1112.5451|556.7762| L | 830.4043|415.7058] 813.3777|407.1925] 812.3937|406.7005| 6
911293.6190|647.3132]1275.6085|638.3079| Y | 717.3202]359.1638] 700.2937|350.6505] 699.3097|350.1585| 5
10]1422.6616|711.8345|1404.6511(702.8292] E | 554.2569|277.6321| 537.2304|269.1188| 536.2463|268.6268| 4
11]1585.7250|793.3661|1567.7144|784.3608| Y | 425.2143|213.1108| 408.1878|204.5975| 407.2037|204.1055| 3
12|1672.7570|836.8821|1654.7464|827.8769| S | 262.1510|131.5791| 245.1244(123.0659]| 244.1404]122.5738| 2
13 R I75.119-’)I 88.0631| 158.0924| 79.5498 1
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Tesis Oscar Molins Molina Capitulo 3: Common recognition center
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1] 114.0913] 57.5493 L 14
2| 211.1441{106.0757 P |1786.8469(893.9271]1769.8203|885.4138]1768.8363|884.9218]13
3| 371.1748]186.0910 C |1689.7941{845.4007[1672.7676|836.8874]1671.7836|836.3954|12
4] 470.2432|1235.6252 V |1529.7635|765.3854|1512.7369(756.8721|1511.7529|756.3801 {11
5| 599.28581300.1465 S581.2752|291.1412 E |1430.6951|715.8512{1413.6685|707.3379(1412.6845|706.8459]|10
6| 714.3127)357.6600 696.3021{348.6547] D |1301.6525{651.3299]1284.6259(642 8166]|1283.6419(642.3246| 9
T\1114.45501557.7311 1096.4444|548. 7259 'Y |1186.6255|593.8164]1169.5990]|585.3031{1168.6150|584 8111] 8
8]1227.53911614.2732 1209.52851605.2679] L | 786.4832|393.7452| 769.4567(385.2320| 768.4726]|384.7400] 7
91314.57111657.7892 1296.5605]648.7839] S | 673.3991]337.2032] 656.3726/328.6899| 655.3886/328.1979| 6
10]7385.6082|693.3077 1367.5977)1684.3025| A | 586.3671|293.6872| 569.3406]285.1739 5
11]7498.6923|749.8498 1480.6817740.8445] 1 | 515.3300{258.1686] 498.3035[249.6554 4
12|7611.7763|806.3918 1593.7658|797.3865| L | 402.2459|201.6266f 385.2194]193.1133 3|
13[1725.8193[863.4133]1708.7927[854.9000]1707.8087|854.4080] N | 289.1619|145.0846| 272.1353]130.5713 2
14 R | 175.1190] 88.0631| 158.0924| 79.5498 1
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Phe 509

AETFTEHSDICTLPDKEK

YOUBL - yes)

bOUZY 47

-b0(13)
Y13

Q L] 200 1200 1600 2000 2-;'00
4 b b b bt b’ ™ |Seq. v v vE ¥ yo ynH 4
1| 72.0444 36.5258 A 18
2| 201.0870] 101.0471 183.0764] 92.0418] E |2305.0482{1153.0277|2288.0216|1144.5144|2287.0376(1144.0224|17,
3| 302.1347| 151.5710, 284.1241| 1425657 T |2176.0056{1088.5064[2158.9790{1079.9931|2157.9950{1079.5011|16
4] 449.2031] 225.1052 431.1925] 216.0999) F |2074.9579{1037.9826[2057.9313|1029.4693]|2056.9473]1028.9773|15
5| 550.2508] 275.6290 532.2402| 266.6237| T [/927.8895] 964.4484|1910.8629| 955.9351|1909.8789| 955.4431|14
6] 9343981 467.7027 9163876 458.6974| F [1826.8418| 913.9245[1809.8153| 905.4113[1808.8312| 904.9193[13
7|1071.4571| 536.2322 1053.4465| 527.2269| H |1442.6944| 721.8508|1425.6679| 713.3376[1424.6838| 712.8456]12
8]1158.4891| 579.7482 1140.4785| 570.7429| S |1305.6355| 653.3214|1288.6089| 644.8081[1287.6249| 644.3161|11
911273.5160( 637.2617 1255,5055) 628.2564] D [1218.6035| 609.8054[1201,5769| 601.2921{1200,5929| 600.8001|10
10{1386.6001| 693.8037 1368.5895] 684.7984| 1 |[1103.5765| 552.2919[1086.5500] 543.7786|1085.5060] 543.2866| 9|
11]1546.6307] 773.8190 1528.6202| 764.8137| C | 990.4925| 495.7499| 973.4659| 487.23606| 972.4819| 486.7446| 8
12{1647.6784| 824.3428 1629.6679| 815.3376] T | 830.4618| 415.7345| 813.4353| 407.2213| 812.4512| 406.7293| 7
13]1760.7625| 880.8849 1742.7519] 871.8796| L | 729.4141| 365.2107| 712.3876| 356.6974| 711.4036| 356.2054| 6
14)1857.8153| 929.4113 1839.8047| 920.4000| P | 616.3301| 308.6687| 599.3035| 300.1554 598.3195| 299.6634| 5
15]1972.8422| 986.9247 1954.8316] 977.9195| D | 579.2773| 260.1423| 502.2508| 251.6290| 501.2667| 251.1370| 4
16{2100,9372]1050,9722{2083.9106/1042,4589|2082 9266 1041.9669| K | 404.2504) 202,6288| 387.2238| 194.1155] 386.2398| 193.6235| 3
1712229.9798(1115.493512212.9532(1106.980212211.9692(1106.4882] E | 276.1554] 138.5813| 259.1288] 130.0681| 258.1448] 129.5761| 2
18 K | 147.1128] 74.0600] 130.0863] 65.5468 1
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CPF/SSA

Amino acid sequence of SSA with the altered amino acid residues indicated in red, together

with the ESI-MS/MS spectra and fragmentation pathway of each modified peptide

51
101
151
201
251
301
351
401
451
501
551
601

MKWVTFISLL
FSQYLQQCPF
VATLRETYGD
KADEKKFWGK
LLPKIDAMRE
FTDVTKIVTD
CCDKPVLEKS
GSELYEYSRR
KHLVDEPQNL
RSLGKVGTKC
TESLVNRRPC
ALVELLKHKP
STQAALA

LLFSSAYSRG
DEHVKLVKEL
MADCCEKQEP
¥LYEVARRHP
KVLASSARQR
LTKVHKECCH
HCIAEVDKDA
HPEYAVSVLL
IKKNCELFEK
CAKPESERMP
FSDLTLDETY
KATDEQLKTV

CPF/SSA

VFRRDTHKSE IAHRFNDLGE

TEFAKTCVAD
ERNECFLNHK
YFYAPELLYY
LRCASIQKFG
GDLLECADDR
VPENLPPLTA
RLAKEYEATL
HGEYGFQNAL
CTEDYLSLIL
VPKPFDEKFF
MENFVAFVDK

109

ESHAGCDKSL
DDSPDLPKLK
ANKYNGVFQE
ERALKAWSVA
ADLAKYICDH
DFAEDKEVCK
EDCCAKEDPH
IVRYTRKAPQ
NRLCVLHEKT
TFHADICTLP
CCAADDKEGC

ENFQGLVLIA
HTLFGDELCK
PEPDTLCAEF
CCQAEDKGAC
RLSQKFPKAD
QDALSSKLKE
NYQEAKDVEL
ACYATVFDKL
VSTPTLVEIS
PVSEKVTKCC
DTEKQIKKQT
FVLEGPKLVA
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Tyr 137 ¥LYEVAR
o
>
1
ic
= S -
+ = £
- @ é @ ‘ pon 7 = & —~
A | g = 5 £
T T | 4 L Hf — T L |J |‘l T L
200 400 BO0 00 1000 1200
# b b b’ b™* |Seq.| ¥y v y* ytt N Vo [#
1/401.1496/201.0784 Y 7
2|514.2336(257.6205 L |750.4145(375.7109]733.3879[367.1976]732.4039[366.7056|6
3|677.2970|339.1521 Y [637.3304]319.1688[620.3039|310.6556|619.3198]310.1636|5
41806.3396[403.6734|788.3290(394.6681| E [474.2671{237.6372]457.2405[229.1239]456.2565|228.6319]4
51905.4080[453.2076|887.3974|444.2023| V [345.2245(173.1159]328.1979|164.6026 3
6]976.4451[488.7262|958.43451479.7209| A [246.1561(123.5817]229.1295[115.0684 2
7 R [175.1190] 88.0631[158.0924] 79.5498 1
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Phe 325 DVELGSFLYEYSR
Ead
(=]
=
©
3.:' —~
~ 1 2
o - —
ES S 5
& T ) o =
~ [ ! = =
& < - :
200 400 600 800 1000 1200 1400 1600 1500
# b b++ bu bu++ - Seq. y v++ !'* v,_.++ ‘.u "l]++ 4
1] 116.0342| 58.5207| 98.0237| 49.5155| D 13
2| 215.1026|108.0550| 197.0921] 99.0497] V |1717.8261|859.4167|1700.7995[850.9034]|1699.8155|850.41 14|12
3| 599.2500(300.1287| 581.2395(291.1234] F |1618.7577|809.8825|1601.7311]|801.3692|1600.7471|800.8772|11
4| 712.3341]356.6707| 694.3235]347.6654] L |1234.6103|617.8088|1217.5837(609.2955]1216.5997|608.8035|10
5| 769.3556(385.1814| 751.3450|376.1761| G |1121.5262]561.2667]1104.4997]552.7535|1103.5156[552.2615| 9
6| 856.3876|428.6974| 838.37701419.6921| S |1064.5047|532.7560|1047.4782(524.2427]|1046.4942|523.7507| 8
711003.4560(502.2316| 985.4454[493.2264] F | 977.4727|489.2400] 960.4462]|480.7267| 959.4621|480.2347| 7
8|1116.5401(558.7737|1098.5295(549.7684] L | 830.4043|415.7058| 813.3777|407.1925| 812.3937|406.7005| 6
911279.6034(640.3053|1261.5928(631.3001] Y | 717.3202{359.1638| 700.2937]|350.6505| 699.3097|350.1585| §
10]1408.6460(704.8266]1390.6354|695.8213| E | 554.2569)277.6321] 537.2304|269.1188| 536.2463|268.6268| 4
11{1571.7093|786.3583|1553.6987|777.3530) Y | 425.2143)213.1108] 408.1878(204.5975| 407.2037|204.1055] 3
12|1658.7413(829.8743]1640.7308|820.8690 S | 262.1510131.5791| 245.1244|123.0659| 244.1404|122.5738| 2
13 R | 1751190 88.0631] 158.0924| 79.5498 1
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Phe 329 DVFLGSILYEYSR
o
=
@
% 3
v =
. =)
—~ + ol '
o« + <! ~
b = —~ 2 =
= g g N
b = . = @ o % —~
5 : oo _ N ¥ =
~ ~ o N r~ B -
8|5 L = A E g& o 7
A K et I Y PN
Il .Illnlllllll Il Illul by n-l. Jllnlnull L “II ulli .ll 1 uil | yl . Iil
200 400 500 80 1000 1200 1400 1600 1800
# b b++ b(i b0++ Seq. y y++ y,{ y*++ yfl y[i++ #
1| 116.0342| 58.5207| 98.0237] 49.5155] D 13
2| 215.1026|108.0550] 197.0921] 99.0497) V |1717.8261]859.4167|1700.7995|850.9034|1699.8155]|850.4114|12
3| 362.1710]181.5892] 344.1605|172.5839) F |I618.7577]809.8825|1601.7311]801.3692|1600.7471|800.8772|11
4] 475.2551|238.1312] 457.2445|229.1259) L |1471.6892]736.3483|1454.6627]|727.8350|1453.6787|727.3430[10
5] 532.2766(266.6419] 514.2660)257.6366] G |1358.6052]679.8062|1341.5786|671.2930|1340.5946]|670.8009] 9
6] 619.3086|310.1579] 601.2980|301.1527) S |I1301.5837]651.2955|1284.5572|642.7822|1283.5732|642.2902| 8
711003.4560]502.2316] 985.4454|493.2264) F [1214.5517)607.7795|1197.52511599.2662|1196.5411|598.7742| 7
8|1116.5401|558.7737|1098.5295|549.7684] L | 830.4043|415.7058] 813.3777|407.1925| 812.3937{406.7005| 6
9]1279.6034|640.3053]1261.5928|631.3001) Y | 717.3202]359.1638| 700.2937|350.6505| 699.3097|350.1585] 5
10]1408.6460]704.8266]1390.6354|695.8213| E | 554.2569|277.6321] 537.2304|269.1188| 536.2463|268.6268| 4
11{1571.7093|786.3583|1553.6987|777.3530] Y | 425.2743]213.1108] 408.1878|204.5975| 407.2037{204.1055| 3
12]1658.7413|829.874311640.7308|820.8690| S | 262.1510{131.5791| 245.1244|123.0659| 244.1404{122.5738| 2
13 R | 175.1190] 88.0631| 158.0924| 79.5498 1
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Capitulo 3: Common recognition center

Tyr 451 MPCTED¥LSLILNR
g
o o
£ s PO
s % e 7 3
g X T g
g8 X >
;
5 d
ERE :
>
~
Eog -
8 o >
5 D -
:
200 400 600 00 1000 1200 1400 1600 1300
4 b p - h* h*++_ b* po - Seq. v y++ vE }‘*++ ),0 o 4
1] 132.0478| 66.5275 M 14
2| 229.1005|115.0539 P |7830.8731]915.9402[1813.8465]907.4269(1812.86251906.9349|13
3| 389.1312|195.0692 C |71733.8203)867.4138]|1716.7938|858.9005[1715.8098|858.4085|12
4| 490.1789|245.5931 472.1683[236.5878| T |1573.7897|787.3985|1556.7631|778.8852(1555.7791|778.3932|11
5| 619.2214|310.1144 601.2109|1301.1091| E |7472.74201736.8746|1455.7155|728.3614]1454.7314|727.8694|10
6| 734.2484|367.6278 716.2378|358.6225| D |1343.6994|672.3533|1326.6729]063.8401]1325.6888|663.3481| 9
7|1134.3907|567.6990 1116.3801)558.6937| Y [1228.6725|614.8399(1211.6459]606.3266]1210.6619|605.8346| 8
8]1247.4748|624.2410 1229.4642|615.2357| L | 828.5302|1414.7687| 811.5036]406.2554| 810.5196|405.7634| 7
911334.5068|667.7570 1316.4962|0658.7518] S | 715.4461{358.2267| 098.4195)349.7134| 697.4355|349.2214{ 6
10]1447.5909|724.2991 1429.5803|715.2938] L | 628.4141{314.7107| 611.3875|306.1974 5
11{1560.6749|780.8411 1542.6644|771.8358) 1 | 575.3300[258.1686| 498.3035[249.6554 4
12|1673.7590|837.3831 16557484828 3778 L | 402.2459|201.6266| 385.2194{193.1133 3
13]1787.8019]894.4046]1770.7754|885.8913|1769.7913|885.3993| N | 289.71679{145.0846| 272.1353|136.5713 2
14 R | 1751190 88.0631] 158.0924| 79.5498 1
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RtsSA MKWVTFLLLLFIS-
GSAFSRGVFRREAHKSEIAHRFKDLGEQHFKGLVLIAFSQYLOQKCPYEEHIKLVQEVTDFAK—
TCVADENAENCDKSTHTLFGDKLCAIPKLRDNYGELADCCAKQEP

RbSA MKWVTFISLLFLFSSAYSRGVFRREAHKSEIAHRFNDVGEE-
HFIGLVLITFSQYLQKCPYEEHAKLVKEVTDLAKACVADESAANCDKSLHDIFGDKICALPSLRDTYGDVADCCEKKEP
HSA MKWVTFISLLFLFSSAYSRGVFRRDAHKSEVAHRFKDLGEENFKALVLIAFA-
QYLOQCPFEDHVKLVNEVTEFAKTCVADESAENCDKSLHTLEGDKLCTVATLRETYGEMADCCAKQEP

PSA MKWVTFISLLFLFS-
SAYSRGVFRRDTYKSETIAHRFKDLGEQYFKGLVLIAFSQHLOQCPYEEHVKLVREVTEFAK—
TCVADESAENCDKSTHTLFGDKLCAIPSLREHYGDLADCCEKEEP

BSA MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPF—
DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
SSA MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRENDLGEENFQGLVLIAFSQYLQQCPF—
DEHVKLVKELTEFAKTCVADESHAGCDKSLHTLFGDELCKVATLRETYGDMADCCEKQEP

Fokkkkk oy Kk Kk gkkkkkkkgaakkkgkkkkgkakky K Kkkkgkgkakkakkgaak Kk Kakgakkgkkkkk KKK K
KKKk . KKy KkgiKKARK Ko kK
RtsA NAENCDKSIHTLFGDKLCAIPKLRDNYGELADCCAKQEPERNECFLOHKDDNPNLPPFQRPE-
AEAMCTSFQENPTSFLGHYLHEVARRHPYFYAPELLYYAEKYNEVLTQCCTESDKAAC
RbSA SAANCDKSLHDIFGDKICALPSLRDTYGDVADCCEKKEPER-
NECFLHHKDDKPDLPPFARPEADVLCKAFHDDEKAFFGHYLYEVARRHPYFYAPELLYYAQKYKAILTECCEAADKGAC
HSA SAENCDKSLHTLFGDKLCTVATLRETYGEMADCCAKQEPER-
NECFLQHKDDNPNLPRLVRPEVDVMCTAFHDNEETFLKKYLYEIARRHPYFYAPELLFFAKRYKAAFTECCQAADKAAC
PSA SAENCDKSIHTLFGDKLCAIPSLREHYGDLADCCEKEEPERNECFLOHKNDNPDIPKL—
KPDPVALCADFQEDEQKFWGKYLYEIARRHPYFYAPELLYYATIYKDVFSECCQAADKAAC
BSA SHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKL—
KPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGAC
SSA SHAGCDKSLHTLFGDELCKVATLRETYGDMADCCEKQEPERNECFLNHKDDSPDLPKL—
KPEPDTLCAEFKADEKKFWGKYLYEVARRHPYFYAPELLYYANKYNGVFQECCQAEDKGAC

LKk skkkg ok o Kky Kkg kKKK KAk Kk ok Kyak o gk BRI P *

SEK LK KKK KKKAKKAAA *: e Tk K
RtSA LTPKLDAVKEKALVAAVRQRMKCSSMORFGERAFKAWAVARMSQRF~
PNAEFAEITKLATDVTKINKECCHGDLLECADDRAELAKYMCENQATISSKLQACCDKPVLOKSQCLAEIEHDN
RbSA LTPKLDALEGKSLISAAQERLRCASIQKFGDRAYKAWALVRLSQRFPKADFTDISKIVTDLT -
KVHKECCHGDLLECADDRADLAKYMCEHQETISSHLKECCDKPILEKAHCIYGLHNDE
HSA LLPKLDELRDEGKASSAKQRLKCASLQKFGERAFKAWAVARLSQRFPKAEFAEVSKLVTDLT -
KVHTECCHGDLLECADDRADLAKYICENQDSISSKLKECCEKPLLEKSHCIAEVENDE
PsSA LLPKIEHLREKVLTSAAKQRLKCASIQKFGERAFKAWSLARLSQRFPKAD-
FTEISKIVTDLAKVHKECCHGDLLECADDRADLAKYICENQDTISTKLKECCDKPLLEKSHCIAEAKRDE
BSA LLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVTDLT -
KVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDA
SSA LLPKIDAMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKADFTDVTKIVTDLT—
KVHKECCHGDLLECADDRADLAKYICDHQDALSSKLKECCDKPVLEKSHCIAEVDKDA

* oKk . . . P R R L P S L P S LK K K KAKKKKKKKKKKKAK QKKK Ky 1 K

Ko kKKK LK L*

RtsSA IPADLPSIAADFVEDKEVCKNYAEAKDVFLGTFLYEYSRRHPDYSVSLLLRLAKKYEAT-
LEKCCAEGDPPACYGTVLAEFQPLVEEPKNLVKTNCELYEKLGEYGFQNAVLVRYTQKAPQ
RbSA TPAGLPAVAEEFVEDKDVCKNYEEAKDLFLGKFLYEYSRRHPDYSVVLLLRLGKAYEAT -
LKKCCATDDPHACYAKVLDEFQPLVDEPKNLVKQNCELYEQLGDYNFQNALLVRYTKKVPQ
HSA MPA-
DLPSLAADFVESKDVCKNYAEAKDVFLGMFLYEYARRHPDYSVVLLLRLAKTYETTLEKCCAAADPHECYAKVFDEFKPLVEEPONLIKQNCELFEQLGEYKFQ
NALLVRYTKKVPQ
PSA LPADLNPLEHDFVEDKEVCKNYKEAKHVFLGTFLYEYSRRHPDYSVSLLLRIAKIYEAT-
LEDCCAKEDPPACYATVFDKFQPLVDEPKNLIKONCELFEKLGEYGFQNALIVRYTKKVPQ
BSA IPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEYEATLEEC—
CAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFEKLGEYGFQNALIVRYTRKVPQ
SSA VPENLPPLTADFAEDKEVCKNYQEAKDVFLGSFLYEYSRRHPEYAVSVLLRLAKEYEAT -
LEDCCAKEDPHACYATVFDKLKHLVDEPQNLIKKNCELFEKHGEYGFQNALIVRYTRKAPQ

* ok . P S R T P R
Kk sk KakAKAKL o KAKK K KKK
RtsSA VSTPTLVEAARNLGRVGTKCCTLPEAQRL -

PCVEDYLSAILNRLCVLHEKTPVSEKVTKCCSGSLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTLPDKEKQIKKQTALAELVKHKP

114



Tesis Oscar Molins Molina Capitulo 3: Common recognition center

RbsA VSTPTLVEISRSLGKVGSKCCKHPEAERL-
PCVEDYLSVVLNRLCVLHEKTPVSEKVTKCCSESLVDRRPCFSALGPDETYVPKEFNAETFTFHADICTLPETERKIKKQTALVELVKHKP

HSA VSTPTLVEVSRNLGKVGSKCCKHPEAKRMPCAEDYLSVVLNQLCVLHEKTPVS—
DRVTKCCTESLVNRRPCFSALEVDETYVPKEFNAETFTFHADICTLSEKERQIKKQTALVELVKHKP

PSA VSTPTLVEVARKLGLVGSRCCKRPEEERLS-
CAEDYLSLVLNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYKPKEFVEGTFTFHADLCTLPEDEKQIKKQTALVELLKHKP

BSA VSTPTLVEVSRSLGKVGTRCCTK-
PESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKP
SSA VSTPTLVEISRSLGKVGTKCCAK-
PESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSDLTLDETYVPKPFDEKFFTFHADICTLPDTEKQIKKQTALVELLKHKP

kokkkkkkk sk kk kksokk  kk sk Kk kkkkk skkskkkkkkkkkkk:okkkkk: kkkakkkkkk k  kkkk kk Kk

Kokkk gk kkk kA kkkkAk Kk kkkk
RtsSA KATEDQLKTVMGDFAQFVDKCCKAADKDNCFATEGPNLVARSKEALA-
RbsA HATNDQLKTVVGEFTALLDKCCSAEDKEACFAVEGPKLVESSKATLG-
HSA KATKEQLKAVMDDFAAFVEKCCKADDKETCFAEEGKKLVAASQAALGL
PSA HATEEQLRTVLGNFAAFVQKCCAAPDHEACFAVEGPKFVIEIRGILA-
BsA KATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA-
SSA KATDEQLKTVMENFVAFVDKCCAADDKEGCFVLEGPKLVASTQAALA-
Kk akkgaky sk paakkKk K kpp Kk KK gk P

Multiple sequence alignment. Amino acid sequence alignments for rat (RtSA), rabbit
(RbSA), human (HSA), porcine (PSA), bovine (BSA) and sheep (SSA) serum albumin pro-
teins. Protein sequences were aligned using the CLUSTALW2 multiple sequence alignment
(https://www.ebi.ac.uk/Tools/msa/clustalw2/). Fully conserved (*, blue, grey background)

and functionally conserved (:, orange background) residues are highlighted.
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4.1. Abstract

Triflusal is a platelet antiaggregant employed for the treatment and prevention of throm-
boembolic diseases. After administration, it is biotransformed into its active metabolite,
the 2-hydroxy-4-trifluoromethylbenzoic acid (HTB). We present here an investigation on
HTB photobinding to human serum albumin (HSA), the most abundant protein in plas-
ma, using an approach that combines fluorescence, MS/MS and peptide fingerprint anal-
ysis as well as theoretical calculations (docking and molecular dynamics simulation stud-
ies). The proteomic analysis of HTB/HSA photolysates shows that HTB addition takes
place at the g-amino groups of the Lys137, Lys199, Lys205, Lys351, Lys432, Lys541,
Lys545, and Lys525 residues and involves replacement of the trifluoromethyl moiety of
HTB with a new amide function. Only Lys199 is located in an internal pocket of the
protein and the remaining modified residues are placed in the external part. Docking and
molecular dynamic simulation studies reveal that HTB supramolecular binding to HSA
occurs in the “V-cleft” region and that the process is assisted by the presence of Glu/Asp
residues in the neighborhood the external Lys, in agreement with the experimentally
observed modifications. In principle, photobinding can occur with other trifluoroaro-
matic compounds and may be responsible for the appearance of undesired photoallergic

side effects.
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4.2. Introduction
Photoactive molecules can be present in living systems as endogenous substances or they

can be taken up from exogenous sources.! They include drugs, cosmetics, pesticides, or
dyes and can produce beneficial effects in living organisms, which can be used for thera-
peutic purposes; however, they can also turn non-harmful and low energetic wavelength
light into a biological damaging agent, triggering a cascade of chemical events that may
finally result in important biological disorders.?

In this context, photoallergy is associated with a cell-mediated immune response which is
initiated by covalent binding of a light-activated hapten (for instance, a drug or a species
derived therefrom) to a protein.3* It is considered an emerging health concern due to the
widespread use of topical drugs (including antibiotics, antifungals, antihistaminics, car-
diovascular and nonstereoidal anti-inflammatory drugs), cosmetics and nutraceutical in
humans, which has attracted considerable attention from both industry and regulatory
agencies.>6”

Triflusal (2-acetoxy-4-trifluoromethylbenzoic acid), a platelet antiaggregant, is em-
ployed for the treatment and prevention of thromboembolic diseases.®*! In fact, it acts as
prodrug that after administration is biotransformed into its active metabolite, the 2-
hydroxy-4-trifluoromethylbenzoic acid (HTB), whose half-life in the organism is 70-fold
longer than that of triflusal. It has been demonstrated that not only triflusal but also HTB
is capable to induce photoallergy in humans.>® In this context, HTB has been found to

be photolabile under various conditions. Its major photodegradation pathway appears to
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be the nucleophilic attack at the trifluoromethyl moiety. In the presence of nucleophiles
(including amino acids, peptides or proteins), carboxylic acid derivatives (esters, amides,
thioesters) are formed.

Photobinding of HTB to bovine serum albumin has been previously monitored in our
group through the fluorescence changes occurring upon irradiation of a drug-protein
mixture, after isolation of the protein by gel-filtration chromatography.'® In addition,
formation of photoadducts between HTB and lysine or polylysine!” as well as HTB pho-
toreaction with lysine residues of the simple model protein ubiquitin'® have been ob-
served. This pinpoints to a photonucleophilic addition of the lysine amino group to HTB
as a mechanistic key in photoallergy.

However, ubiquitin is a small protein that lacks binding sites and does not bind drugs
efficiently; therefore, it appears necessary to employ as target a transport protein present
in human blood, able to interact with HTB at some stage while the drug is developing its
pharmacological action. This is the case of human serum albumin (HSA), the most
abundant protein in human plasma, able to bind a widespread range of endo and exoge-
neous ligands. It is a 67 kDa monomer whose primary structure comprises a single chain
of 585 amino acid residues, with 17 disulfide bridges, 1 tryptophan, and 1 free cysteine;
a R-helix of six turns forms the 67% of the secondary structure. The 3D-assembly of
HSA contains three homologous helical domains (I-111), each divided into A and B sub-
domains.?® Regarding the seminal work of Sudlow and co-workers based on the dis-

placement of fluorescence probes, small ligands usually bind at one of the two primary
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sites (I and II) located in subdomains 1A and A, respectively. Although to a lesser
extent, sites with lower affinity can also be populated. The binding constant of HTB to
HSA is 4.7x10° M1, with site | as the main binding site.?

With this background, we decided to undertake an investigation on the possible modifi-
cation of HSA lysine residues by photobinding of HTB. This will provide valuable in-
formation both on the molecular recognition center of the protein, and on the issue of
HTB mediated photoallergy. For this purpose, we have employed a combined fluores-

cence, proteomic and computational approach, as summarized in Figure 4.1.

L
COOH ' COOH :
OCOMe OH ;
: hv H
lMetabaolization ' Hy0 HSA :
: \ :
CF3 F3 v Fluoresence NH, :
I v" Proteomics ;
Triflusal : HTB v Docking :
! v Molecular Dynamics K

Figure 4.1. Approach for investigating the photobinding of HTB to HSA.
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4.3. Results and Discussion
The obtained results are presented below, arranged in three sections dealing with size

exclusion chromatography coupled with fluorescence measurements, proteomic analysis

and computational studies.

4.3.1. Fluorescence detection of covalent HTB photoadducts to HSA
A mixture of HTB (5 x 10° M) in the presence of HSA (1:1 drug/protein molar ratio)

was irradiated in a multilamp photoreactor (Amax = 300 nm, PBS, air, 30 min). The fluo-
rescence spectra recorded before and after irradiation were markedly different (Figure
4.2). Thus, the band for the irradiated mixture was less intense and red-shifted (Amax =
425 nm) respect to that non-irradiated (Amax = 415 nm). This suggests photodegradation,
in agreement with the previously reported photoreactivity for other trifluoromethyl-
substituted substrates.?! The irradiated sample was then treated with guanidinium hydro-
chloride and filtered through Sephadex, in order to elute only the high molecular weight
components of the photomixture. The emission of the eluate still displayed fluorescence
(Amax = 435 nm), clearly indicating covalent HTB photobinding to the protein. The fluo-
rescence of a non-irradiated HTB/HSA mixtures filtered through Sephadex (hot shown)

was negligible, indicating no photobinding.
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Figure 4.2. Fluorescence spectra (hexe = 320 nm) of non- and 30 min-irradiated samples of
HTB/HSA mixtures, before and after treatment with guanidinium hydrochloride and Se-
phadex filtration. [HTB] = [HSA] =5 x 10° M; PBS, air.

4.3.2. Determination of the modified amino acid residues by proteomic analysis

The photobinding of HTB to HSA was then investigated by proteomic analysis, a tool
that allows identifying which amino acids are modified when covalent binding to pro-
teins occurs. For that purpose, an irradiated HTB/HSA mixture (Amax = 300 nm, PBS, air,
30 min) was filtered to remove HTB excess, submitted to trypsin digestion (to cleave
peptide chains mainly at the carboxyl side of Lys or Arg residues, unless there is a
neighboring Pro residue) and the resulting mixture was analyzed by HPLC-MS/MS, in
order to investigate the modified peptide sequence and to undertake a detailed character-
ization of the HTB-HSA adducts. Processing of the full-scan and fragmentation data files

was performed by using the Mascot® database search engine, and by entering variable
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modifications that take into account Lys as the main nucleophilic sites able to react with
the trifluoromethy! group of HTB.

The results are depicted in Figure 4.3A with the modified peptides in black and the mod-
ified amino acids in red. For clarity, the amino acid numbering used corresponds to that
provided in PDB structures, where the first 24 amino acids are usually not observed. An
increment of ca. 164 amu was observed in eight peptides. Formation of HTB-HSA ad-
ducts at Lys137, Lys199, Lys205, Lys351, Lys432, Lys525, Lys541, Lys545 (Table 4.1),
agrees with the ESI-MS/MS spectra and fragmentation pattern of the modified peptides
(see Figures 4.3B-C for Lys199 and Figures in the Supplementary Material for the rest of

Lysines).
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Figure 4.3. A: Amino acid sequence (92% coverage) obtained after irradiation of HTB in the
presence of HSA, with the non-resolved amino acids in blue. The modified peptides are in
black, and the altered amino acid residues are in red. B: Modified peptide with fragmentation
keys and ESI-MS/MS spectra of the fragmentation pathway of 198LKCASLQK205. C: Re-

lated data with the “y” and “b” ion series.
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Table 4.1. Modified peptides, with experimental and calculated mass values.

Peptide Mr exp Mr calc Modified Lys
137KYLYEIAR144 1218.593 1218.592 137
108LKCASL QK205 1053.5158 1053.5164 199
200CASLQKFGER209 1358.5912 1358.5925 205
499LAKTYETTLEK 359 1459.7046 1459.7082 351
420NLGKVGSKuzs 965.484 965.4818 432
505 KQTALVELVKSs34 1291.7032 1291.7023 525
530ATKEQL Ksss 980.4786 980.4814 541
540EQLKAVMDDFAAFVEKGSs? 2003.9174 2003.9186 545

An analysis of the arrangement of the Lys residues covalently modified by HTB
(Lys137, Lys199, Lys205, Lys351, Lys432, Lys541, Lys545, and Lys525) in the tridi-
mensional structure of HSA, revealed that: (i) the vast majority of Lys residues present
in HSA (60) remains unmodified; (ii) only Lys199 is located in an internal pocket of the
protein and (iii) the remaining modified residues are placed in the external part of the
protein. The covalent modification of Lys199 was further studied at atomic detail by

docking and Molecular Dynamics (MD) simulation studies, which is discussed below.
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4.3.3. Computational studies to elucidate the HTB binding mode

It has been reported that Lys199 has an unusually low pKa, of ~8 that favors a neutral
protonation state (nucleophile), allowing its chemical modification by electrophilic rea-
gents, such as trifluoromethyl-substituted aryl halides and sulfonates.?? In addition, di-
verse experimental results and computational studies have identified Lys199 as the key
catalytic residue in the esterase activity of HSA (Figure 4.4A).23%5 Interestingly, all the
external Lys residues modified by HTB have an acidic residue(s) (Glu/Asp) in their local
environments that can act as general base for deprotonation and therefore the generation
of the nucleophile, which justify the experimentally observed covalent modifications of
these external lysine residues, corresponding to non-specific binding of HTB to HSA

(Figures 4.4B-G).
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Figure 4.4. (A) Position of the Lys residues modified by HTB in the three-dimensional struc-
ture of HSA. Two perspectives are shown. The side chains of the external modified Lys resi-
dues (yellow), the internal Lys199 (orange) and the acidic residues constituting the local
environment of the external Lys residues (Glu/Asp, green) are indicated. (B—G) Close view
of the seven modified external Lys residues (Lys137, Lys205, Lys351, Lys541, Lys545,
Lys525 and Lys432) identified by proteomic analysis. Note how for all cases the latter resi-
dues have either Glu or Asp residues in the vicinity to deprotonate them. The position of the

internal lysine residue Lys199 is highlighted with a yellow shadow.
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Reasoning that the selective covalent modification of Lys199 by HTB among all the
internal lysine residues in HSA could be due to binding of the ligand in the identified
pocket of the protein, and in an effort to understand in atomic detail the HTB binding
mode, computational studies were performed. To this end, molecular docking using
GOLD 5.2.2% was carried out using the available protein coordinates of the crystallo-
graphically determined HSA in complex with oxyphenbutazone (PDB code 2BXB).%
This structure was selected considering the results of our previous studies with quinone-
methides generated by photoirradiation.?! These reactive intermediates proved to cause
the covalent modification of Lys195 that is located in the vicinity of Lys199. The pro-
posed binding mode of HTB was further validated by MD simulation studies that were
performed by using the monomer of the HTB@HSA protein complex obtained by dock-
ing in a truncated octahedron of water molecules obtained with the molecular mechanics
force field AMBER.?

The results from the simulation studies showed that the proposed binding for HSA in the
“V-cleft” region obtained by docking was reliable as the HTB@HSA-V-cleft complex
proved to be very stable during 100 ns of simulation (Figure 4.5). Thus, an analysis of
the root-mean-square deviation (rmsd) for the protein backbone (Ca, C, N and O atoms)
calculated for the complex obtained from MD simulation studies (100 ns) revealed aver-

age values of 1.8 A (Figure 4.6).

136



Tesis Oscar Molins Molina Capitulo 4: HTB, metabolite of triflusal

Leu198 ‘
| Ser202
Valdss %
Lys199.

Lys195

Val343
# Arg218

E

10 T 10 7 10

8 8 8

4
2

Distance/A
N ®
e
-
- ——
Distance/A
@
Distance/A

M MU

0 0 | 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time/ns

Time/ns Time/ns

Figure 4.5. Proposed binding mode of HTB (yellow) to HSA protein as obtained by MD
simulation studies. (A) Overall view of the proposed binary HTB@HSA complex. Snapshot
after 88 ns is shown. The side chain of the experimentally modified internal lysine residue is
shown (orange). (B) Detailed view of the HTB@HSA complex. The position of Lys199 and
relevant hydrogen bonds are highlighted with a blue shadow. (C, D, E) Variation of the rela-
tive distance in the HTB@HSA protein complex during 100 ns of simulation between: (C)
the O12 atom (CO2 group) in HTB and the side chain oxygen atom (OG) of Ser202; (D) the
closest fluorine atom (CF3 group) in HTB and the aromatic nitrogen atom (NE1) of Trp214;
and (E) the C13 atom (CF3 group) in HTB and the NZ atom of Lys199. Note how Lys199 is
well located for nucleophilic attack to the CF3 group. Relevant side chain residues are shown
and labelled. Hydrogen bonding interactions are shown as red dashed lines. The position of

Lys199 and relevant hydrogen bonds are highlighted with a blue shadow.
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Figure 4.6. The rmsd plots for the protein backbone (Ca, C, N and O atoms) (up) and ligand
(down) calculated for the binary HTB@HSA complex obtained from MD simulation studies.

In addition, no significant modifications in the position of the ligand were observed dur-
ing the simulation (average 1.6 A). HTB would be anchored to the “V-cleft” pocket of
HSA by two strong hydrogen bonding interactions, specifically, one between the car-

boxylate group in HTB and the side chain of Ser202 and the second one between a fluo-
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rine atoms of CF3z in HTB and the NH group of Trp214 (Figures 5A and 5B). The stabil-
ity of these interactions can be easily visualized by an analysis of the relative distance
between the atoms involved in those interactions as it is shown in Figures 5C and 5D.
Thus, the average distances between the 012 atom (CO group) in HTB and the side
chain oxygen atom (OG) in Ser202 and the closest fluorine atom in HTB and the aro-
matic nitrogen atom (NE1) in Trp214 were 2.9 A and 3.4 A, respectively. In addition, the
aromatic ring of the ligand would be embedded in the apolar pocket involving the side

chains of residues Leu198, Val455, Val344, Val343, Trp214 and Lys195 (carbon chain).

It is worth noting the strong n-stacking interaction between the ligand and the indole ring

of Trp214, which are stacked at a distance of about 4 A during the whole simulation.

Importantly, the results of our computational studies would also explain the covalent
modification of Lys199. Thus, (i) the CF; moiety in HTB would be located in the prox-
imity of e-amino group of Lys199 with an average distance (between N and C atoms) of
5.5 A during the simulation (Figure 5E); and (ii) both the nucleophile and the CF3 group
in HTB would have the appropriate arrangement for the nucleophilic substitution reac-
tion that triggers the amide adduct formation (Figure 5B). Moreover, these results were
also in agreement with the previously reported displacement studies using ibuprofen,
which is a non-steroidal anti-inflammatory drug with high affinity to site 11, pointing to

site | as clearly preferred for binding of HTB.’
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4.4. Conclusions
The active metabolite of triflusal, HTB, undergoes covalent photobinding to HSA. The

amino acids that become modified in the process are eight Lys residues of the protein;
seven of them are external and only one (Lys 199) is located in a binding pocket of HSA.
The mass spectrometric analysis of the adducts is consistent with photonucleophilic at-
tack of the g-amino group of Lys to the trifluoromethyl group of HTB, which is assisted
by the presence of Glu/Asp residues in the neighborhood of the external Lys units. Based
on docking and MD simulation studies, the HTB binding domain to HSA has been iden-
tified in atomic detail, and the covalent modification mechanism triggered upon irradia-
tion can be explained. Thus, HTB is anchored to the “V-cleft” pocket of HSA by two
strong hydrogen bonding interactions with Ser202 and Trp214, with its aromatic ring
embedded in the apolar pocket involving the Leul98, Val455, Val344, Val343, Trp214
and Lys195 residues. Overall, the obtained results explain the covalent modification of
Lys199 and are relevant in connection with the photoallergy observed for triflusal in

clinical studies.

4.5. Experimental

45.1.General.

2-hydroxy-4-trifluoromethylbenzoic acid (HTB), human serum albumin (HSA) were
commercially available. Spectrophotometric, HPLC or reagent grade solvents were used
without further purification. Solutions of phosphate-buffered saline (PBS) (0.01 M, pH

7.4) were prepared by dissolving phosphate-buffered saline tablets in Milli-Q water.
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4.5.2. Fluorescence Experiments.

Spectra were recorded on a JASCO FP-8500 spectrofluorometer system, provided with a
monochromator in the wavelength range of 200—850 nm, at 22 °C. Experiments were
performed on solutions of HTB (5 x 1075 M) in the presence of HSA (at 1:1 HTB/HSA

molar ratio), employing 10 x 10 mm? quartz cells with 4 mL capacity.

4.5.3. Treatment with Guanidinium Chloride and Filtration through Sephadex.
Guanidinium chloride (1.72 mL, 6 M) was added to 3 mL of HTB/HSA in PBS, in order

to cause protein denaturation. The mixture was then filtered through a Sephadex P-10
column. Firstly, 25 mL of pure PBS were eluted; then 2.5 mL of the HTB/HSA mixture
treated with GndClI were also eluted; finally, 3.5 mL of PBS were eluted again. The ab-
sorption and emission of the final sample were then measured. To take into account the
dilution factor, a similar experiment was conducted directly on HSA (in the absence of
HTB). In this way, the ratio between the absorbance value before and after filtration was

obtained, which was employed as correction factor in the experiments.

4.5.4. Protein Digestion and LC-ESI-MS/MS Analysis.

The proteic contents of irradiated samples were enzymatically digested into smaller pep-
tides using trypsin. Subsequently, these peptides were analyzed using nanoscale liquid
chromatography coupled to tandem mass spectrometry (nano LC-MS/MS). Briefly, 20
Kg of sample were taken (according to Qubit quantitation) and the volume was set to 20
pL. Digestion was achieved with sequencing grade trypsin (Promega) according to the

following steps: i) 2 mM DTT in 50 mM NHsHCO3 V = 25 pL, 20 min (60 °C); ii) 5.5
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mM IAM in 50 mM NH4sHCO3 V=30 pL, 30 min (dark); iii) 10 mM DTT in 50 mM
NH:HCO3 V = 60 pL, 30 min; iv) Trypsin (Trypsin: Protein ratio 1:20 w/w) V = 64 L,
overnight 37 °C. Digestion was stopped with 7 uL 10 % TFA (Cf protein ca 0.28
pg/puLl). Next, 5 uL of sample (except the main bands) were loaded onto a trap column
(NanoLC Column, 3u C18-CL, 350 um x 0.5 mm; Eksigent) and desalted with 0.1%
TFA at 3 uL/min during 5 min. The peptides were then loaded onto an analytical column
(LC Column, 3 u C18-CL, 75 um x 12 cm, Nikkyo) equilibrated in 5% acetonitrile 0.1%
formic acid. Elution was carried out with a linear gradient of 5 to 45% B in A for 30 min
(A: 0.1% formic acid; B: acetonitrile, 0.1% formic acid) at a flow rate of 300 puL/min.
Peptides were analyzed in a mass spectrometer nanoESI gQTOF (5600 TripleTOF, AB-
SCIEX). The tripleTOF was operated in information-dependent acquisition mode, in
which a 0.25-s TOF MS scan from 350-1250 m/z was performed, followed by 0.05-s
product ion scans from 100-1500 m/z on the 50 most intense 2-5 charged ions. Pro-
teinPilot v4.5. (ABSciex) search engine default parameters were used to generate peak
list directly from 5600 TripleTOF wiff files. The obtained mgf was used for identifica-
tion with MASCOT (v 4.0, Matrix- Science). Database search was performed on Swis-
sProt database. Searches were done with tryptic specificity allowing one missed cleavage
and a tolerance on the mass measurement of 100 ppm in MS mode and 0.6 Da in MS/MS

mode.
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4.5.5. Docking Studies.
They were carried out using program GOLD 5.2.2 and the protein coordinates found in

the crystal structure of HSA in complex with oxyphenbutazone (PDB code 2BXB). Lig-
and geometries were minimized using the AM1 Hamiltonian as implemented in the pro-
gram Gaussian 09 and used as MOL2 files. Each ligand was docked in 25 independent
genetic algorithm (GA) runs, and for each of these, a maximum number of 100,000 GA
operations were performed on a single population of 50 individuals. Operator weights for
crossover, mutation, and migration in the entry box were used as default parameters (95,
95, and 10, respectively) as well as the hydrogen bonding (4.0 A) and van der Waals (2.5
A) parameters. The position of the side chain of the experimentally observed modified
residue was used to define the active site, and the radius was set to 8 A. All crystallo-
graphic water molecules and the ligands were removed for docking. The “flip ring cor-
ners” flag was switched on, while all the other flags were off. The GOLD scoring func-
tion was used to rank the ligands for fitting.

Molecular Dynamics Simulations Studies.

Ligand Minimization. The ligand geometries of the highest score solution obtained by
docking were minimized using a restricted Hartree—Fock (RHF) method and a 6-31G(d)
basis set, as implemented in the ab initio program Gaussian 09.2° Partial charges were
derived by quantum mechanical calculations using Gaussian 09, as implemented in the
R.E.D. Server (version 3.0),%° according to the RESP3! model. Ligand coordinates ob-

tained by docking were employed as starting point for MD simulations. The missing
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bonded and nonbonded parameters were assigned, by analogy or through interpolation,

from those already present in the AMBER database (GAFF).%?

Generation and Minimization of the Complexes.

Simulations of the HTB@HSA binary complex were carried out using the enzyme ge-
ometries in PDB code 2BXB and the ligand geometries of the highest score solution.
Computation of the protonation state of titratable groups at pH 7.0 was carried out using
the H++ Web server. 3 Addition of hydrogen and molecular mechanics parameters from
the ff14SB3* and GAFF force fields, respectively, were assigned to the protein and the
ligands using the LEaP module of AMBER Tools 17. As a result of this analysis: (i)
His535 was protonated in o position; (ii) His3, His9, His39, His146, His242, His288,
His440, His464, and His510 were protonated in € position; (iii) His67, His105, His128,
His247, His338, and His367 were protonated in & and ¢ positions. The protein was im-
mersed in a truncated octahedron of ~25,000 TIP3P water molecules and neutralized by
addition of sodium ions. The system was minimized in five stages: (a) minimization of
poorly unsolved residues: 12, 33, 41, 51, 56, 60, 73, 81, 82, 84, 94, 95, 97, 111, 114,
174, 186, 190, 205, 209, 225, 227, 240, 250, 275, 276, 277, 297, 301, 313, 317, 321, 359,
390, 402, 436, 439, 444, 466, 513, 519, 524, 532, 536, 538, 541, 545, 550, 551, 560, 562,
564, 565, 574 and 580 (1000 steps, first half using steepest descent and the rest using
conjugate gradient); (b) minimization of the ligand (1000 steps, first half using steepest

descent and the rest using conjugate gradient); (¢) minimization of the solvent and ions
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(5000 steps, first half using steepest descent and the rest using conjugate gradient); (d)
minimization of the side chain residues, waters, and ions (5000 steps, first half using
steepest descent and the rest using conjugate gradient); (e) final minimization of the
whole system (5000 steps, first half using steepest descent, and the rest using conjugate
gradient). A positional restraint force of 50 kcal mol* A2 was applied to not minimized
residues of the protein during the stages a—c and to o carbons during the stage d, respec-

tively.

Simulations.

MD simulations were performed using the pmemd.cuda_SPFP35-3" module from the
AMBER 16 suite of programs. Periodic boundary conditions were applied, and electro-
static interactions were treated using the smooth particle mesh Ewald method (PME)3®
with a grid spacing of 1 A. The cutoff distance for the nonbonded interactions was 9 A.
The SHAKE algorithm?® was applied to all bonds containing hydrogen using a tolerance
of 10°° A and an integration step of 2.0 fs. The minimized system was then heated at 300
K at 1 atm by increasing the temperature from 0 to 300K over 100 ps and by keeping the
system at 300 K another 100 ps. A positional restraint force of 50 kcal mol™* A2 was
applied to all o carbons during the heating stage. Finally, an equilibration of the system
at constant volume (200 ps with positional restraints of 5 kcal mol™* A2 to o alpha car-
bons) and constant pressure (another 100 ps with positional restraints of 5 kcal mol~* A2

to a carbons) was performed. The positional restraints were gradually reduced from 5 to
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1 molt A2 (5 steps, 100 ps each), and the resulting systems were allowed to equilibrate
further (100 ps). Unrestrained MD simulations were carried out for 100 ns. System coor-
dinates were collected every 10 ps for further analysis. The molecular graphics program
PyMOL“° was employed for visualization and depicting ligand/protein structures. The
cpptraj module in AMBER 16 was used to analyze the trajectories and to calculate the

rmsd of the protein during the simulation.*!
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pathway of

2290NLGKVGSRu4s6. For clarity, the amino acid numbering used corresponds to the provided in

PDB structures as the first 24 amino acids are usually not observed.
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Modified peptide and ESI-MS/MS spectra of the fragmentation pathway of
50sKQTALVELVKs3s. For clarity, the amino acid numbering used corresponds to the provid-

ed in PDB structures as the first 24 amino acids are usually not observed.

2 3b4 b5 bﬁ b7 9

x| AL V]E] Ve

Yo Ys Y7 Y6 Y5 Ya Y3 Y2 V1

8 @
L =
— H |
3 2
o - 2
+! bt o
8 i . g = SRy
+ = ! S 3 E fn s o
i ! ETR = N o _
g 1o & g = g
5 IS E I o ISR
= w0 | o A o —
Ij\ n ' ~ - =l [ T o 11 |D
A & TE o2 o2 gl e 0 g
2 5 0 TE = O =4 I =R A ¥
Y oo l | k L -1 | B
| :Il..l.u.l.l.i |J..l.l].|.-. l'”"'"“"'"""'| s illh..l ||I| .||.L| el L : ,
200 400 4] S 1060 1200
4 b b b b b° Y Seq. v yH e y*H _\‘0 ),0++ %
1| 203.1132[147.0602] 276.0866(138.5470 K 10
2| 421.1718]211.0895] 404.1452[202.5763 Q |1000.6037|500.8055]983.5772492.2022[082 5932 [401.8002| 9
3| 522.2105(261.6134] 505.1929]253.1001| 504.2089]252.6081 T | 872.5451436.7762[855.5186|428.2629|254.5346[427.7700| 8
4] 593.2566297.1319] 576.2300|288.6186] 575.24G0|288.1266| A | 771.4973|386.2524|754.4700|377.7391(753.4860[377.2471| 7
5| 706.3406(353.6740] 689.3141(345.1607| 688.3301]|344.6687| L | 700.4604|350.7338]683.4338]342.2205[682.4498[341.7285| 6
6| 805.4090[403.2082] 788.3825|394.6949| 787.3985]|3942029 V | 587.3763|294.1918|570.3497|285.6785|569.3657|285.1863| 5
7| 934.4516|467.7205] 917.4251459.2162| 016.4411]458.7242| E | 488.3079|244.6576|471.2813]236.1443|470.2973[235.6523| 4
8]1047.5357(524.2715[1030.5092515.7582| 10205251515 2662 L | 359.2653[180.1363[342.2387]171.6230 3
9| 1146.6041(573.8057|1129.5776|565.2024] 1 125 5936 564.8004] V | 246.1812123.5942[229.1547|115.0810 P
10 K | 147.1128| 74.0600[130.0863| 65.5468 1

151



Tesis Oscar Molins Molina Capitulo 4: HTB, metabolite of triflusal

Modified peptide and ESI-MS/MS spectra of the fragmentation pathway of s3s6ATKEQLKsas.
For clarity, the amino acid numbering used corresponds to the provided in PDB structures as

the first 24 amino acids are usually not observed.
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5.1. Abstract

Latent electrophiles are nowadays very attractive chemical entities for drug discovery, as
they are unreactive unless activated upon binding with the specific target. In this work,
the utility of 4-trifluoromethyl phenols as precursors of latent electrophiles — quinone
methides (QM) — for lysine-targeting is demonstrated. These Michael acceptors were
photogenerated for specific covalent modification of lysine residues using human serum
albumin (HSA) as a model target. The reactive QM-type intermediates | or 11, generated
upon irradiation  of  4-trifluoromethyl-1-naphthol  (1))@HSA  or  4-(4-
trifluorometylphenyl)phenol (2)@HSA complexes, exhibited chemoselective reactivity
towards lysine residues leading to amide adducts, which was confirmed by proteomic
analysis. For ligand 1, the covalent modification of residues Lys106 and Lys414 (located
in sub-domains 1A and I11A, respectively) was observed, whereas for ligand 2, the modi-
fication of Lys195 (in sub-domain IlA) took place. Docking and molecular dynamics
simulation studies provided an insight into the molecular basis of the selectivity of 1 and
2 for these HSA sub-domains and the covalent modification mechanism. These studies
open the opportunity of performing protein silencing by generating reactive ligands un-
der very mild conditions (irradiation) for specific covalent modification of hidden lysine

residues.
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5.2. Introduction

Small organic molecules can undergo bioactivation in vivo, which affords electrophilic
species able to react with biomacromolecules, leading to covalent adducts that trigger
undesired toxic effects. This was already described in the 30’s for the metabolites of
polycyclic aromatic hydrocarbons, which were found to be highly reactive intermediates
able to attach to liver proteins.! During the 70s, the covalent binding theory of xenobi-
otic-induced liver and lung toxicity emerged, as well as the idea that drug-protein ad-
ducts are potential haptens able to elicit immune-mediated adverse events. Such irre-
versible binding was viewed as a risk factor in drug development, either by the direct
tissue damage or by the immune responses after protein haptenation. However, the last
decade has witnessed the renaissance of targeted covalent inhibition in drug discovery,?
for example in the successful treatment of cancer by covalent epidermal growth factor
receptor (EGFR) inhibitors.® The enormous advantages of irreversible drugs are associ-
ated with their high potency, low dosage, extended duration of action, selectivity and
general applicability.* These features, together with an improved understanding of their
potential risks, have resulted in a remarkable increase of the number of clinical trials,
drug approvals and scientific articles in the area.*

In this context, binding and reactivity are the two key steps involved in “protein silenc-
ing”. The former consists in the reversible association between an inhibitor (a high-
affinity ligand) and its biological target, whereas the latter is the reaction between both

partners to form a covalent adduct. Inhibitors of this type usually contain an electrophilic
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functional group that reacts with a close nucleophile on the target. Their design is highly
challenging because it requires an appropriate combination of affinity, reactivity and
selectivity, to avoid off-target effects. Hence, electrophiles that are unreactive unless
activated upon protein binding (latent electrophiles, LEs) are of particular interest in
drug development. This constitutes an attractive research field, as only few selective and
safe LEs have been reported.®

Strategically, targeted covalent inhibition requires the catalytic action of a protein to
convert a ligand into the corresponding LE within the active site (Scheme 5.1, pathway
A). Although this is now considered as a validated tool for drug discovery, alternative
strategies for addressing this issue would be desirable. One interesting possibility could
be the utilization of light as an external factor to achieve direct formation of LEs from
the bound ligand, without the need for any catalytic process mediated by the protein
(Scheme 5.1, pathway B).

To inactivate proteins through formation of irreversible adducts, alkylations or Michael
additions are among the most frequently employed reactions.*¢ Specifically, quinone
methides (QMs) are good Michael acceptors that can react with the amino acid residues
of proteins (commonly Cys) and other QM intermediates have been found to modify
proteins;® in this context QM have been applied as suitable LEs for the inhibition of
mammalian serine proteases and bacterial serine g-lactamases.” However, the photogen-
eration of QMs® within proteins has been rarely reported, despite the possibility of excit-

ing selectively their precursors under mild conditions. °
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Trifluoromethyl substituted aromatic moieties are present in a number of agrochemi-
cals,’® polymers!! and pharmaceuticals.*? In general, incorporation of a trifluoromethyl
substituent enhances the lipophilicity of active compounds and results in a better incor-
poration into target cells. In comparison with other halogen-containing compounds, tri-
fluoromethyl derivatives are less reactive'®!4 and reluctant to biological degradation?®s.
However, a number of trifluoromethyl aromatics can be converted into carboxylic acid
derivatives in the presence of nucleophiles upon photochemical activation.’® In this re-
gard, the photohydrolysis of trifluoromethyl-substituted phenols and naphthols has been
previously reported to occur through formation of QM intermediates.*’

With this background, we decided to explore the feasibility of the targeted covalent inhi-
bition concept through photochemical generation of LEs and subsequent reaction with
targeted protein nucleophiles. Compared to cysteine residues,*® targeting nucleophilic
lysine residues of the binding-sites appears more challenging and has been less exploit-
ed.® In this context, identification of adducts between 2-hydroxy-4-
trifluoromethylbenzoic acid and the g-amino groups of the lysine residues of ubiquitin
under sunlight exposure has been recently demonstrated by photophysical and proteomic

analysis.?
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Scheme 5.1. Targeted Irreversible Inhibition Approaches
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To check whether photogenerated QMs can be appropriate LEs for lysine-targeting, we

selected 4-trifluoromethyl-1-naphthol (1) and 4-(4-trifluorometylphenyl)phenol (2)
(Chart 5.1) as model compounds. The naphthalene and biphenyl chromophores should be
advantageous for spectroscopic measurements. As regards the model protein, human
serum albumin (HSA) was chosen taking into account its availability and dark binding
capability.?! The obtained results clearly show that formation of ground-state complexes
between ligands and HSA leads ultimately to stable adducts between photogenerated

LEs and lysine residues localized in the binding pockets of HSA.

Chart 5.1. Chemical structures of 1 and 2

OH
D el O-ren
CF,
1 2
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5.3. Results and Discussion

The methodological approach to achieve the proposed objective involved i) characteriza-
tion of the excited states of 1 and 2 in solution, both as the free compounds and in the
presence of proteins, ii) proteomic studies of 1 and 2 irradiated in the presence of HSA,
to detect covalent photobinding to amino acid residues and iii) theoretical calculations, to
understand the binding modes and the formation of adducts. The obtained results are
presented below in separated sections.

5.3.1. Photophysical detection of a complex between trifluoromethylphenols 1 and 2

and HSA

First, the absorption and emission properties of 1 were determined in acetonitrile and in
aqueous media, under neutral and alkaline conditions (pH = 7.4 or pH=12), to ensure
predominance of the phenol or the phenolate anion in the ground state. A summary of the
obtained results is presented in Table 5.1. It was found that the free phenol absorbs at ca.
300 nm and emits at ca. 340 nm, whereas the corresponding bands of the phenolate dis-

played maxima at ca. 340 and 450 nm, respectively.

In the case of 2, the free phenol showed absorption and emission peaking at 270-275 nm
and 350-365 nm, respectively. The corresponding bands of the phenolate were found at
305 and 430 nm. Some representative spectra of 1 and 2 under different conditions are

shown in Figures 5.1-5.3.
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Table 5.1. Photophysical properties of 1 and 2

Compound Medium  (Amax)abs/NM  (Amax)em/NM

1 MeCN 295 342
pH=74 301 446

pH =12 343 447

HSA 327,373 420

2 MeCN 275 348
pH=74 270 364

pH =12 306 430

HSA 315 415
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Figure 5.1. Normalized absorption spectra of 1 (A) and 2 (B) at 0.05 mM in MeCN (e) and

aqueous solutions at pH= 7.4 (e) and pH = 12 (e).

Normalized Fluorescance Inlansily fau

=]

Normalized Fluorescence Intensity / au

[ I". ,-'I
| |II |

i :t\ \

|I f | Y 4

[ | i *,

|/ \\

',.-"l .r"ll \\ ‘__'
‘O 40 4@ 0 S0

& fnm

A4 nm

Figure 5.2. Normalized emission spectra: A: 1 ([1] = 0.05 mM, Aexc = 300 nm, MeCN) in
black; aqueous solutions at pH = 7.4 pH = 12 and 1@2HSA ([1] = 0.1 mM, Aexc 355 nm,
PBS) in blue, magenta and green, respectively. B: 2 ([2] = 0.05 mM, Aexc = 300 nm, MeCN)
in black; aqueous solutions at pH= 7.4 pH = 12 and 2@2HSA ([2] = 0.1 mM, Aexc 325 nm,

PBS) in blue, magenta and green, respectively.
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Figure 5.3. Normalized emission (black) and excitation (red) spectra of 1 (A) and 2 (B) in
MeCN.

When the absorption spectrum of 1 was recorded in PBS, in the presence of HSA, a new
band emerged above 320 nm, which increased with increasing concentrations of protein.
A similar trend was observed for 2 in the presence of HSA, although the new band was
more intense compared to that of 1 (Figures 5.4A,B). In both cases, the new bands were
attributed to a ground-state complex with HSA. Selective excitation of the complexes led
to new emission bands centered at A = 420 nm (1) or A = 415 nm (2), which again in-
creased with increasing concentrations of protein (Figure 5.4C,D) and were different
from those previously ascribed to the corresponding phenol or phenolate (Figure

5.5A,B); they were attributed to emission from the above mentioned HSA complexes.
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Figure 5.4. Absorption and emission spectra of 1 and 2 in PBS in the presence of different

amounts of HSA. A: Absorption spectra of 1 (0.05 mM). B: Absorption spectra of 2 (0.05

mM). C: Emission spectra of 1 (Aexc = 355 nm, 0.1 mM, PBS, air); D: Emission spectra of 2

(Aexc = 325 nm, 0.1 mM,

PBS, air).
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Figure 5.5. Emission (large) and absorption (inset) spectra, recorded in PBS (red) and in the
presence of 2 equivalents of HSA (blue) for 1 (A) and 2 (B), respectively; dexc Was 355 nm
for 1 and 324 nm for 2. (C): Normalized transient absorption spectra obtained for 1 (orange)
and 2 (black) in PBS in the presence of 5 equivalents of HSA, upon laser excitation at 355
nm. In all measurements, [1] = 0.05 mM, [2] = 0.05 mM.

Control experiments, consisting on excitation of HSA alone, indicated the absence of

emission arising from the protein under the experimental conditions (Figure 5.6).
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Figure 5.6. Emission spectra of HSA alone (Aexc = 340 nm), 1@HSA (kexc = 355 nm) and
2@HSA (hexc = 324 nm). Conditons: ([1] and [2] = 0.1 mM; [HSA] = 0.2 mM, PBS, air).

The stoichiometry of the 1@HSA and 2@HSA complexes was determined as 2:1 and

1:1, respectively, by means of Job plot analysis (Figure 5.7).22
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Figure 5.7. Emission Job plot for L@HSA (A) and 2@HSA (B).

176



Tesis Oscar Molins Molina Capitulo 5: Latent electrophiles

To evidence formation of 1@HSA and 2@HSA complexes, difference spectra, i. e.
[L@HSA]-[1+HSA], were obtained upon variations of ligand/protein molar ratios (Fig-
ures 5.8A, B). To calculate the binding constants, the Benesi-Hildebrand procedure?® (eq.

1, Figures 5.8C, D) was employed.

i da
[Ligand] 1 + 1

= Eg.1
AbScomplex Kcomplex >([HSA]><Ecomplex E€complex

where Abscomplex IS the maximum absorbance of complexes (at 373 nm for 1 and 315 nm
for 2) at different HSA concentrations and ecomplex iS the molar absorption coefficient.
The hhg-affinity Kcompiex Values, determined from the slope, are 2.4 x 10° M and 2.8 x
10* M2, for 1 and 2, respectively. These results are consistent with data previously re-
ported for similar compounds such as naphthol and hydroxybiphenyl.?*

Laser flash photolysis of the 1@HSA and 2@HSA complexes was also performed upon
excitation at 355 nm. In both cases, the resulting transient absorption spectra (Figure
5.5C) were tentatively ascribed to the expected quinone methides | and Il (Chart II),
based on the existing data on related compounds. Their lifetimes were 0.5 and 8.0 ps,

respectively.8"i
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Figure 5.8. Difference UV spectra of A: [I@HSA]-[1+HSA] and B: [2@HSA]-[2+HSA] in
PBS and B at the longer wavelength region. Benesi-Hildebrand plot of C 1 and D 2; experi-

mental errors were lower than 5% of the obtained values.

5.3.2. Photobinding of 1 and 2 to HSA

Irradiation of 1 and 2 in aqueous media (Amax = 300 nm) led to the corresponding car-
boxylic acids, in agreement with the previously reported result for similar substrates. The
accepted mechanism involves deprotonation in the singlet excited state, followed by

heterolytic C-F bond cleavage to afford a QM-type intermediate (I or 11, Chart 5.2).Y7
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Chart 5.2. Chemical structures of the QM intermediates | and 11 together with the Lys trap-

ping products

o OH
CF,

_C
o \‘\r(rNH(Lys)
1

(o]
NH(Lys)

I

Photolysis of 1@HSA and 2@HSA was performed for detecting the possible formation
of covalent photoadducts ([ligand] = 5 x 107°M; ligand:protein 1:5 molar ratio, air/PBS,
Amax irr. = 300 nm). The photodegradation process was monitored by fluorescence spec-

troscopy (Figure 5.10).
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Figure 5.10. Fluorescence spectra at increasing irradiation times ([ligand] = 0.025 mM, lig-
and/protein 1:5 molar ratio, Amax. ir. = 300 Nm) of A: T@HSA (Aexc fivo = 340 nm) B: 2@HSA
(exc fluo = 308 nm): C: Photodegradation of 1 and 2, from the fluorescence measurements.

Then, trypsin digestion (to cleave peptide chains mainly at the carboxyl side of Lys or
Arg residues, unless there is a neighboring Pro residue) was run, coupled with HPLC-
MS/MS analysis. Full-scan and fragmentation data files were treated by using the Mas-

cotS database search engine, in order to find out which (if any) of the Lys residues locat-
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ed inside the hydrophobic binding sites of the protein became covalently modified by
nucleophilic trapping of intermediates I or 11 (Chart 5.2).

In the case of 1, an increment of ca. 170 amu was observed in peptides
9NECFLQHKDDNPNLPRi114 (Mr exp. = 2165.9548, Mr calc. 2165.9589) and
414KVPQVSTPTLVEVSR4s (Mr exp. = 1808.9629, Mr calc. = 1808.9673). The
MS/MS analysis revealed modification of Lys106 (in subdomain IA). The MS/MS frag-
ment ions showed an unmodified y ion series from y, to ys, whereas an increment of m/z
298 amu was detected at Lys106 between ys and yo corresponding to C11H7O02—Lys(—
H20). Besides, Lys414 (in sub-domain I11A) was also modified, with a Lys106:Lys 414
ratio of ca. 85. A suggested reaction mechanism is outlined in Scheme 5.2. A similar
analysis for 2 showed an increment of 196 amu in 191ASSAKQR197 (Mr exp = 942.4536,
Mr calc. = 942.4559) with covalent binding at Lys195 (located in sub-domain I1A). In
this case, the MS/MS fragment ions showed an unmodified y ion series from ys to s,
while an increment of m/z 324 amu was detected at Lys195 between y, and ys corre-
sponding to Ci3HyO2—Lys(—H20). Details of the ESI-MS/MS spectra and fragmentation
patterns are shown in Figure 5.11 and Figures in Section 5.6 in the Supplementary Mate-

rial.
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1 MKWVTFEISLL  FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA
51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT
101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA
151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA
201 CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV ARLSQRFPKA
251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK
301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF
351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE
401 FKPLVEEPQN LIKQNCELFE QLGEYKFQNA LLVRYTKKVP QVSTPTLVEV
451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC
501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ
551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV
601 AASQAALGL

1 MKWVTFISLL  FLESSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA
51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT
101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA
151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA
201 CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV ARLSQRFPKA
251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK
301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF
351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE
401 FKPLVEEPQN LIKQONCELFE QLGEYKFQNA LLVRYTKKVP QVSTPTLVEV
451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC
501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ
551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV
601 AASQAALGL

Figure 5.11. Amino acid sequence obtained after irradiation of 1@HSA (top) and 2@HSA
(bottom), with the non-matched amino acids in blue. The modified peptides and the altered

amino acid residues are shown in red and violet, respectively.
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Scheme 5.2. Proposed covalent modification mechanism for 1.
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5.3.3. Docking and Molecular Dynamics Simulations Studies
In an effort to understand in atomic detail the covalent modification mechanism as well
as to gain insight into the molecular basis of the observed selectivities, docking and Mo-

lecular Dynamics (MD) simulation studies were carried out.

Binding of 1 to HSA and covalent addition to sub-domains 1A and I11A-

The binding modes of ligand 1 in sub-domains IA and 1A of HSA were first studied by
molecular docking using the program GOLD? version 5.2 and the available protein co-
ordinates of the crystallographically determined HSA in complex with iophenoxic acid
(PDB code 2YDF).% This structure was chosen because two of the four molecules ob-
served are located close to Lys414. The positions of these molecules in sub-domain 1A
and of the e-amino group of Lys106 in sub-domain IA were used to define the recogni-
tion site, and the radius was set to 8 A. The highest score solutions obtained by docking

were further analyzed by MD simulation studies in order to assess the stability and there-
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fore the reliability of the postulated binding. The monomer of the 1@HSA-IA and
1@HSA-IIIA protein complexes in a truncated octahedron of water molecules obtained
with the molecular mechanics force field AMBER?” was employed. The binding mode of
the intermediate | was also studied by manual replacement of the ligand 1 with I in the
binary 1@HSA-IA and 1@HSA-IIIA complexes, which was then subjected to 60 ns of
dynamic simulation. Moreover, as for compound 1 the experimentally observed stoichi-
ometry ligand vs HSA was 2:1, the ternary 1+1@HSA complex was also considered.
These studies revealed sub-domain IA as the main binding pocket of 1, which will be

discussed below.

€)) Binary 1@HSA-IA complex. The results from the dynamic simulation of the
1@HSA-IA complex showed that the proposed binding for 1 in sub-domain IA obtained
by docking was reliable as this complex proved to be very stable (Figure 5.12). Analysis
of the root-mean-square deviation (rmsd) for the whole protein backbone (C,, C, N and
O atoms) calculated in the complex obtained from MD simulations studies revealed that
it varies between 1.0-3.0 A (average of 1.6 A) and is relatively low for sub-domain IA

(0.9-1.3 A and an average of 0.9 A) (Figure 5.13).
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Figure 5.12. Proposed binding mode of 1 (yellow) and the intermediate | (green) in sub-
domain IA as obtained by MD simulation studies. (A) Overall view of the proposed binary
1@HSA-IA complex. Snapshot after 60 ns is shown. (B) Detailed view of the 1@HSA-IA
complex. (C) Variation of the relative distance between the C19 (CF3 group) and the O atom
of 1 and the NZ atom of Lys106, the O atom of Tyr148 and the NE2 atom of GIn196, respec-
tively, in the 1@HSA-IA protein complex during 60 ns of simulation. (D) Detailed view of
the binary I@HSA-IA complex. Snapshot after 30 ns is shown. (E) Variation of the relative
distance between the C19 (CF2 group) in | and the NZ atom of Lys106 and O17 atom (car-
bonyl group) in | and NH group of Alal51 in the I@QHSA-IA protein complex during the
whole simulation. Relevant side chain residues are shown and labelled. Lys106 and Asp108
are shown in orange and yellow, respectively. Hydrogen bonding interactions are shown as
red dashed lines. Note how for both complexes the lysine residue that is covalently modified
(Lys106) is located very close to the fluoromethide moiety and the phenol group in 1 and the

ketone group in | would be anchored in the pocket by strong hydrogen bonding interactions.
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Figure 5.13. RMSD plots for the protein backbone (Ca, C, N, and O atoms), sub-domains
IA, IB, II1A and HIB in the: (A) binary 1@HSA-IA complex; (B) I@HSA-IA adduct; (C)
binary 1@HSA-I1IA complex; and (D) tertiary 1+1@HSA complex; obtained from MD sim-
ulations studies.

Ligand 1 would be anchored to sub-domain IA of HSA via two hydrogen bonding inter-

actions involving the phenol group and the main carbonyl group of Tyr148 and the am-

ide side chain of GIn196 (Figures 5.12A, B). Analysis of the variation of the relative
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distance between the atoms involved in the aforementioned hydrogen bonding interac-
tions during the whole simulation revealed that 1 is well fixed in this pocket and its con-
formation properly controlled by these residues (Figure 5.12C). The CF3; moiety would
be also located in the proximity of e-amino group of Lys106 with an average distance of
5.3 A during the simulation. In addition, ligand 1 would stablish numerous apolar inter-
actions within the pocket, mainly involving the side chain of residues Leul03, Alal51,

Leu250, Gly248, Cys246, Cys200 and the carbon side chain of GIn29.

(b) Binary I@HSA-IA complex. As it is shown in Figure 5.12D, the results of our
computational studies revealed that the intermediate 1 would be anchored to sub-domain
IA of HSA via hydrogen bonding interaction with the main NH group of Alal51. The
analysis of the relative distance between the C19 atom (CF group) in | and the NZ atom
of Lys106 and O17 atom (carbonyl group) in I and NH group of Alal51 during the simu-
lation revealed that this contact is present during 92% of the simulation with an average
distance of 3.0 A (Figure 5.12E). Furthermore, the difluoromethide moiety in 1 would be
located closer to the e-amino group of Lys106 (average distance of 4.8 A) than in the
1@HSA-IA complex (Figures 5.12C vs 5.12E). This proposed arrangement of the inter-
mediate | adequately explains the experimentally observed modification of Lys106.

Once the intermediate | is generated by irradiation of the 1@HSA protein complex, co-
valent attachment would probably occur by nucleophilic attack of Lys106, which would
be triggered by Asp108 acting as the general base and through the generation of the tyro-

sinate form of Tyr148 (Figure 5.12D). Thus, during 90% of the simulation a water mole-
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cule from the bulk solvent remained fixed between the side chain of Asp108 and Tyr148,
with one of its protons engaged in a hydrogen bond with a carboxylate oxygen of
Asp108 and one of its oxygen’s lone pairs accepting a hydrogen bond from the oxygen
atom of Tyr148. Under this arrangement, the tyrosinate could be generated and be the
general base for the deprotonation of Lys106 (nucleophile). The average distance be-
tween the NZ atom of Lys106 and the O atom of Tyr148, the O atom of Tyr148 and the
O atom of the water molecule and the closest OD1/OD2 atoms (carboxyl group) of
Asp108 and the O atom of the water molecule during the whole simulation is 5.50 A,
2.85 A and 2.73 A, respectively (Figure 5.14). The generation of catalytic tyrosinates in
proteins by neighbor aspartate residues, either involving or not a water molecule, has

previously been reported.?
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Figure 5.14. Variation of the relative distance between: (i) the NZ atom of Lys106 and the O
atom of Tyr148; (ii) the O atom of Tyr148 and the O atom of the water molecule; and (iii) the
closest OD1/0D2 atoms (carboxyl group) of Asp108 and the O atom of the water molecule;
in the binary I@HSA-IA protein complex during the whole simulation.

(© Binary 1@HSA-II1A complex. In general, the computational studies carried out
with the binary complex 1@HSA-IIIA reveal that in contrast to the binary complex
1@HSA-IA in which the CFs group of the ligand is located close to the lysine that is
modified, Lys106, the latter group would be placed further away from Lys414 (Figure
15). In particular, the average distance between the NZ atom of Lys414 and the C19

atom (CF3 group) is of 9.0 A during the 60 ns of simulation (Figure 5.15C, brown line).
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Moreover, the ligand would be located in this pocket due to a strong hydrogen bonding
with the main carbonyl group of Leu430 (average distance of 5.6 A, Figure 5.15C, yel-
low line) as well as diverse apolar interactions with the side chain of residues Leu407,
Val433, Leud53, Alad49, 11e388, Leu387 and Phe403, and the carbon chain of Asn391
(Figure 15B). Remarkably, the overall binding stability of ligand 1 in sub-domain 1A
seems to be lower than in sub-domain IA in view of the greater mobility of the ligand in
the pocket. This is because the binding pocket of the sub-domain IA is smaller and the
polar interactions with the protein are stronger. These findings also revealed that the
primary binding pocket of ligand 1 would be sub-domain IA. In this case, residue
Glu492, which is located close by Lys414, would act as the general base for the deproto-
nation of the lysine residue that undergoes covalent modification. The average distance
between the NZ atom of Lys414 and the closest OE1/OE2 atoms (carboxylate group) of

Glu492 is 4.66 A during the whole simulation (Figure 5.16).
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Figure 5.15. Proposed binding mode of 1 in binary 1@HSA-IIIA and ternary 1+1@HSA
complexes as obtained by MD simulation studies. (A) Overall view of the proposed binary
1@HSA-111A complex. Snapshot after 50 ns is shown. (B) Detailed view of the 1@HSA-I11A
complex. (C) Variation of the relative distance between the C19 (CF3 group) and O atom of
1 and the NZ atom of Lys414 and the O atom of Leu430, respectively, in the 1@HSA-I1IA
protein complex during 60 ns of simulation. (D) Overall view of the proposed ternary
1+1@HSA complex. Snapshot after 20 ns is shown. (E) Variation of the relative distance
between the C19 (CF3 group) of 1 and the NZ atom of Lys106 and Lys414 in the 1@HSA-
1A and 1+1@HSA complexes, respectively, during 60 ns of simulation. Relevant side chain
residues are shown and labelled. Lys414 and Glu492 are shown in orange and yellow, respec-
tively. Hydrogen bonding interactions are shown as red dashed lines. Note how Lys414 is
located closer to the CF3 group in 1 in the ternary 1+1@HSA complex than in the binary

one.
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Figure 5.16. Variation of the relative distance between the NZ atom of Lys414 and the clos-
est OE1/OE2 atoms (carboxyl group) of Glu492 in the 1T@HSA-IIIA protein complex during
the whole simulation.

(d) Ternary 1+1@HSA complex. The experimentally observed 2:1 complex was
also studied (Figure 5.15D). In general, no significant differences were observed in the
binding of 1 to sub-domain IA in the ternary and binary complexes, locating in both
cases the CFs group of 1 in close contact to the e-amino group of Lys106 (average dis-
tance of 5.1 A vs 5.3 A, respectively) (Figures 5.15E vs 5.12C, black lines). More im-
portantly, the presence of 1 in this pocket would significantly reduce the distance be-
tween the e-amino group of Lys414 and the CF3z group in 1 for covalent modification.

These findings also reveal that: (1) sub-domain IA would be the primary binding pocket
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of 1, and (2) this last binding would have a positive cooperative effect that would favor
the binding to sub-domain I11A.

The analysis of the rmsd for the whole protein backbone (C,, C, N and O atoms) and the
sub-domains 1A and HIA calculated in the ternary 1+1@HSA complex also corroborate
the increased stability of these protein pockets (Figure 5.13D). The computational results
explain the abovementioned photophysical and proteomic experimental results. Moreo-
ver, the MD simulation studies carried out with the corresponding ternary adducts re-
vealed that the intermediate | would be rapidly trapped, in particular by Lys414 as its

mobility in this pocket is very significant.

Binding of 2 to HSA and covalent addition to sub-domain I1A

As for ligand 1, the binding mode of ligand 2 in sub-domain 1A of HSA was first stud-
ied by molecular docking using the protein coordinates found in the crystal structure of
HSA in complex with oxyphenbutazone (PDB code 2BXB??). The ligand in this struc-
ture is located close to the experimentally observed modified Lys195 residue. It is im-
portant to highlight that an analysis of the residues surrounding Lys195 revealed that this
residue is located nearby another lysine residue, Lys199, whose modification was not
observed (Figure 5.17). Considering that when two lysine residues are located very close
in space, usually only one of them is protonated at physiological pH, simulation studies

with the two possible protonation states of both lysine residues were performed.
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Figure 5.17. Proposed binding mode of the ligand 2 (violet) and the intermediate Il (green)
in sub-domain I1A as obtained by MD simulation studies. (A) Overall view of the proposed
binary 2@HSA-I1A complex. Snapshot after 60 ns is shown. (B) Detailed view of the binary
2@HSA-IIA complex. (C) Variation of the relative distance between the C23 atom (CF2
group) and the NZ atom of Lys195 in the I@HSA-IIA protein complex during 60 ns of sim-
ulation. (D) Detailed view of the I@HSA-IIA adduct. Snapshot after 20 ns is shown. Note
how Lys195 is well located for nucleophilic attack. Relevant side chain residues are shown
and labelled. Hydrogen bonding interactions of the intermediate 11 are shown as red dashed
lines.
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The best results were obtained considering neutral Lys195 (hucleophile) and protonated
Lys199, which would be also in agreement with the experimental results. Furthermore,
although the obtained binding mode reveals that both residues are close in distance to the
CF3 group in 2, the arrangement of the side chain of Lys199 observed during 60 ns of
simulation revealed to be geometrically inappropriate for nucleophilic attack once the
intermediate 11 would be gen generated (Figures 5.17B and 5.17D). The e-amino group
in Lys199 is predicted to be parallel to the ligand during the whole simulation rather than
facing to the difluoromethide group in Il for chemical modification. The binary
2@HSA-IIA complex probed to be very stable, confirming the reliability of the proposed
binding (Figure 5.18). Unlike ligand 1, direct polar contacts between ligand 2 and the
residues within the pocket were not identified. In this case, the polar interactions of the
phenol moiety in 2, which fixes this ligand in the pocket, would be mediated by water
molecules (not shown). Moreover, ligand 2 would be embedded in a large apolar pocket
involving residues Val343, Val344, Val482, Leu347, Leu481, Val455, Leul98, Phe206,
Phe211, Ala210, Trp214 and the carbon side chain of Asp451 and Ser202.

The intermediate 11 generated by irradiation of the 2@HSA-IIA protein complex would
have a similar binding mode as ligand 2 (Figure 5.17D). As for 2, no direct polar con-
tacts between Il and the protein were observed. Instead, the ketone group in Il would
interact with the side chain of Ser202 and Arg209 through water molecules. Under this
arrangement, the e-amino group of Lys195 is well located for nucleophilic attack to the

difluoromethide moiety in I1. Thus, the analysis of the variation of the relative distance
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between the C23 atom (CF; group) and the NZ atom of Lys195 in the IH@HSA-IIA

protein adduct during 60 ns of simulation revealed an average distance of 5.7 A (Figure

5.17C).
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Figure 5.18. RMSD plots for the protein backbone (Ca, C, N, and O atoms), sub-domains
1A and 1IB in the binary 2@HSA-I1A complex (A) and the 2@HSA-IA adduct (B) obtained

from MD simulations studies.

5.4. Conclusions

The combined experimental and theoretical results suggest that quinone methides photo-
generated from trifluoromethylphenols can be appropriate latent electrophiles to achieve
selective lysine targeting. Thus, 1 and 2 form ground-state complexes with HSA, charac-
terized by a long-wavelength absorption band with maxima at ca. 320 nm, which allows
their selective excitation, resulting in a well-defined emission appearing at ca. 420 nm.
Photolysis of the complexes produces a covalently modified protein, whose proteomic

analysis reveals selective targeting of Lys 106 and, to a lesser extent, Lys 414, in the
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case of ligand 1; by contrast, Lys 195 becomes selectively modified upon irradiation of
ligand 2 within HSA. The results of our MD simulation studies revealed that not only the
ligands but also the photogenerated intermediates form stable complexes with the identi-
fied pockets of HSA, which would explain the selective modification of the internal
lysine residues, Lys106, Lys414, and Lys195. The computational studies performed with
the binary 1@HSA-IA and 1@HSA-IIIA and ternary 1+1@HSA complexes reveal sub-
domain IA as the main binding pocket of 1. Ligand 1 would be anchored to this pocket
via two hydrogen bonding interactions involving the phenol group and the main carbonyl
group of Tyrl148 and the amide side chain of GIn19. After irradiation, the photogenerated
intermediate |1 would be fixed to this pocket via hydrogen bonding interaction with the
main NH group of Alal51 allowing the difluoromethide moiety in I to be located close
to the e-amino group of Lys106 for nucleophilic attack. In addition, binding to sub-
domain IA would have a positive cooperative effect that would favor the binding to sub-
domain IlIA. This is in agreement with the experimentally observed modification of
Lys106 and Lys414 residues in a ratio of ca. 85:1, respectively. On the other hand, the
intermediate 11 photogenerated from ligand 2 would bind to sub-domain 1A via polar
contacts with the side chain of Ser202 and Arg209 mediated by water molecules. Under
this arrangement, the e-amino group of Lys195 would be well located for nucleophilic

attack to the difluoromethide moiety in I1.
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5.5. Experimental

5.5.1. General

Human serum albumin and 4’-hydroxy-4-biphenylcarboxylic acid were commercially
available. Spectrophotometric, HPLC or reagent grade solvents were used without fur-
ther purification. Buffered saline solutions at pH 7.4 and pH 12 were prepared by dis-
solving commercially available tablets in deionized water. Ligands 4-trifluoromethyl-1-
naphthol (1) and 4-(4-trifluorometylphenyl)phenol (2), were synthesized following pre-

viously reported procedures.°

5.5.2. Absorption and emission measurements

Optical spectra at different media were recorded on a JASCO V-630 spectrophotometer.
Steady-state emission and excitation spectra were recorded on a JASCO FP-8500 spec-
trofluorometer system, provided with a monochromator in the wavelength range of 200-
850 nm, at 22°C. Time-resolved fluorescence measurements were performed with an
EasyLife V spectrometer from OBB (Palaiseau, France), equipped with a pulsed LED
(Rexc 295 nm) as excitation source. The Kinetic traces were fitted by one monoexponen-
tial decay function, using a deconvolution procedure to separate them from the lamp
pulse profile. Experiments were performed on solutions of known concentration in dif-

ferent media, employing 10 x 10 mm? quartz cells with 4 mL capacity.
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5.5.3. Laser flash photolysis measurements

Experiments were carried out with a pulsed Nd:YAG Laser system with 355 nm as exci-
tation wavelength, 0.6 cm as beam diameter and a pulse duration of 10 ns. The energy
was set at 15 mJ/pulse. The apparatus consisted of the pulsed laser, a xenon lamp, a
monochromator, and a photomultiplier. Samples of 1 and 2 in the presence of 5 equiva-
lents of HSA were placed in 10 mm x 10 mm quartz cells. The absorbance of the com-
plexes at the excitation wavelength was kept at 0.25. Experiments were performed at

22°C.

5.5.4. Steady-state photolysis experiments

Irradiations of 1 or 2 (5 x 1073 M) were performed in PBS in the presence or absence of
HSA (ligand/protein 1:5 molar ratio) in a multilamp photoreactor containing low pres-
sure mercury lamps (14 x 8 W), with emission maximum at A= 300 nm, through Pyrex.
The course of the process was followed by monitoring the changes in the fluorescence

spectra of the reaction mixtures at increasing times.

5.5.5. Protein Digestion and LC-ESI-MS/MS Analysis

Human serum albumin (HSA) was enzymatically digested into smaller peptides using
trypsin. Subsequently, these peptides were analyzed using nanoscale liquid chromatog-
raphy coupled to tandem mass spectrometry (nano LC-MS/MS). Briefly, 20 pug of sam-
ple were taken (according to Qubit quantitation) and the volume was set to 20 pL. Diges-

tion was achieved with sequencing grade trypsin (Promega) according to the following
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steps: i) 2mM DTT in 50 mM NH4HCO3 V = 25 pL, 20 min (60 °C); ii) 5.5 mM IAM in
50 mM NH;HCO3; V=30 pL, 30 min (dark); iii) 10 mM DTT in 50 mM NHsHCO; V =
60 pL, 30 min; iv) Trypsin (Trypsin: Protein ratio 1:20 w/w) V = 64 pL, overnight 37
°C. Digestion was stopped with 7 uL 10% TFA (Cf protein ca 0.28 pg/puL). Next, 5 uL
of sample (except the main bands) were loaded onto a trap column (NanoLC Column, 3u
C18-CL, 350 um x 0.5 mm; Eksigent) and desalted with 0.1% TFA at 3 uL/min during 5
min. The peptides were then loaded onto an analytical column (LC Column, 3 p C18-
CL, 75 um x 12 cm, Nikkyo) equilibrated in 5% acetonitrile 0.1% formic acid. Elution
was carried out with a linear gradient of 5 to 45% B in A for 30 min (A: 0.1% formic
acid; B: acetonitrile, 0.1% formic acid) at a flow rate of 300 uL/min. Peptides were ana-
lyzed in a mass spectrometer nanoESI qQTOF (5600 TripleTOF, ABSCIEX). The tri-
pleTOF was operated in information-dependent acquisition mode, in which a 0.25-s TOF
MS scan from 350-1250 m/z was performed, followed by 0.05-s product ion scans from
100-1500 m/z on the 50 most intense 2-5 charged ions. ProteinPilot v4.5. (ABSciex)
search engine default parameters were used to generate peak list directly from 5600 Tri-
pleTOF wiff files. The obtained mgf was used for identification with MASCOT (v 4.0,
Matrix- Science). Database search was performed on SwissProt database. Searches were
done with tryptic specificity allowing one missed cleavage and a tolerance on the mass

measurement of 100 ppm in MS mode and 0.6 Da in MS/MS mode.
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5.5.6. Docking studies
They were carried out using program GOLD 5.2.2%3 and the protein coordinates found in

the crystal structure of HSA in complex with: (a) oxyphenbutazone (PDB code 2BXB?°)
for 2 and iophenoxic acid (PDB code 2YDF?*) for 1. These structures were selected
since the observed ligands are located in the same region where the lysine residues cova-
lently modified by 1 and 2 were observed. Ligand geometries were minimized using the
AM1 Hamiltonian as implemented in the program Gaussian 09% and used as MOL2
files. Each ligand was docked in 25 independent genetic algorithm (GA) runs, and for
each of these a maximum number of 100000 GA operations were performed on a single
population of 50 individuals. Operator weights for crossover, mutation and migration in
the entry box were used as default parameters (95, 95, and 10, respectively), as well as
the hydrogen bonding (4.0 A) and van der Waals (2.5 A) parameters. The position of the
side chain of the experimentally observed modified residue was used to define the ac-
tive-site and the radius was set to 8 A. All crystallographic water molecules and the lig-
ands were removed for docking. The “flip ring corners” flag was switched on, while all
the other flags were off. The GOLD scoring function was used to rank the ligands in

order to fitness.

5.5.7. Molecular dynamic simulations
(a) Ligand minimization. The ligand geometries of the highest score solution obtained by
docking were minimized using a restricted Hartree—Fock (RHF) method and a 6-31G(d)

basis set, as implemented in the ab initio program Gaussian 09. Partial charges were
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derived by guantum mechanical calculations using Gaussian 09, as implemented in the
R.E.D. Server (version 3.0),%? according to the RESP** model. Ligand coordinates ob-
tained by docking were employed as starting point for MD simulations. The missing
bonded and non-bonded parameters were assigned, by analogy or through interpolation,

from those already present in the AMBER?®* database (GAFF).

(b) Generation and minimization of the complexes. Simulations of the HSA/2 and HSA/1
binary complexes were carried out using the enzyme geometries in PDB codes 2BXB
and 2YDF, respectively. Computation of the protonation state of titratable groups at pH
7.0 was carried out using the H** Web server.3® Addition of hydrogen and molecular
mechanics parameters from the ff14SB®” and GAFF force fields, respectively, were as-
signed to the protein and the ligands using the LEaP module of AMBER Tools 15.2° As a
result of this analysis: (i) His535 was protonated in & position; (ii) His3, His9, His39,
His146, His242, His288, His440, His464 and His510 were protonated in e position; (iii)
His67, His105, His128, His247, His338 and His367 were protonated in & and ¢ positions.
The protein was immersed in a truncated octahedron of ~25000 TIP3P water molecules
and neutralized by addition of sodium ions. The system was minimized in five stages: (a)
minimization of poorly unsolved residues: (i) for PDB 2BXB: 12, 33, 41, 51, 56, 60, 73,
81, 82, 84, 94, 95, 97, 111, 114, 174, 186, 190, 205, 209, 225, 227, 240, 250, 275, 276
277,297, 301, 313, 317, 321, 359, 390, 402, 436, 439, 444, 466, 513, 519, 524, 532, 536,
538, 541, 545, 550, 551, 560, 562, 564, 565, 574 and 580; and (ii) for PDB 2YDF: 12,

16, 31, 33, 41, 48, 56, 60, 64, 69, 77, 81, 82, 84, 93, 94, 95, 97, 98, 104, 109, 114, 115,
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119, 121, 132, 136, 137, 141, 159, 160, 162, 167, 174, 178, 186, 190, 195, 205, 262, 269,
276, 277, 280, 301, 302, 305, 313, 314, 317, 351, 359, 365, 372, 376, 389, 390, 397, 402,
425 432, 436, 439, 444, 459, 466, 500, 502, 503, 505, 507, 509, 510, 512, 513, 516, 520,
524, 525, 536, 541, 543, 545, 548, 549, 550, 551, 554, 560, 562, 563, 564, 565, 568, 570,
571, 573, 574, 575, 580 and 582 (1000 steps, first half using steepest descent and the rest
using conjugate gradient); (b) minimization of the ligand (1000 steps, first half using
steepest descent and the rest using conjugate gradient); (c) minimization of the solvent
and ions (5000 steps, first half using steepest descent and the rest using conjugate gradi-
ent); (d) minimization of the side chain residues, waters and ions (5000 steps, first half
using steepest descent and the rest using conjugate gradient); (e) final minimization of
the whole system (5000 steps, first half using steepest descent and the rest using conju-
gate gradient). A positional restraint force of 50 kcal mol* A2 was applied to not mini-
mized residues of the protein during the stages a-c and to o carbons during the stage d,

respectively.

(c) Simulations. MD simulations were performed using the pmemd.cuda_SPFP%*-40 mod-
ule from the AMBER 14 suite of programs. Periodic boundary conditions were applied
and electrostatic interactions were treated using the smooth particle mesh Ewald method
(PME)* with a grid spacing of 1 A. The cutoff distance for the non-bonded interactions
was 9 A. The SHAKE algorithm*? was applied to all bonds containing hydrogen using a
tolerance of 10° A and an integration step of 2.0 fs. The minimized system was then

heated at 300 K at 1 atm by increasing the temperature from 0 K to 300 K over 100 ps
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and by keeping the system at 300 K another 100 ps. A positional restraint force of 50
kcal molt A2 was applied to all o carbons during the heating stage. Finally, an equili-
bration of the system at constant volume (200 ps with positional restraints of 5 kcal mol~
1 A2 to a alpha carbons) and constant pressure (another 100 ps with positional restraints
of 5 kcal mol* A2 to a alpha carbons) were performed. The positional restraints were
gradually reduced from 5 to 1 mol* A2 (5 steps, 100 ps each), and the resulting systems
were allowed to equilibrate further (100 ps). Unrestrained MD simulations were carried
out for 100 ns. System coordinates were collected every 10 ps for further analysis. The
molecular graphics program PyMOL“* was employed for visualization and depicting
ligand/protein structures. The cpptraj module in AMBER 14 was used to analyse the
trajectories and to calculate the root-mean-square deviations (rmsd) of the protein during

the simulation.#
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5.6. Supplementary Material
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Modified peptide and ESI-MS/MS spectra fragmentation pathway of 191ASSAKQR1g7. For

clarity, the amino acid numbering used corresponds to the provided in PDB structures as the

first 24 amino acids are usually not observed.
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De la presente tesis doctoral que evalta la unidn irreversible de ligandos a albiminas

séricas se pueden extraer las siguientes conclusiones:

1)

2)

3)

4)

Se ha empleado una estrategia multidisciplinar que ha proporcionado informa-
cidn estructural de la regién interna de las albiminas séricas. Para ello, se han
combinado estudios fotofisicos, analisis de protedmica y calculos computacio-
nales.

El empleo del CPF como sonda fotoactiva permitié demostrar un centro de re-
conocimiento comun en albuminas séricas de distintas especies, obteniendo las
cavidades en los que este compuesto se unia con mayor preferencia en las albud-
minas, asi como los sitios de union.

Se ha demostrado con esta metodologia que el metabolito del profarmaco Tri-
flusal, el HTB, se unia fotoquimicamente a 8 residuos de lisina siendo 7 de ellas
externas mientras que una de ellas (Lys199) estaba localizada en el sitio “V-
cleft” de la albiimina sérica humana. Gracias a los calculos computacionales se
ha identificado a nivel atémico los dominios de unién del HTB a la albimina sé-
rica humana y se ha demostrado el mecanismo de la modificacién covalente por
la irradiacion.

Finalmente, se han utilizado intermedios tipo “quinone methide”, fotogenerados
por derivados de trifluorofenoles, que actlan como electréfilos latentes para

modificar selectivamente los residuos de lisina en la albimina sérica humana.
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En particular, el derivado 1 modificaba los residuos Lys 106 y Lys 414 mientras
que el derivado 2 modificaba la Lys 195. La modelizacion dinamica molecular
ha proporcionado una visién mas detallada de los subdominios de la albdmina
sérica humana donde se localizan los derivados 1 y 2 asi como del mecanismo

de la modificacion covalente.
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Resimen

En esta tesis se ha desarrollado una estrategia multidisciplinar que incluye la irradiacion
de complejos ligando/proteina junto con estudios de fluorescencia y/o espectroscopia de
absorcion transitoria, cromatografia de exclusion por tamafio seguida de espectroscopia
de absorcion y/o fluorescencia, analisis protedmico y modelizacion (docking y
simulaciones de dinamica molecular) con el fin de profundizar y obtener informacién
relevante en procesos relacionados con la formacién de complejos irreversibles ligando-
proteina. Ello ha permitido lograr la descripcidn del centro de reconocimiento molecular
de albuminas séricas de distintas especies por el farmaco carprofeno, profundizar en
procesos de fotoalergia producidos por el metabolito del farmaco triflusal y llevar a cabo
el marcaje de residuos de lisina de la albdmina sérica humana por fotogeneracion de
electréfilos latentes “quinone methide”. A continuacion se describen brevemente cada

uno de estos aspectos.

En primer lugar, se ha estudiado la posible existencia de un centro de reconocimiento
comun en las albiminas séricas (AS) de diferentes especies empleando el farmaco
antiinflamatorio no esteroideo (S)-carprofeno (CPF) como sonda fotoactiva. Asi, se ha
seguido la irradiacién de los complejos de CPF/SA a Amax = 320 nm por fluorescencia,
mostrandose un aumento de la emisién debido a la deshalogenacién. Tras la
cromatografia de filtracion en gel, la fraccion proteica presentaba emisién proveniente

del ligando, verificando la union covalente del radical fotogenerado intermedio CBZ* a

227



Tesis Oscar Molins Molina Capitulo 7: Resumenes

las AS. El analisis proteémico revel6 la incorporacion de CBZ® en varias posiciones en
las diferentes albiminas. Se observaron modificaciones en la interfaz IB/IIIA en todos
los casos (Tyr452 en las albiminas séricas humana, conejo y rata y Tyr451 en las
albiminas séricas bovina, cerdo y oveja). Estudios de docking y de simulacion de
dindmica molecular el caso de albumina sérica humana corroboraron las modificaciones

covalentes observadas experimentalmente.

Posteriormente, se ha investigado la unién fotoquimica del HTB, el metabolito del antia-
gregante plaquetario triflusal a albimina sérica humana (ASH). El analisis proteémico de
las disoluciones de HTB/ASH tras ser irradiadas mostrd la adicion de HTB en los grupos
g-amino de los residuos Lys137, Lys199, Lys205, Lys352, Lys432, Lys541, Lys545 y
Lys525 de la ASH. EI mecanismo de reaccién parece implicar la substitucion del grupo
CF3 del HTB por un nuevo residuo amida. Solo el residuo Lys199 se localiza en una
cavidad interna de la proteina mientras que el resto de los residuos modificados resulta-
ron estar situados en la parte externa. Los estudios computacionales revelaron que la
union supramolecular de HTB a ASH se produce en la region "V-cleft". Esta union foto-
guimica puede estar en la base de la aparicién de efectos secundarios fotoalérgicos no

deseados.

Finalmente, se ha demostrado la utilidad de los 4-trifluorometilfenoles como precursores
de electrdfilos latentes tipo “quinone methide” (QM) para la unién especifica a residuos

de lisina que se encuentran en los sitios de unién de la proteina. Asi, se ha observado que
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estos aceptores de Michael, generados de modo fotoinducido, han sido capaces de reali-
zar una modificacion covalente especifica de residuos de lisina en albumina sérica hu-
mana (ASH). En concreto, los intermedios reactivos de tipo QM generados tras la irra-
diacion de los complejos 4-trifluorometil-1-naftol o 4- (4-trifluorometilfenil) fenol con
ASH exhibieron selectividad quimica hacia los residuos de lisina dando lugar a aductos
de amida. Un estudio detallado realizado mediante analisis protedmico confirmd este
hecho. Asi, para el derivado de naftol se observé la modificacion covalente de los resi-
duos Lys106 y Lys414 (ubicados en los subdominios 1A'y I1IA, respectivamente), mien-
tras que para el derivado de bifenilol ocurrié la modificacion en la Lys195 (en el subdo-
minio IlA). Los estudios tedricos proporcionaron una visidn mas profunda a nivel

molecular de la selectividad observada experimentalmente.
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Resum

En aquesta tesi s’ha desenvolupat una estratégia multidisciplinaria que inclou la irradia-
cié de complexos lligand/proteina juntament amb estudis de fluorescencia i/o espectros-
copia d’absorcido de transients, cromatografia d'exclusi6 de grandaria seguida
d’espectroscopia d’absorcid i/o fluorescéncia, analisi i modelitzaci6 protedmica (docking
i simulacions de dinamica molecular) amb I’objectiu d'aprofundir i obtenir informacié
rellevant en els processos relacionats amb la formacié de complexos lligand-proteina
irreversibles. Aix0 ha permeés la descripcié del centre de reconeixement molecular
d’albimines seriques de diferents espécies pel farmac carprofen, i aprofundir en proces-
sos de fotoal-lérgia produits pel metabolit del farmac triflusal i realitzar el marcatge de
residus de lisina d’albimina sérica humana per fotogeneracié d’electrofil "quinone
methide" latent. Cadascun d’aquests aspectes es descriu breument a continuacio.

En primer lloc, s’ha estudiat la possible existéncia d’un centre de reconeixement comu
en albimines sériques (AS) de diferents espécies utilitzant el farmac antiinflamatori no
esteroidal (S)-carprofén (CPF) com a sonda fotoactiva. Aixi, s’ha seguit la irradiacio dels
complexos de CPF/SA a un maxim de 320 nm per fluorescéncia, amb un augment de les
emissions a causa de la deshalogenacid. Després de la cromatografia de filtracio de gel,
la fraccio de proteina presentava emissio del lligand, verificant la uni6 covalent del radi-
cal fotogenerat intermedi CBZ" a les AS. L’analisi protedmica va revelar la incorporacio
de CBZ" en diverses posicions en els diferents albumines. En tots els casos s’han obser-

vat modificacions a la interficie IB/IIA (Tyr452 en albUmina sérica humana, conill i rata
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i Tyrd51 en albumines sériques bovina, porc i ovella). Els estudis de docking i de simu-
lacié de dinamiques moleculars en el cas d’albimina sérica humana van corroborar les
modificacions covalents experimentalment observades.

Posteriorment, s’ha investigat la unié fotoquimica del HTB, el metabolit de
I’antiagregant plaquetari triflusal a I’albimina sérica humana (ASH). L’analisi proteomi-
ca de les solucions HTB/ASH després de ser irradiades mostraren I’addicié de HTB en
els grups e-amino dels residus Lys137, Lys199, Lys205, Lys352, Lys432, Lys541,
Lys545 i Lys525 de la ASH . EI mecanisme de reacci6 podria implicar la substitucio del
grup CFs de la HTB amb un nou residu d'amida. Nomes el residu Lys199 esta situat en
una cavitat interna de la proteina, mentre que la resta dels residus modificats van resultar
estar situats a I’exterior. Els estudis computacionals van revelar que la unié supramole-
cular de HTB a ASH es produeix a la regié "V-cleft". Aquesta uni6 fotoquimica pot ser
la base de I'aparicié d'efectes secundaris fotoal-lergics no desitjats.

Finalment, s’ha demostrat la utilitat de 4-trifluorometilfenols com a precursors
d’electrofils latents "quinone methide” (QM) per a la unid especifica a residus de lisina
trobats en els llocs d’uni6 de la proteina. Per tant, s’ha observat que els acceptors de
Michael, generats de manera foto-induida han pogut fer una modificacio covalent especi-
fica de residus de lisina en albumina de serica humana (ASH). Concretament, els inter-
medis reactius del tipus QM generats després de la irradiacid dels complexos 4-
trifluoromethyl-1-naftol o 4-(4-trifluoromethylphenyl) fenol amb ASH exhibiren selecti-

vitat quimica als residus de lisina resultant en adductes amida. Un estudi detallat realitzat

231



Tesis Oscar Molins Molina Capitulo 7: Resumenes

mitjancant analisi protedmica confirma aquest fet. Aixi, pel derivat del naftol, es va ob-
servar la modificacioé covalents de residus Lys106 i Lys414 (localitzada en subdominis
IA i lI1IA, respectivament), mentre que per al derivat de bifenil la modificacio es va pro-
duir en el Lys195 (en subdomini IlA). Els estudis teorics proporcionen una visio molecu-

lar més profunda de la selectivitat observada experimentalment.
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Abstract

In this thesis a multidisciplinary strategy has been developed that includes irradiation of
ligand/protein complexes along with fluorescence and/or transient absorption spectros-
copy, size-exclusion chromatography followed by absorption and/or fluorescence spec-
troscopy, proteomic analysis and modelling (docking and molecular dynamics simula-
tions) in order to deepen and obtain relevant information in processes related to the
formation of irreversible ligand-protein complexes. This has made it possible to achieve
the description of the molecular recognition centre of serum albumin of different species
by the carprofen drug, to deepen in photoallergy processes produced by the metabolite of
the triflusal drug and to carry out the labelling of lysine residues of human serum albu-
min by photogeneration of latent electrophiles "quinone methide". Each of these aspects

is briefly described below.

First, the possible existence of a common recognition centre in serum albumin (SA) of
different species has been studied using the non-steroidal anti-inflammatory drug (S)-
carprofen (CPF) as a photoactive probe. Thus, irradiation of the CPF/SA complexes at
Amax = 320 nm has been followed by fluorescence, showing an increase in emission due
to dehalogenation. After gel filtration chromatography, the protein fraction presented
emission from the ligand, verifying the covalent bonding of the CBZ* intermediate pho-
togenerated radical to the SA. Proteomic analysis revealed the incorporation of CBZ® in

various positions in the different albumins. Modifications in the IB/IlIA interface were
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observed in all cases (Tyrd52 in human, rabbit and rat serum albumin and Tyr451 in
bovine, porcine and sheep serum albumin). Docking and molecular dynamics simulation
studies in the case of human serum albumin corroborated the experimentally observed

covalent modifications.

Subsequently, the photochemical binding of HTB, the metabolite of the triflusal platelet
antiaggregant to human serum albumin (HSA), has been investigated. Proteomic analysis
of the HTB/HSA solutions after being irradiated showed the addition of HTB in the &-
amino groups of residues Lys137, Lys199, Lys205, Lys352, Lys432, Lys541, Lys545
and Lys525 of the HSA. The reaction mechanism seems to involve replacing the CF3
group of HTB with a new amide residue. Only the Lys199 residue is located in an inter-
nal cavity of the protein whilst the rest of the modified residues were found to be located
on the outside. Computational studies revealed that supramolecular binding of HTB to
HSA occurs in the "V-cleft" region. This photochemical binding may be at the base of

the appearance of unwanted photoallergic side effects.

Finally, the utility of 4-trifluoromethylphenols as precursors of latent "quinone methide"
(QM) type electrophiles for specific binding to lysine residues found at the protein bind-
ing sites has been demonstrated. Thus, it has been observed that these photogenerated
Michael acceptors, have been able to perform a specific covalent modification of lysine
residues in human serum albumin (HSA). Specifically, the QM type reactive intermedi-

ates generated after irradiation of the A4-trifluoromethyl-1-naphthol or 4- (4-
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trifluoromethylphenyl) phenol complexes with HSA exhibited chemical selectivity to-
wards lysine residues giving rise to amide adducts. A detailed study conducted by prote-
omic analysis confirmed this fact. Thus, for the naphthol derivative the covalent modifi-
cation of residues Lys106 and Lys414 (located in subdomains 1A and 1A, respectively)
was observed, while for the biphenyl derivative the modification occurred in Lys195 (in
subdomain I1A). Theoretical studies provided a deeper insight at the molecular level of

the experimentally observed selectivity.
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