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“Call it a clan, call it a network, call it a tribe, call it a family.
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Whatever you call it, whoever you are, you need one.’
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RESUMEN/SUMMARY

Cancer, in its many forms, is one of the main diseases of our time and,
according to the World Health Organization, one of the major causes of premature
death in industrialized countries. The pharmaceutical armamentarium to treat
malignancies includes agents that interfere with DNA biosynthesis and others that
alter the cellular machinery necessary for cell division. Among the therapeutic
families that compose this last group one of the most extended in clinical use is
the family of microtubule interfering drugs, initially represented by the Vinca
alkaloids and then extended with the incorporation of paclitaxel, which was
isolated from the bark of the Pacific yew tree. Nonetheless more efforts are
needed aimed at obtaining new chemical entities capable of binding to
microtubules with high affinity and simultaneously overcoming the described
resistances to treatment. Computational methods have become increasingly useful
in a number of areas such as characterization of ligand-binding sites, ligand
docking and molecular dynamics simulations as they provide information that is
usually beyond experimental possibilities.

The purpose of this D. Phil. thesis was to study, by means of molecular
modelling techniques and computational methods, the binding of microtubule
stabilizing and destabilizing drugs to their different target sites in tubulin and gain
additional insight into the structure-activity relationships. This research was
carried out in collaboration with the groups of Profs. Fernando Diaz and José
Manuel Andreu at the Centro de Investigaciones Biologicas (CSIC), Prof.
Weishuo Fang’s group at the Institute of Materia Medica of the Chinese Academy
of Medical Sciences, Dr. Antonio Morreale’s group at the Centro de Biologia
Molecular Severo Ochoa (CSIC), and PharmaMar researchers.
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“A fool thinks himself to be wise,

but a wise man knows himself to be a fool”

William Shakespeare
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INTRODUCCION

1.1 Modelado Molecular

Cuando se habla de modelado molecular se hace referencia a la emulacién
del comportamiento de moléculas y sistemas biologicos. Hoy por hoy, el
modelado molecular estd asociado con el modelado computacional, ya que se va
teniendo conocimiento de sistemas cada vez mas complejos, por lo que el
modelado manual con lapiz, papel y calculadora estd pasando a un segundo plano.
De esta forma, las técnicas computacionales nos estan permitiendo enfrentarnos a
sistemas cada vez mas grandes sin dejar de lado los mas simples, que se pueden
tratar de forma mas precisa.

Existe bastante confusion entre los significados de “quimica teorica”,
“quimica computacional” y “modelado molecular”. La quimica tedrica se suele
considerar como sinénimo de mecanica cuantica, pero la quimica computacional
engloba no solamente la mecénica quantica sino también la mecanica molecular,
minimizaciones de energia, simulaciones, andlisis conformacional y otros
métodos computacionales utilizados para comprender y predecir el
comportamiento de los sistemas moleculares. Puesto que todos estos métodos son
empleados por los expertos en este ambito, podemos definir como modelado
molecular cualquier técnica computacional o tedrica que permita entender el
comportamiento de sistemas moleculares. La tUnica distincion que se puede

establecer es que el modelado molecular se nuclea alrededor de la representacion
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y manipulacion de las estructuras de las moléculas, y de las caracteristicas
derivadas de su estructura tridimensional. El papel tan importante que han
adquirido los graficos por ordenador en el modelado molecular ha llevado a una
parte de la comunidad cientifica a considerar que el modelado molecular es poco
mas o menos que “bonitas figuras”. Afortunadamente, estas técnicas estan
fuertemente establecidas, son extensamente utilizadas y se aceptan hoy dia como
una disciplina por derecho propio. Aunque en la actualidad existen numerosos
métodos experimentales para la determinacion de la estructura molecular, la
rapida evolucion de los ordenadores y el notable desarrollo de la quimica
computacional han propiciado la incorporacién de modelos tedricos para el
tratamiento de todos aquellos problemas relacionados con la geometria y la
energia de las moléculas. En general, el modelado molecular ha supuesto una
notable contribucion en el campo de la investigacion experimental, tanto para la
interpretacion de los resultados obtenidos y la planificacion de futuros trabajos,

como para deducir informacién no asequible experimentalmente (7).

1.2 Proteinas

Las proteinas, en su conjunto, son las biomoléculas més importantes desde
un punto de vista funcional. Sus propiedades son tan utiles que se emplean como
agentes terapéuticos y catalizadores, asi como fuente de diversos materiales.
Muchas enfermedades tienen su origen en mutaciones que se producen en las
proteinas, provocando la pérdida de su funcién al bloquear su actividad
enzimatica o al alterar su estructura tridimensional. En general, las enzimas y los
receptores de membrana constituyen las dianas mas comunes de los
medicamentos, ya sea para restaurar o modificar la funcion celular o para destruir
agentes infecciosos y células cancerigenas.

Entre los objetivos del estudio de las proteinas se incluyen el poder

predecir la estructura y la funcién de una molécula concreta a partir de su
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secuencia de aminoacidos, asi como el conocer los detalles de su interaccidén con
pequefios ligandos u otras macromoléculas. Este conocimiento ya esta
permitiendo, en casos favorables, disefiar y sintetizar catalizadores y materiales de
uso industrial, entender las bases moleculares de muchas enfermedades, asi como
el disefio de farmacos a medida para combatir ciertas enfermedades. En los
ultimos afios se han conseguido avances significativos en este sentido ya que se ha
llegado a alterar la actividad y la estabilidad de algunas proteinas por parte de
grupos experimentales mientras que grupos tedricos han sido capaces de simular

aspectos de su plegamiento y el mecanismo catalitico de algunas enzimas.

1.2.1 Estructura de las Proteinas

Las proteinas son polimeros formados por la concatenacion de
aminoacidos mediante enlaces peptidicos. Los aminoacidos que las forman son un
total de 21 (si se cuenta la selenocisteina) y son los responsables de la gran
versatilidad y variabilidad de las proteinas. Son zwitteriones formados por un
grupo amino (basico) y uno carboxilico (4cido), que serdn los encargados de unir
los aminoacidos entre si, y una cadena lateral, que pueden ser de caracter acido,
basico o apolar, unida al carbono Ca de tal forma que le confiere la isomeria L

(Figura 1).

L-ISOMERO D-ISOMERO

Figura 1: comparacion de los dos isomeros posibles de los aminoacidos. El
isomero L es el presente en las proteinas naturales mientras que el D

Unicamente se encuentra en algunos aminoacidos bacterianos.
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Las proteinas no son polimeros de forma regular sino que presentan
motivos estructurales que aparecen con frecuencia: la hélice a y la hebra . Esta

ultima puede dar lugar a laminas [ paralelas y antiparalelas (Figura 2).

Parallel Strand

Heli i ?/Q \,’}W& Mbqﬁ o
: ogﬂmﬂwwo

Cos €51 Antiparallel Strand

Top view

Figura 2: representacion esquematica de la hélice o y los dos tipos de lamina B.

Estos motivos constituyen la estructura secundaria de la proteina, siendo la
estructura primaria el orden de los aminodcidos en la secuencia. La terciaria se
refiere al plegamiento de los elementos anteriores en una forma mas o menos
compacta, y la cuaternaria, a la asociaciéon de subunidades proteicas en un
ensamblado molecular de mayor tamafio y complejidad. Los elementos de
estructura secundaria se conectan entre si por regiones conocidas como asas o
giros (loops), que constituyen conformaciones menos regulares (Figura 3).

oﬂi“’l\w”lw\ 4\%&;"““;
H‘\! X "w“\!. {0 ,2

T wae” \\5\: y\u

\\ B Pleated sheet AN

(a) Primary AN
structure A

|
o Helix

(b) Secondary structure

(d) Quaternary structure

Figura 3: esquema de las diferentes estructuras proteicas.
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Dadas sus diferentes caracteristicas, los aminoacidos desempefaran diferentes
funciones dependiendo de su posicion en la proteina plegada. Los que se
encuentran en el interior son mayoritariamente apolares y son esenciales para el
mantenimiento de la estructura mediante interacciones de van der Waals, mientras
que los que se encuentra en la superficie son en su mayoria polares y mediante la
formacion de puentes de hidrogeno, participan en interacciones proteina-proteina,
proteina-ligando o en reacciones enzimaticas.

Cada tipo de estructura secundaria puede ser completamente descrito por
los 4ngulos de torsion de cada residuo. Dado que el enlace peptidico (w) es plano
y raramente se desvia de 0 6 180°, seran los angulos ¢ y y los que determinaran la

estructura secundaria, como puede verse en el mapa de Ramachandran (Figura 4).

| 4 1 |
. 0 60 120 +180 (9=90°, y=-90°)
Hélice Disfavored

Estructuras favorecidas Estructuras desfavorecidas

Figura 4: representacion de los enlaces rotables del esqueleto peptidico, ¢ y

y, y su disposicion en el mapa de Ramachandran.

A medida que se fueron conociendo més estructuras de proteinas, se
observd que muchas contenian mas de una region diferente, a menudo con
funciones separadas. A cada una de estas regiones se la conoce como dominio,
que se define como una cadena polipeptidica que puede plegarse
independientemente en una estructura tridimensional estable. Un principio basico
de la bioquimica es que toda funcién fisiologica tiene una base estructural, por lo

que sin estructura no hay funcion. Cada proteina ha evolucionado para llevar a
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cabo una funcidn especifica que estd asociada a su estructura. La amplia variedad
de funciones bioldgicas requiere, por tanto, de una diversidad estructural
igualmente amplia, y las mutaciones aleatorias y la seleccion natural han sido los
grandes impulsores de la evolucion que han sufrido las proteinas en el transcurso

del tiempo (2).

1.2.2 Fuerzas de Interaccion

De la misma forma que las interacciones establecidas por los diferentes
grupos de aminoacidos mantienen la estructura de las proteinas, estas mismas
fuerzas regirdn la interaccion de la proteina como macromolécula con otros
componentes celulares.

En los complejos proteicos localizados en las membranas celulares
predominan las interacciones hidréfobas de la superficie de la proteina en contacto
con la membrana lipidica. Pero en la asociacion de proteinas multiméricas el
mantenimiento de la estructura depende mayoritariamente de la formacion de
enlaces de hidrogeno e interacciones de van der Waals. Estas interacciones,
aunque débiles de modo individual, son garantes de una gran estabilidad en
complejos moleculares cuando se dan de forma simultdnea y en suficiente
cantidad. Por lo tanto, las caracteristicas superficiales de las proteinas van a ser
decisivas en la formacion de complejos transitorios funcionalmente activos. De
hecho, la distribucion superficial de carga de las proteinas desempefa un papel tan
importante como la carga global en el proceso de asociacion y reconocimiento
entre dos proteinas. Asi, las interacciones electrostaticas monopolo—monopolo de
larga distancia, facilitan el acercamiento de las proteinas: cuando una proteina
posee una carga global positiva y la otra una carga global negativa se produce el
movimiento de atraccion entre ambas. La interaccion de dos proteinas se realiza
como el encaje de dos piezas de un puzzle, ya que los residuos de igual naturaleza
se concentran en determinadas regiones, haciendo que las proteinas presenten una

distribucion irregular con areas de marcado caracter hidrofobo y otras de
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naturaleza polar, que encontrardn su “negativo” en la proteina vecina. De esta
forma, el reconocimiento molecular a corta distancia esta controlado,
fundamentalmente, por las caracteristicas de la superficie de las proteinas, que a
su vez vienen determinadas por la diferente naturaleza de las cadenas laterales de
los aminodacidos. Las interacciones que se estableceran entre ellas son mediante la
yuxtaposicion de parches hidrofobos y complementariedad electrostatica, que a
corta distancia es de tipo i6nico o dipolo—dipolo.

Por otro lado, las interacciones transitorias que se establecen entre
proteinas, o entre una enzima y su sustrato, son mucho mas complejas de abordar
que las interacciones que conducen a complejos estables, ya que implican la
formacion de un complejo inestable y procesos internos de adaptacion y

acoplamiento mutuo de ambas unidades.

1.2.3 Movimientos de Proteinas

Hasta hace poco se decia que las proteinas con capacidad catalitica -
denominadas enzimas y encargadas de acelerar las reacciones metabdlicas -
reconocian a los ligandos sobre los que debia actuar con enorme especificidad, al
igual que una llave encaja en su cerradura. Esta manera de visualizar la relacion
entre las enzimas y sus sustratos tiene gran valor pedagogico a la hora de explicar
como una proteina es capaz de reconocer e interaccionar de modo especifico con
una molécula concreta, pero da a entender que las proteinas son estructuras rigidas
e indeformables. Hoy se sabe que las proteinas son moléculas de gran plasticidad,
sobre todo en las zonas de reconocimiento con otras proteinas y en sus centros
activos, mientras que las zonas internas, responsables de mantener su estructura y
conformacién tridimensional, presentan cierta rigidez. En efecto, las proteinas son
moléculas en las que la flexibilidad estructural constituye una de las claves que
explican su funcionalidad. Las proteinas pueden modificar su conformacion tras

unirse al sustrato o por reacciones enzimaticas especificas.
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La Naturaleza aprovecha los cambios conformacionales asi inducidos para
controlar la actividad de las proteinas reguladoras y convertir el trabajo mecanico
en energia fisico—quimica. Asi ocurre en las proteinas alostéricas con varios sitios
de unioén para su ligando, en los que la unidén de una primera molécula del ligando
provoca cambios estructurales que facilitan la entrada de las siguientes. Un
ejemplo de los mas representativos y mejor estudiados es el de la hemoglobina,
proteina tetramérica en la que la union de la primera molécula de oxigeno gas (O;)
a una de las subunidades favorece la entrada de las otras tres moléculas.

Los cambios estructurales asociados a la funcidon de las proteinas pueden
ser relativamente sutiles, como los que explican el alosterismo de la hemoglobina,
pero en ocasiones conllevan movimientos drasticos y pronunciados de, al menos,
ciertos dominios de la estructura (3). Hoy en dia los cambios conformacionales de
muchas proteinas se conocen suficientemente bien como para explicar su
funcionamiento y modo de accidn, pero la diversidad es tan amplia que resulta

dificil analizarlos de manera homogénea y sacar conclusiones o “leyes generales”

(4).

1.3 Interaccion Ligando-Receptor

Los fenomenos de reconocimiento molecular son imprescindibles en la
mayor parte de los procesos biologicos. Las proteinas llevan a cabo su funcion
bioldgica interaccionando, de manera temporal o permanente, con una amplia
variedad de moléculas, ya sean ligandos de bajo peso molecular, proteinas, acidos

nucleicos 0 membranas.
1.3.1 Equilibrio Quimico

La interaccion entre una proteina A y un ligando B para formar un

complejo no covalente AB se representa como un equilibrio entre la asociacion
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para formar AB y la disociacion de AB, cada uno regido por una constante de

velocidad:

Kon

A+B<?AB

(1.1)

La velocidad de la reaccion de asociacion serd ven= Kon'[A][B] y la de
disociacion ver = Kog'[AB], que se igualardn en el estado estacionario de la
reaccion y se cumplird que Kon'[A][B]= Kop'[AB]. De esta forma la relacion de
las concentraciones en el equilibrio se puede relacionar con la constante de
asociacion o con su inversa, la constante de disociacion, Ky:

L, & _ 4] (1.2)

Ko=— ’ =
K Ki« [A][B]

La energia libre de Gibbs del proceso de asociacion, 4G, que representa la
energia libre de unién, determina la estabilidad del complejo [AB] y caracteriza la
afinidad de cada uno de los componentes por el otro, estd relacionada con la
constante de afinidad:

AGa=—-RT InKa (1.3)
En este caso, R es la constante de los gases (R= 1,98 cal/mol K) y T es la

temperatura en grados Kelvin.

1.3.2 Componentes de la Energia Libre de Unién
La Energia libre de uniéon o Energia de Gibbs de un proceso se puede
expresar seguin la segunda ley de la Termodindmica como:

AG =AH -T-AS (1.4)
donde el cambio de energia del proceso ( AG) depende del cambio en la entalpia (
AH'), que es un término energético que hace referencia a las interacciones
directas ligando-proteina; y —T-AS es el factor entropico que hace referencia a la
libertad de movimientos de ligando y receptor y al efecto hidrofébico.

En la interaccion de un ligando con una proteina, el término entélpico esta

descrito por dos tipos diferentes de fuerzas: atractivas y repulsivas, las cuales
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intervienen en la estabilizacion de la unién de un ligando a la proteina. Estas
fuerzas son consecuencia de interacciones de van der Waals y electrostaticas tanto
favorables (atractivas) como desfavorables (repulsivas). Las interacciones por
enlaces de hidrogeno son las que entalpicamente contribuyen en mayor medida a
la union frente a las interacciones de van der Waals, aunque ambas estan
moduladas por la desolvatacion. La desolvatacion es el proceso por el cual una
molécula pierde parcial o totalmente su interaccién con el agua del medio para
interaccionar con otra molécula. Aunque este proceso suele ir acoplado a cambios
entropicos favorables, constituye un término mayoritariamente entalpico. Esto es
debido a que tanto el ligando como la proteina solvatados establecen interacciones
mas o menos fuertes con las moléculas de agua del disolvente. Desolvatar
superficies hidréfobas del ligando y del receptor es entdlpicamente menos costoso
que desolvatar grupos polares. Si al desolvatar donadores o aceptores de enlaces
de hidrogeno del ligando, que establecen interacciones entalpicamente mas fuertes
con el agua del medio que los grupos apolares, estos grupos no establecen mejores
interacciones con la proteina, el coste energético derivado de la desolvatacion no
se verd compensado (35).

El término entropico es aquel que hace referencia a los movimientos tanto
del ligando como de la proteina. La entropia se puede dividir en vibracional,
conformacional y de desolvatacion, tanto del ligando como de la proteina. La
entropia vibracional, que hace referencia a la vibracion intrinseca de los enlaces,
no parece jugar un papel muy importante en el término entropico. Por el contrario,
los cambios en la desolvatacion y los cambios conformacionales experimentados
por el ligando y por la proteina son los mas importantes para la entropia de union.
La desolvatacion es entropicamente favorable ya que da lugar a la salida de
moléculas de agua del bolsillo de union del ligando, que pasan de estar
conformacionalmente restringidas a tener libertad plena de movimientos en el
medio acuoso externo, lo que algunos autores denominan el “efecto hidrofébico”

(6). Esta es la fuerza predominante que se encuentra asociada, por ejemplo, a la
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energia de union de grupos hidrofobos. También es entropicamente favorable la
liberacion de moléculas de agua que estan estableciendo enlaces de hidrégeno con
grupos polares, tanto de la proteina como del ligando, y que estan
conformacionalmente restringidas. Por otra parte, los cambios de entropia
conformacional del ligando y de la proteina son desfavorables, ya que la union del
ligando a su macromolécula diana implica la pérdida de grados de libertad tanto
para uno como para otro (J). Aunque frente a la creencia inicial de que se pueden
obviar los cambios conformacionales experimentados por la proteina al unirse un
ligando, se estan elevando voces que alertan sobre la importancia de los
movimientos proteicos y las diferentes conformaciones de las proteinas que

alteran la union a ligandos (7).

1.3.3 Compensacion Entalpia-Entropia y Disefio de Farmacos

A la hora de optimizar la unién de los ligandos a las proteinas y ganar
afinidad, hay que mejorar tanto los valores entdlpicos de la union como los
entropicos. La entalpia de unién es mucho mds dificil de optimizar que la
entropia, debido a la contribucion de las dos fuerzas contrarias previamente
descritas (8). Y muchas veces, si se consigue una mejora entalpica, a menudo ésta
no queda reflejada en una mejora en la afinidad porque la ganancia de entalpia
suele ser compensada con una pérdida de entropia. El fendmeno de Ia
compensacion entalpia/entropia ha sido discutido en la literatura durante muchos
afos (9-13). Esencialmente siempre se ha dicho que un cambio en la entalpia se
compensa por un cambio en la entropia y viceversa. Una mejora en la interaccion
ligando—receptor implica una ganancia de entalpia, pero para que la afinidad de
union mejore es necesario que esa ganancia no sea totalmente compensada por
una pérdida de entropia, por lo que la ganancia de entalpia es necesaria pero no
suficiente para que se produzca la ganancia de afinidad.

De esta forma, para conseguir un aumento de la afinidad del ligando por el

receptor hay que conseguir reducir la compensacion entalpico-entropica. Frente a
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la dificultad que presenta aumentar la entalpia de unién mediante el
establecimiento de nuevas interacciones, optimizar la entropia es (en teoria)
relativamente “mas facil” ya que depende fundamentalmente del “efecto
hidrofobo” (14, 15) y de los cambios conformacionales. En esta linea, el disefio de
farmacos cuenta con estrategias para restringir la conformacion del ligando de
forma que la forma libre sea semejante a la forma unida, para favorecer el
enterramiento de grupos hidréphobos en bolsillos apolares de la proteina y asi
favorecer la liberacion de moléculas de agua, o para introducir cambios en el
ligando que interaccionen con zonas estructuradas de la proteina para asi reducir
el cambio en la entropia del receptor. Sin embargo, hasta la fecha, las
herramientas de disefio de farmacos han fallado generalmente en predecir

correctamente el componente entropico de la uniéon de un ligando a su diana.

1.4 La Tubulina y los Microtabulos como Dianas de

Agentes Antitumorales

La superfamilia de la tubulina es una de las familias de GTPasas (proteinas
que hidrolizan GTP a GDP) méas conservadas a lo largo de la evolucion ya que sus
miembros juegan un papel crucial en la division celular y mantenimiento del
citoesqueleto tanto de organismos procariotas como eucariotas (/6).

En eucariotas los heterodimeros de af-tubulina constituyen los
microtibulos (MT) que intervienen, entre otras funciones, en la separacion de los
cromosomas durante la division celular (/7). Por su parte, la y-tubulina forma
anillos que intervienen en el inicio de la nucleaciéon de los MT (/8). En
procariotas los homologos funcionales de la tubulina son: (i) la proteina
monomérica FtsZ, acronimo derivado de su nombre original “Filamenting
temperature-sensitive mutant Z’°, que forma los anillos de extrusion que permiten

la divisioén de las bacterias (/9); (i1) la proteina monomérica TubZ que interviene

38



en la division del plasmido (20), y (iii) la tubulina bacteriana BTubA/B, cuya
presencia fue descrita en el género Prostheobacter, presenta una mayor homologia
de secuencia con la tubulina eucarittica que con FtsZ, y de la que se cree que los
genes que la codifican se transfirieron horizontalmente, constituyendo un paso
intermedio entre tubulina eucariotica y FtsZ (21).

En este apartado nos centraremos en la estructura de la tubulina eucaridtica
y su papel en la formacion y comportamiento de los MT que resultan de su
polimerizacion. Por ultimo, dado su papel crucial en la division celular, trataremos
de su relevancia como diana farmacologica en terapias antitumorales y
describiremos las diferentes familias de compuestos que se unen a ella y los

diferentes sitios de union.

1.4.1 Estructura de la Tubulina

La tubulina existe como un heterodimero compuesto por dos proteinas
globulares homologas, la a-tubulina y la B-tubulina (22, 23). Pese a que presentan
una homologia de secuencia no muy elevada (cercana al 40%) (24), su alta
homologia estructural hace que sean perfectamente superponibles (20). En
eucariotas hay varios genes para la o y la B tubulina que codifican proteinas con
diferentes secuencias de aminodcidos. A estas proteinas se les llama isotipos de
tubulina y su distribucion normalmente varia en funcion de los tejidos (25).

La estructura terciaria de ambos mondmeros estd formada por tres
dominios bien diferenciados (Figura 5):

e Dominio N-terminal de unién a nucleétido, que abarca la mayor parte de
la estructura y esta formada por la alternancia de seis laminas B y seis

hélices a.

e Segundo dominio o dominio central, formado por tres hélices a y cuatro
laminas B, separado del dominio N-terminal por la hélice central H7. En
este dominio, situado entre la S7 y la H9 se encuentra el M-/loop, un asa

que se considera principalmente responsables de la capacidad de la
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tubulina de eucariotas de establecer las interacciones laterales necesarias
para formar los MT (21).

e Dominio C-terminal, formado por dos hélices largas que se cruzan sobre
la superficie de la proteina, y que una vez formados los MT quedaran en
la cara citoplasmatica, por lo que son responsables de la unién a proteinas

reguladoras (16, 26).

Nucleotide-binding Domain

Second Domain

Figura 5: esquema en 2D de las estructuras secundarias y los dominios de la

tubulina (imagen tomada de Nogales et. al) (16).

Ambos mondémeros son capaces de unir un nucleétido de guanina (GTP),
aunque difieren en la capacidad de hidrolizarlo a GDP. Esto es debido a que el
sitio de unién del nucledtido en ambas subunidades se localiza en la interfaz entre
monomeros, de forma que para un heterodimero se completa con uno de los
monomeros del heterodimero vecino (27). En consecuencia, las diferencias en la
secuencia de aminoacidos o y B van a provocar que haya dos tipos de dominio de
unioén a GTP: el dominio intercambiable (E-site) y el no intercambiable (N-site).

El N-site es el que se encuentra en la interfaz entre los mondémeros del
mismo heterodimero (a;-B1) y la molécula de GTP (asociada a Mg®") ahi situada
no se hidrolizara ni se intercambiara por otra. Por otro lado, el E-site se encuentra

situado en la interfaz de polimerizacion entre mondmeros de heterodimeros
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diferentes (a-P1). La molécula de GTP ahi situada si puede ser hidrolizada a GDP
e intercambiada por otra molécula de GTP del medio (Figura 6) (28).

HETERODIMERO 2 HETERODIMERO 1

p-tubulin 4 o-tubulin r  p-tubulin o-tubulin

N-site E-site N-site

Figura 6: asociacion longitudinal de dos heterodimeros de tubulina obtenida
mediante representacion de las estructuras de la celdilla unidad de la

estructura 1JFF depositada en el Protein Data Bank (PDB).

La diferencia en la capacidad de hidrolisis del nucleotido entre los dos
mondmeros nace del cambio de Glu254 en la subunidad o a Lys254 en la
subunidad B (27, 29), lo que va a provocar diferentes interacciones longitudinales
(Figura 7). Entre los monomeros de un mismo heterodimero, la presencia de la
Lys254 en la subunidad B va a reforzar la interaccion en la interfaz entre ambos,
ya que establecera fuertes interacciones electrostaticas con los fosfatos del GTP.
Por el contrario, la presencia del Glu254 en la subunidad a hard que la interaccion
en la interfaz longitudinal de polimerizacidon no sea tan estable, ya que en primer
lugar habra repulsion entre las cargas de los fosfatos del GTP y la cadena lateral
del Glu; y en segundo lugar, el ambiente tan acido hard que se produzca la
hidrélisis del fosfato y del GTP por activacion de una molécula de agua que
solvata la region. Esto se puede ver con mucha claridad en cristales de FtsZ
incubados con GTP (30), ya que con ¢éstos se pueden obtener valores de

resolucion mucho mejores que en el caso de tubulina.
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B4-tubulin o,,-tubulin

o,-tubulin B4-tubulin

Figura 7: comparaciéon de las dos interfaces longitudinales de los
protofilamentos. Seflalados con una elipse roja estan la Lys254 de la
subunidad o y su equivalente Glu254 de la subunidad 3. Imagen obtenida
mediante representacion de las estructuras de la celdilla unidad de la

estructura 1JFF del PDB.

En ambos dominios de union del nucledtido se localiza el “tubulin
signature motif”’, una secuencia caracteristica (GGTG) de la familia de la tubulina,
y estrictamente conservada, que se localiza en la hélice H4 y con la que
interacciona el fosfato y del GTP. Se ha demostrado que en esta secuencia la Thr
es esencial para la afinidad del GTP por la tubulina y para la capacidad de
hidroélisis, ya que su mutacion a Gly reduce drasticamente ambas (3/). Una vez
mas, la informacion estructural obtenida de los cristales de FtsZ, esta vez en
complejo con un analogo no hidrolizable de GTP, nos permite comprender desde
el punto de vista estructural la funcidon de esta secuencia de aminoacidos (Figura
8). La cadena lateral de la Thr estabiliza el GTP mediante un puente de hidrogeno
entre su OH y uno de los oxigenos del fosfato y (32). Dado que esta secuencia esta
estrictamente conservada en la familia, es de suponer que esta funcidn se repite en

todos los miembros.
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Figura 8: detalle de la union del grupo trifosfato del 8-morpholino-GTP a
FtsZ de Aquifex aeolicus en el cristal depositado en el PDB bajo el codigo
2R75. Los enlaces de coordinacion entre el magnesio (esfera verde), el
grupo trifosfato y las moléculas de agua (esferas rojas) estan representados
mediante lineas continuas, mientras que los enlaces de hidrogeno estan

dibujados como lineas discontinuas.

La hidroélisis del GTP a GDP en el E-site induce un pequefio cambio
conformacional por el cual la tubulina pasa de estar recta a adquirir una curvatura
de 5° (33-36). En este cambio conformacional, aunque pequefio, radica la
dindmica de polimerizacion y despolimerizacion de los MT que se detallard a

continuacion (37, 38).

1.4.2 Estructura de los Microtubulos

Los MT son estructuras cilindricas que resultan de la polimerizacion de los
heterodimeros de af-tubulina y de los que depende tanto el trafico intracelular,
como la separacion de los cromosomas durante la mitosis y la meiosis.

Los MT tienen una polaridad bien definida, ya que sus dos extremos no
son equivalentes. Hay un extremo, el llamado + formado por las subunidades B de
los heterodimeros, que se alarga y acorta més rdpidamente que el otro, que se
denomina —, y que esta formado por las subunidades o de los heterodimeros de

tubulina (39).
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El nimero de unidades de af-tubulina por vuelta varia entre 10 y 16 in
vitro (40, 41) y, debido a las interacciones laterales entre los heterodimeros y a la
curvatura intrinseca producida por la formacion del tubulo, se forman dos tipos de
poros a lo largo de su estructura. El primero, el poro tipo I, se encuentra en la
interfaz de union de dos heterodimeros diferentes, y estd rodeado por Bi-B;’ por
abajo y ap-0,’ por arriba; mientras que el segundo, el poro tipo II, se encuentra en
la interfaz de unién de los mondémeros de un mismo heterodimero, y esta rodeado
por o-0” por abajo y B2-B2’ por arriba (Figura 9) (41, 42). Los poros constituyen
el conocido como sitio externo de unién de algunos farmacos a los MT (43-47) y
la puerta de entrada de éstos para acceder al interior de los tabulos y por tanto al

sitio luminal.

Figura 9: representacion de una seccion de MT y los poros generados por

las interacciones laterales (imagen modificada de Magnani et al.) (44).

1.4.3 Dindmica de los Microtiibulos

La naturaleza de los MT es intrinsecamente dindmica ya que estan
continuamente alargandose y acortandose debido a la hidrolisis del GTP en el E-
site. El comportamiento dindmico de los MT se puede dividir en dos tipos: el

treadmilling y la inestabilidad dinamica.
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El treadmilling se produce por un equilibrio entre la disociacion de
heterodimeros de tubulina en el extremo —, y la asociacion en el extremo + de
nuevos heterodimeros de tubulina, produciéndose un flujo de éstos entre ambos
extremos, por lo que el tamafio de los MT permanecerd estacionario (39).

La inestabilidad dindmica es el maximo responsable de los cambios entre
fases de crecimiento lento y fases de acortamiento rapido de los MT. Este proceso
esta caracterizado por cuatro variables bien diferenciadas: (i) el ratio de
crecimiento del MT; (ii) la frecuencia de la transicion entre la fase de crecimiento
0 una fase estacionaria a la de acortamiento (también conocido como catéstrofe);
(ii1) el ratio de acortamiento; y (iv) la frecuencia de transicion de la fase de
catastrofe a la de crecimiento o a una estacionaria (también conocido como

rescate) (Figura 10) (39).

[ [T =
l rapid growth with GTP-capped end

[ COCHE =
1 accidental loss of GTP cap ~ CATASTROPHE
| IOOC0 ¢
l rapid shrinkage
[ OO0 =
l regain of GTP cap RESCUE
100NN =
l rapid growth with GTP-capped end

[ OO0 =
N l etc.

Figura 10: esquema de los cambios sufridos por los MT en el proceso de

inestabilidad dinamica (imagen tomada de Molecular Biology of the Cell,

4th Edition).

El crecimiento de los MT comienza con la interaccion “cabeza con cola”
de los heterodimeros de tubulina unidos a GTP en el sitio hidrolizable que da
lugar a la formacion de los protofilamentos. Estos se asocian lateralmente entre si
en forma de laminas que se irdn curvando hasta cerrar el MT (48). El crecimiento
de los MT no ocurre unicamente por adicion de mondmeros en el extremo

positivo, sino que también se produce por la adiciéon de oligbmeros pre-

45



polimerizados, de forma que los MT presentan laminas abiertas en el extremo en
crecimiento del MT (48, 49). La polimerizaciéon se inicia lentamente con la
interaccion de los heterodimeros unidos a GTP. Una vez la polimerizacion ha
comenzado, la superficie de interaccion lateral asi formada atrae mas
heterodimeros, por lo que el crecimiento es exponencial (50).

Una vez establecida la interfaz longitudinal de polimerizacion o,-B, el
sitio hidrolizable esta completo y funcional, por lo que se puede dar la hidrolisis
del GTP a GDP. La capacidad GTPasa de la tubulina no es muy efectiva, por lo
que quedan remanentes de tubulina unida a GTP en los MT. Esta presencia
residual constituye un mecanismo de control para evitar su despolimerizacion
completa (57). El proceso de despolimerizacion o catdstrofe comienza cuando el
extremo positivo deja de crecer y, tras la hidrdlisis del GTP, estd formado por
heterodimeros de tubulina con GDP. Como la tubulina unida a GDP se curva mas,
provoca que los protofilamentos empiecen a curvarse hacia atras perdiendo las
interacciones laterales.

Pero la hidroélisis del GTP no es la tinica responsable del desensamblado de
los MT. Son muchas las proteinas que se asocian a ellos y que intervienen de
alguna manera en su dindmica. Son las llamadas Microtubule Associated Proteins,
MAPs, entre las cuales las que han cobrado mayor relevancia en los ultimos afos
son la Oncoproteina 18 (Op18), también conocida como Estathmina, y los demas
miembros de su familia (52, 53). Se ha demostrado que esta proteina esta regulada
mediante fosforilacion en varios residuos por varias vias de sefializacion de la
célula. Concretamente, es sustrato de kinasas dependientes del ciclo celular (Cycle
Dependent Kinases, CDK) (54). La Estathmina tiene dos funciones: la primera es
reconocer la tubulina curvada libre en el citoplasma y secuestrarla (55); la
segunda, acelerar los procesos de catastrofe al unirse a los protofilamentos
curvados de los extremos de los MT (52, 56), dando lugar a la formacion de

anillos dobles de tubulina (57, 58). Una vez unidos a la Estathmina, los
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heterodimeros de tubulina pueden intercambiar el GDP resultante de la hidrdlisis

en el E-site por una molécula de GTP del medio.

1.4.4 Antitumorales que se unen a la tubulina

Dado su importante papel en la division celular, los MT constituyen una de
las dianas frente a las que va dirigido parte del arsenal farmacolégico antitumoral
(39, 59). Los farmacos que se unen a la tubulina soluble y a los MT lo hacen
alterando el comportamiento dindmico de éstos y bloqueando las células en la
metafase de la division celular. Esta familia de compuestos se puede dividir a su
vez en agentes estabilizantes y agentes desestabilizantes de MT (60).

Los primeros agentes antimitoticos conocidos, cuya diana era el huso
mitético o la tubulina soluble, fueron obtenidos de extractos de plantas (taxanos,
derivados de la colchicina y alcaloides de la Vinca). Pero la necesidad de
aumentar el arsenal terapéutico, para intentar solventar los crecientes problemas
de resistencia de las células tumorales a los agentes quimioterapicos, hizo que los
esfuerzos se centraran en la exploracion de los ecosistemas marinos de los que se
tenia poca o ninguna informacion. Ello derivé en el descubrimiento de nuevas
moléculas de origen natural, en su mayoria extraidas de invertebrados y

microorganismos marinos, con propiedades citotdxicas antimitoticas (67).

1.4.4.1 Mecanismos de Resistencia a Agentes Reguladores de la

Dinamica de los Microtubulos

Es de gran importancia clinica la resistencia de algunos tumores al
tratamiento con antimitoticos, tanto estabilizantes como desestabilizantes de
MT, por lo que comprender los mecanismos moleculares de esta resistencia es
crucial para el desarrollo de nuevos farmacos que permitan tratamientos
quimioterapicos eficaces.

El primer factor de resistencia in vitro es la sobreexpresion de la

Glicoproteina P (P-Glycoprotein, P-gp) y de otras proteinas transportadoras de la
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membrana celular que actian como bombas de expulsion que sacan del interior
de la célula los agentes antitumorales, impidiéndoles asi alcanzar su diana (62).
Otro factor es la composicion isotipica de los MT. Los diferentes isotipos
de tubulina a y B no producen un cambio conformacional en la tubulina, pero si
diferencias en la dindmica de los MT que los contienen debido a las pequenas
diferencias en sus secuencias de aminoacidos (63, 64). De todos los isotipos
conocidos es la tubulina BIII la que produce mayor resistencia a agentes
reguladores de la dindmica de MT en algunos tipos de tumores, especialmente a
los taxanos y a los alcaloides de la vinca (65-68). Ademas, los diferentes isotipos
de tubulina pueden sufrir modificaciones post-traduccionales en el extremo C-
terminal que alteraran su interaccion con las proteinas asociadas a microtiibulos,
MAPs (68). Por otra parte, la sobreexpresion de algunas MAPs modifica la
respuesta a los farmacos que se unen a la tubulina, ya que estas proteinas son

coadyuvantes en la polimerizacion y en la despolimerizacion de los MT (68).

1.4.4.2 Agentes Estabilizantes de Microtubulos

Esta familia de compuestos inducen el ensamblado de los MT e impiden su
despolimerizacién una vez se ha hidrolizado el GTP a GDP. Dentro de este
grupo, entre otros, se encuentran los taxanos, las epotilonas (EP), la
Cicloestreptina, el Discodermdlido, la Laulimalida y el Pelurésido A.

La unioén de esta familia de compuestos se realiza en diferentes sitios, y
para el Unico que se tiene evidencia experimental solida es para el llamado sitio
de union de los taxanos, ya que se cuenta con las coordenadas publicadas de
varios cristales. El sitio de union de los taxanos recibe este nombre por ser el
primero que se descubrio albergando una molécula de Paclitaxel (PXL) en la
cara luminal de la subunidad B (69). Pero este sitio no es exclusivo de taxanos ya
que, gracias en primer lugar a experimentos de competicion y luego a la
obtencion de cristales, se vio que las epotilonas se unen al mismo sitio (70).

También se piensa que este bolsillo de union en la B-tubulina es utilizado por el
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Discodermolido (77-73) y la Cicloestreptina (74-77), aunque de estos ligandos
no hay publicados datos cristalograficos de wunién a tubulina. Del
Discodermolido se conoce su conformacion unida a la tubulina gracias a datos
de RMN (78) y se ha propuesto que compite con el PXL por el sitio de union de
taxanos (73). No obstante, hay varios estudios que han demostrado que es mas
efectivo que PXL en casos de células resistentes a tratamiento con taxanos,
cuando esta resistencia no estd mediada por la P-gp, y que tiene un efecto
sinérgico con este taxano en células sensibles (pero no con la EPA) (72). Por
otro lado, el caso de la Cicloestreptina es muy interesante ya que en los primeros
ensayos realizados mostrd polimerizacion débil de MT e inhibicion competitiva
de la unién de PXL con el que se proponia que compartia farmacoforo (77),
aunque luego se demostré que se unia covalentemente al sitio externo de PXL,
localizado en el poro de tipo I, de modo que impedia la union del PXL y, por
tanto, su paso al sitio interno (43). Este estudio no hizo mas que reforzar la
hipotesis de la existencia de un sitio externo de union para estos ligandos, que se
encontraria situado en uno de los poros de los MT y seria necesario para luego
acceder al interno (43, 79), aunque esta propuesta ha sido contestada
recientemente (80).

Por el contrario, el sitio de uniéon de Laulimalida y Pelurésido A no esta
tan bien definido, aunque estudios recientes apuntan a algun bolsillo de la
subunidad B (81, 82), en contraposiciéon con la creencia inicial de que se
localizaba en la a (83). Se ha visto que la Laulimalida es efectiva frente a lineas
celulares resistentes al tratamiento con taxanos que sobreexpresan la P-gp (84).
Por su parte, el Pelurdsido A presenta unos efectos sobre la tubulina similares a
los de la Laulimalida, con la que comparte sitio de union (895).

De todos estos compuestos se hard mas hincapié en los dos primeros
grupos (taxanos y epotilonas) ya que han constituido el principal objeto de

estudio en esta tesis.
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TAXANOS

A principios de los afios 50, el Instituto Nacional del Cancer de los
EE.UU. de Norteamérica (National Cancer Institute, NCI) comenzd un
programa de cribado de extractos de plantas contra células tumorales in vivo e in
vitro (86). Pero no fue hasta 1964 que Wani et al. obtuvieron una pequeia
cantidad de un agente muy activo a partir de la corteza del Taxus brevifolia al
que denominaron Paclitaxel (PXL) (comercializado mas tarde como Taxol®)
(Figura 25) (87). PXL es un diterpeno compuesto por un ntcleo central
tetraciclico 1llamado baccatina III, sustituido en los carbonos C2, C7, C10y C13,
y cuyos anillos se denominan A (un ciclohexeno), B (un ciclooctano), C (un
ciclohexano) y D (un oxetano).

Durante los afios siguientes, diversos grupos estudiaron el mecanismo de
accion de este nuevo compuesto. Fuchs ef al. determinaron que era un agente
antimitotico (88) y Horwitz et al. demostraron en diferentes estudios que el PXL
promovia la polimerizacion irreversible de los MT, interrumpiendo asi la mitosis
(89, 90). Dada la poca cantidad de este compuesto que se podia extraer de la
corteza del Taxus brevifolia se elaboraron procesos de semisintesis a partir de las
hojas del Taxus baccata, surgiendo asi el primer analogo semisintético, el

Docetaxel (DXL) (comercializado como Taxotere®) (Figura 11) y un nuevo

I 2
"

DISCOVERY OF TAXOL

NEAR THIS LOCATION ON AUGUST 21, 1962, ARTHUR BAR
TEAM OF BOTANISTS FROM THE U.S. DEPARTMENT OF AG
COLLECTED BARK OF THE PACIFIC YEW, Taxus brevifolia

DRS. MONROE WALL AND MANSUKH WANL, OF THE RESEARCH "
INSTITUTE, NORTH CAROLINA. UNDER CONTRACT 70 THE 1.8, IATIOWAL
CANCER INSTITUTE, ISOLATED TAXOL FROM THAT SAMPLE.

SINCE 1990 TAXOL HAS BEEN

THE DRUG OF CHOICE FOR

TREATMENT OF OVARIAN

CANCER AND 18 WIDELY

Figura 11: estructura quimica del PXL y placa conmemorativa de su

descubrimiento.
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Pero pese a haberse empleado en la clinica desde el primer momento como
tratamiento de eleccion frente a los canceres de ovario, mama y pulmon, no fue
hasta finales de los 90 que Nogales et al. fueron capaces de elucidar el modo de
union del PXL a la tubulina. Tras cristalizar ldminas de tubulina estabilizadas
por cationes de zinc, publicaron una primera estructura tridimensional en 1998 a
3,7 A de resolucion (codigo PDB: 1TUB) (69) que fue posteriormente refinada
hasta 3,5 A y en la que fue sustituido el DXL introducido erréneamente en la
anterior por PXL (cédigo PDB: 1JFF) (97). Asi se pudo comprobar que el PXL
(y, por extension, toda la familia de analogos de taxanos), en una conformacion
conocida como T-taxol (46, 92, 93), se une en la cara luminal de la subunidad 3
en un bolsillo hidréfobo que se encuentra partido en dos por la cadena lateral de
la His229 de la H7 y del que forma parte de uno de sus lados el conocido como
M-loop (94). No obstante, la baja resolucion de estos cristales no permite
identificar con precision las interacciones importantes que establece el PXL con

las cadenas laterales de los aminoacidos del bolsillo de union (Figura 12).

Figura 12: detalle de la unién del PXL a la B-tubulina en la estructura

depositada en el PDB bajo el codigo 1JFF.

Sin embargo, recientes estudios realizados por Diaz et al. demostraron que
la rdpida cinética de union de los taxanos a los MT no era compatible con la
mera difusion de éstos al sitio luminal y que, probablemente, la unién al sitio

interno era un evento secundario a un proceso de unién inicial a un sitio externo
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(79). Esta hipotesis se demostré mediante estudios con Cicloestreptina, un
compuesto de origen bacteriano que se une covalentemente a la Thr220 y a la
Asn228 de la B-tubulina, impidiendo asi la unién de los taxanos a los MT. De
estos dos puntos de union a la tubulina el primero se encuentra en el poro de tipo

I de los MT, muy cerca del sitio luminal (43-46, 95).

EPOTILONAS

Tras el gran éxito cosechado por el PXL en el tratamiento de diversos tipos
de céncer, muchos fueron los esfuerzos realizados para desarrollar un nuevo
agente con un espectro de actividad antitumoral mas amplio y que fuera efectivo
contra tumores resistentes al tratamiento con PXL.

Fue German Hofle, un microbiologo del actual Helmholtz Center for
Infection Research dedicado al estudio de las Myxobacterias (organismos que
crecen en materia vegetal en descomposicion), quien descubrié que una cepa de
Sorangium cellulosum (So ce90), obtenida de una muestra de suelo de Sudafrica,
producia como metabolito secundario un producto antifingico Ilamado
Epotilona que interferia con el ensamblado de los MT (96, 97). Mas tarde se
descubrieron otros andlogos con las mismas propiedades, que en un primer
momento se explotaron como antifiingicos en agricultura, pero en los que pronto
se descubrid un interesante potencial antitumoral debido al bloqueo de la
division en G,-M en células de mamifero (98).

Las epotilonas son estructuras lactdmicas macrociclicas de 15 4tomos, con
un epoxido en la posicion 12-13 y un sustituyente insaturado con un heterociclo
en la posicion 15 (Figura 13). Estas moléculas también se pueden obtener por
sintesis, lo que ha dado lugar a la obtencién de multiples analogos. Sin embargo,
hasta la fecha solo uno, la Ixabepilona (Ixempra®), ha llegado a la practica

clinica como antiutmoral (99-101).
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Figura 13: estructura quimica de la Epotilona A.

Se determind que su actividad frente a tumores resistentes a taxanos era
debida a una menor susceptibilidad a las bombas de destoxificacion de la célula,
incluyendo la P-gp. Por otra parte, el descubrimiento de que son capaces de
inhibir la union a B-tubulina de PXL marcado radiactivamente sugirié un mismo
lugar de unién y un mismo mecanismo de accion (98). En 2004 Nettles et al.
publicaron la estructura de laminas de tubulina estabilizadas por cationes de zinc
unidas a Epotilona A (EPA), a 2,89 A de resolucion (cédigo PDB: 1TVK) (70).
En éstas se ve claramente que la EPA ocupa parte del sitio de unién del PXL,
pero pronto se generaron dudas acerca de la bondad del modelo de unién ya que
la conformacion endo muy poco probable propuesta para la EPA situaba el
epoxido hacia el interior del macrociclo (Figura 14). Este modo de uniéon no
permite explicar ni la relacion estructura-actividad descrita para andlogos de EP
(102, 103) ni los efectos de diferentes mutaciones puntuales presentes en [3-

tubulina resistente a EP (104-100).

Figura 14: detalle de la union de la EPA a la B-tubulina en la estructura

depositada en el PDB bajo el codigo 1TVK.
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Ademas, la conformacion del M-loop obtenida en el cristal era diferente a
la obtenida en el cristal de tubulina unida a taxanos. A raiz de esto, diversos
grupos han dedicado muchos esfuerzos a determinar la conformacion unida de
estas moléculas en distintos complejos con tubulina mediante estudios de RMN,
tanto en disolucién como en estado soélido (/07-109) y modelado molecular

(110) pero al dia de hoy sigue sin haber un consenso respecto al modo de union.

1.4.4.3 Agentes Desestabilizantes de Microtiibulos

Estos compuestos impiden el ensamblado de los MT e inducen su
despolimerizacion, algunas veces dando lugar a la formacién de anillos de
tubulina (//1-115). Dentro de este grupo se encuentran los derivados de
Colchicina, los alcaloides de la Vinca, las Dolastatinas, las Halicondrinas y su
derivado semisintético Eribulina (E7389), asi como las Espongiostatinas y sus
analogos. Como en el grupo anterior, la union de estos farmacos se hace a
diferentes lugares, de los cuales los mas conocidos son los denominados “sitio
de la Vinca” y “sitio de la Colchicina”.

La Colchicina en un producto natural obtenido como metabolito
secundario de las plantas del género Colchicum (116). Aunque sus efectos
citotoxicos y su afinidad por la tubulina se conocen desde hace mucho tiempo
(117, 118), actualmente solo se emplea en el tratamiento del ataque agudo de
gota y de ciertas enfermedades inflamatorias pero no en el tratamiento del
cancer, ya que presenta una elevada toxicidad (//9). En el afio 2004 se
publicaron las primeras coordenadas cristalograficas de la tubulina unida a
Colchicina y al dominio similar a Estathmina (Stathmin Like Domain, SLD) de
la proteina RB3 obtenidas mediante difraccion de rayos X (/20). En estos
complejos la Colchicina encuentra su sitio de union en un bolsillo hidréfobo de
la B-tubulina localizado en la interfaz de dimerizacién aff, justo encima del
nucleotido de GTP unido al N-site. La presencia de este producto natural y de

sus analogos impide los cambios conformacionales necesarios en la subunidad f3
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para que la tubulina adquiera la conformaciéon recta requerida para la
polimerizacion de los MT (121).

De los alcaloides de la Vinca de Madagascar o Vinca rosea (Catharanthus
roseus), el primero en aislarse fue la Vincoleucoblastina o Vinblastina. Su sitio
de unioén, y por extension el del resto de alcaloides de la Vinca, se describid en
2005 con la publicacion de las coordenadas de la estructura del complejo
Tubulina-Vinblastina-Colchicina-SLD-RB3. En el cristal el alcaloide se
encuentra situado en la interfaz entre dos heterodimeros de tubulina asociados
cabeza-cola, cerca del sitio hidrolizable de unioén al nucledtido, por lo que el
bolsillo de union esta consituido por aminoacidos tanto de la subunidad o como
de la B (/22). Tres afios mas tardese publicaron las coordenadas obtenidas por
difraccion de rayos X de dos complejos de Tubulina-Colchicina-SLD-RB3
unidas a Fomopsina A y a Soblidotina, dos representantes de la familia de las
Dolastatinas. Esta familia estd compuesta por péptidos modificados de los que la
Dolastatina 10, obtenida del molusco gasteropodo Dolabella auricularia, fue el
primero que mostrd inhibicion de la polimerizacion de tubulina (/23). Pese a
tener una estructura quimica muy diferente a la de los alcaloides de la Vinca,
tanto la Fomopsina A como la Soblidotina se unen a la tubulina en la interfaz
entre dos heterodimeros de tubulina unidos, justo en el sitio de union de la Vinca
(124).

Por otra parte, las Halicondrinas son una familia de macrélidos de origen
marino aislados de los extractos de la esponja Halichondria okadai, de los que la
Halicondrina B es el mas potente (/25). Pese a ser moléculas extremadamente
complejas, se han obtenido por sintesis quimica diferentes andlogos
simplificados, de los que la Eribulina (E7389) es el mas destacado por haber
sido recientemente aprobada para el tratamiento del cancer de mama metastatico
(126). Estos agentes se unen a la [-tubulina cerca del sitio de unidn
intercambiable de GTP (/27), sin afectar a la union de Colchicina (/28) pero

inhibiendo la unioén de alcaloides de la Vinca de forma no competitiva (/29). El
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resultado de su unidn a la tubulina es la formacion de agregados afuncionales
(130).

Por ultimo, las Espongiostatinas son macrdlidos policétidos, aislados de
esponjas marinas por varios grupos independientes, que han demostrado un gran
poder citotdxico en un cribado realizado por el NCI con células sensibles a
agentes antimitoticos (/37). Pese a que su mecanismo de accion y su sitio de
union no estan del todo claros, los resultados apuntan a la inhibicion de la
polimerizacién de los MT por unién a un sitio del heterodimero diferente al de
los alcaloides de la Vinca (/32).

De esta familia de compuestos se hara mas hincapié en los alcaloides de la
Vinca y en un nuevo compuesto de origen marino que esta siendo desarrollado
por la empresa farmacéutica espaiiola PhamaMar, puesto que han sido objeto de

estudio en esta tesis.

ALCALOIDES DE LA VINCA

Pese a conocerse las propiedades de los extractos de las hojas de la Vinca
(Catharanthus roseus) desde el siglo XVII, no fue hasta finales de los afios 50
que se establecid su actividad antitumoral (/33). A partir de este momento
comenzaron a emplearse tanto los alcaloides originales Vincristina (VNC) y
Vinblastina (Vincaleucoblastina, VLB) (Figura 15) como los analogos
semisintéticos Vindesina (VND), Vinorelbina (VNR) y Vinflunina (VFN) en el
tratamiento de diferentes tipos de tumores, tanto sélidos como hematoldgicos

(39, 134).

Figura 15: estructura quimica de la Vincristina (izda) y la Vinblastina

(dcha).
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Entre los afios 80 y 90 se realizaron diversos estudios con el fin de
establecer el mecanismo de accion de estas moléculas, que alteran la dindmica
microtubular y la polimerizacién bloqueando el ciclo celular en la metafase. Si
las concentraciones empleadas son subestequiométricas se provoca una
estabilizacion de los MT, probablemente porque la unidén del alcaloide al
extremo unido a GTP impide la hidrolisis del nucledtido (/35-137). A
concentraciones mas elevadas provocan la despolimerizacion y la formacion de
anillos de tubulina y estructuras paracristalinas (/38, 139). Estudios
termodinamicos de la union de los alcaloides naturales de la Vinca y de algunos
de sus analogos semisintéticos realizados por Correia et al. establecieron sus
afinidades por la tubulina, que apenas varian en funcion de los isotipos de
tubulina (/40), y que en orden decreciente son VNC > VLB > VNR > VFN
(140, 141). Con la cristalizacion de un complejo de Tubulina-VLB-Colchicina-
SLD-RB3 en 2005 y su resolucion hasta 4,10 A, se localizo el sitio de union de
VLB en la intefaz entre dos heterodimeros de tubulina, en un lugar proximo al
bolsillo de union de la base nitrogenada del nucleotido en el sitio hidrolizable

(Figura 16).

Figura 16: detalle de la union de la VLB a la interfaz Bi-a, entre dos
heterodimeros de tubulina en el cristal depositado en el PDB bajo el codigo
1Z2B. La o-tubulina estd coloreada en verde, la B-tubulina en cian, las
moléculas de nucleotido en magenta, las moléculas de Colchicina en

blanco, la VLB en amarillo y el SLD RB3 en rosa.
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La Vinblastina introduce una cufa en esta interfaz que no s6lo impide la
correcta interaccion longitudinal de los dos heterodimeros sino que inhibe la
hidrdlisis del GTP al mantener alejado del fosfato gamma el Glu254 presente en
la subunidad a (/22). Recientemente se ha determinado que los alcaloides de la
vinca y otros ligandos interfaciales reconocen la tubulina curvada unida a

Estathmina (55).
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“To err is human, but to really foul things up you need a

computer”

Paul Ehrlich
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METODOS

2.1 Bases Teoricas del Modelado Molecular

Para el estudio de los sistemas biologicos mediante modelado molecular se
tienen que emplear una serie de herramientas computacionales, como potentes
computadoras y programas de graficos moleculares, en conjunciéon con un buen
numero de reglas y procedimientos tedricos. Gracias a la rapida evolucion de la
potencia de los ordenadores, se han podido desarrollar técnicas computacionales
cada vez mas complejas que nos permiten definir y estudiar los sistemas
bioldgicos a diferentes niveles de teoria. Sin embargo, pese a la potencia de los
ordenadores actuales, el estudio de los sistemas de gran tamafio depende de
limitaciones tanto de tiempo como de recursos materiales. De esta forma, es
necesario emplear aproximaciones para mantener la viabilidad del experimento
aplicando distintos niveles de teoria en funcioén del tamafio del sistema que va a
ser analizado ya que, a medida que aumenta el nivel tedrico aumenta la calidad de
los resultados pero también se incrementa notablemente el coste computacional.
En este sentido se pueden emplear tres tipos de métodos: cudnticos, cldsicos e
hibridos, en funcion de la finalidad del estudio que se quiera realizar.

Los métodos cuanticos tienen en cuenta los nucleos y los electrones en el
calculo, haciendo posible el estudio de la estructura y de las propiedades que
dependen de la distribucion electronica, asi como el estudio de la reactividad

quimica (formacion y ruptura de enlaces). Sin embargo, su aplicabilidad esta
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restringida a sistemas con centenares de 4&tomos como maximo, siendo inviable
para aquellos constituidos por miles de atomos en ausencia de recursos de
supercomputacion. Los métodos clasicos emplean la aproximacion de Born-
Oppenheimer en la que, debido a su masa insignificante comparada con la del
nucleo, se ignoran los movimientos propios de los electrones y se considera que se
ajustan al movimiento de los nucleos atdémicos, por lo que la energia de una
molécula o conjunto de moléculas se calcula tnicamente en funcion de la
disposicion de los nilicleos atémicos. Este nivel de teoria es el que se escoge
generalmente para estudiar macromoléculas biologicas. Los métodos hibridos se
han desarrollado recientemente para estudiar procesos quimicos que requieren de
altos niveles de teoria, como reacciones quimicas, dentro del seno de sistemas
complejos, como proteinas en el caso de las reacciones enzimdticas. Para ello
estos métodos son capaces de describir una pequefia parte del sistema mediante

métodos cudnticos y el resto mediante métodos clasicos (/).

2.1.1 Métodos Cuanticos (QM)

Estos métodos emplean la mecanica cuantica (Quantum Mechanics, QM) y
pueden dividirse en dos grupos: los métodos ab initio y los métodos
semiempiricos. El término ab initio significa “desde el principio” o “a partir de
primeros principios”, y hace referencia a que estos métodos requieren inicamente
de las constantes fisicas, por lo que no necesitan parametros ajustados aunque
pueden llegar a ser extremadamente costosos desde el punto de vista
computacional. Por el contrario, los métodos semiempiricos son aproximados e
incorporan parametros derivados de datos experimentales, por lo que pueden
calcular propiedades del sistema de una forma relativamente precisa con un gasto
computacional mucho menor.

Debido a estas diferentes caracteristicas, estos dos métodos se emplean
con fines diferentes en funcion del problema a resolver. Los métodos ab initio son

capaces de proporcionar informacion sobre la distribucion de la carga del nucleo y
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de la corteza electronica, por lo que se emplean para calcular el potencial
electrostatico molecular (Molecular Electrostatic Potential, MEP) de los ligandos

(Figura 17).

Figura 17: representacion del MEP positivo (cian) y MEP negativo
(magenta) del Paclitaxel (centro). Al mostrar los potenciales por separado
(izquierda y derecha) se aprecia mejor la distribucion del potencial en la
molécula y se puede intuir el potencial complementario que sera necesario

en el sitio receptor.

A partir del MEP o del potencial electrostatico de superficie (Electrostatic
Surface Potencial, ESP), estos métodos son capaces de obtener las cargas
parciales de cada atomo. Estas cargas atomicas se emplean posteriormente en los
métodos cléasicos para derivar las interacciones electrostiticas mediante un
potencial generalmente couldmbico. Por esta razon, la calidad de las cargas
obtenidas ab initio es critica para los métodos clasicos. De hecho, el proceso de
obtencion de cargas atomicas se refind en el campo de fuerzas de AMBER
(Assisted Model Building with Energy Refinment) (142) dando lugar a un ajuste
mediante restriccion del potencial electrostatico a la superficie molecular
(Restrained Electrostatic Surface Potential, RESP) (143-145), obteniéndose de

esta forma una distribucion de la carga mas uniforme.

2.1.2 Métodos Clasicos (MM)

Como se ha dicho anteriormente, estos métodos emplean la aproximacion
de Born-Oppenheimer, que considera la energia potencial de los atomos de

manera explicita mientras que el movimiento de los electrones se trata
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implicitamente. De esta forma, estos métodos van a considerar a los atomos del
sistema como esferas de un radio (generalmente el de van der Waals) y una carga

determinados.

2.1.2.1 El Campo de Fuerzas

Los campos de fuerzas representan el conjunto de ecuaciones que
describen una serie de contribuciones energéticas enlazantes y no enlazantes a
las fuerzas inter- e intramoleculares mediante expresiones empiricas
relativamente sencillas que son faciles de computar. Una de sus caracteristicas
importantes es la de que posibilitan la extrapolacion de los parametros
calculados para un reducido numero de atomos a un amplio espectro de
moléculas.

En los estudios realizados en esta tesis, y siguiendo la tradicion del
laboratorio, se empled el campo de fuerzas de AMBER (7/42), que se detalla a
continuacion.

La energia potencial total de un sistema estd regida por dos términos
energéticos: aquellos que dependen de las fuerzas generadas por la union
covalente de atomos entre si (términos enlazantes) y los que dependen de la
interaccion de 4atomos que no estan unidos mediante enlaces covalentes
(términos no enlazantes):

Emt = Eenlazanre + Enoenlazunte (2 1)

Estos parametros se obtienen a través de datos experimentales y calculos

ab initio en sistemas modelo utilizados como referencia.

TERMINOS ENLAZANTES
Los términos enlazantes incluyen contribuciones debidas a los enlaces

covalentes, angulos de valencia y angulos torsionales propios € impropios.
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¢ Término de Enlace (Bond Stretching)

La energia potencial para un enlace covalente entre dos atomos se define
mediante una funcién de Morse que incluye tres pardmetros: energia de ruptura
del enlace, valor de referencia y constante de fuerza del enlace. Sin embargo, el
potencial de Morse no se emplea en campos de fuerza de mecanica molecular
dado que raras veces los enlaces se desvian significativamente de sus valores de
equilibrio. Por lo tanto se consideran expresiones computacionalmente mas

eficientes, como el potencial de Hooke (Figura 18):

Eonce = (K Y= I} (2.2)

donde /; corresponde a la distancia de enlace, /., al valor de equilibrio y 4; a la

constante de fuerza del enlace.

4 -2 0 2 4 6 8
bond length (A)

Figura 18: perfil energético de la distorsion, por acortamiento o estiramiento, de un enlace

covalente.

e Término de Angulo (Angle Bending)
La desviacion de los angulos de sus valores de referencia también se

describe mediante un potencial arménico de Hooke (Figura 19):

Edinguio = (% XG:’ — Ocq )2 (2.3)

donde £; corresponde a la constante de fuerza angular y 6, constituye el valor de

equilibrio para ese angulo.
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Figura 19: perfil energético de la distorsion de un angulo de enlace.

e Término de Torsion
El término de torsion describe las barreras energéticas de rotacion alrededor
de un enlace. A diferencia de los anteriores, no tiene un comportamiento
armonico basal, sino que presenta una periodicidad que hace necesario expresar
su perfil energético como una serie de Fourier (Figura 20):

Eir = ZZ%[I +cos(np—n)]

tor n (2 .4)

donde Jn es la altura de la barrera de torsion, n la multiplicidad (el nimero de
minimos en la funcién cuando se rota 360°), @ el angulo diedro y n el angulo de
fase (indica en qué punto pasa la torsion por el minimo energético). Este tipo de
torsion se denomina torsion propia para diferenciarla de la torsiéon impropia que

se utiliza para mantener la quiralidad sobre carbonos asimétricos y la planaridad

de sistemas aromaticos y heteroaromaticos.
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Figura 20: perfil energético de la distorsion de un angulo diedro entre dos carbonos sp’.

TERMINOS NO ENLAZANTES

Estan definidos por un término de atraccidon-repulsion de tipo Lennard-

Jones para las fuerzas de van der Waals y un término coulombico para las

interacciones electrostaticas.
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e Término Electrostatico
La distribucion electronica de una molécula se puede representar a partir de
las cargas puntuales fraccionales centradas en los nucleos. Estas cargas
reproducirdn la energia electrostatica del sistema que se representa
habitualmente usando la ley de Coulomb:

Eele = z 2 —qiqj

T ATEori (2.5)

donde ¢; y g; son las cargas puntuales de cada atomo, r; la distancia entre ellos y
¢ la constante dieléctrica del medio que las separa. Si las cargas puntuales de dos
atomos son contrarias, éstos se atraerdn entre si, pero si las cargas son del mismo

signo se repeleran (Figura 21).

100
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Figura 21: perfil de la interaccion electrostatica.

e Término de van der Waals
La interaccion de van der Waals entre dos atomos se origina a partir de un
balance entre fuerzas atractivas y repulsivas. Los nucleos atomicos tienden a
repelerse unos a otros cuando estdn muy cerca y a atraerse cuando estan a una
distancia 6ptima. Este comportamiento se puede describir mediante un potencial

de Lennard-Jones, cuyas exponenciales son tipicamente 6y /2:

Ai By
ELennardJones = E E 2 "6
i

G
i i T rij

(2.6)
donde 4; y Bj son constantes para cada par de 4tomos relacionadas con sus

radios de van der Waals y r;; es la distancia entre ellos (Figura 22).
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Figura 22: perfil de la interaccion Lennard-Jones.

2.1.2.2 Métodos Basados en Campos de Fuerzas

2.1.2.2.1 Mecanica Molecular

La mecanica molecular (Molecular Mechanics, MM) se basa en la
mecanica clasica o mecanica de Newton para predecir las estructuras y
propiedades de las moléculas. Gracias al campo de fuerzas que se emplee, se
asignaran a los atomos su carga y su radio de van der Waals correspondiente y se
podrén estudiar las interacciones enlazantes y no enlazantes cuyo sumatorio
representa la energia del sistema. Hay que tener en cuenta que los sistemas
moleculares presentan una superficie de energia potencial muy corrugada, con
multitud de maximos y minimos locales, por lo que muchas veces no es trivial
localizar el minimo global de energia.

Al iniciar el estudio de un sistema siempre es necesario hacerlo partiendo
de un minimo energético que serd normalmente relativo, ya que el global es
dificil de obtener para sistemas grandes. El proceso que permite identificar las
geometrias del sistema que corresponden a los puntos de minima energia
potencial se denomina minimizacion de la energia, y es la que se emplea en
primer lugar para reducir las interacciones desfavorables presentes en el sistema

de partida, antes de someterlo a otras técnicas (Figura 23).
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Coordenadas Iniciales (X,)
Célculo de E,(X,)

Calculo de la primera y segunda
derivada de la E, con respecto a X,

Determinacion de la direccién de busqueda del
minimo local => sugerencia de nuevas
coordenadas (X)

l
| CalculodeE/(X) |

¢ Convergencia?

Si
‘ Geometria optimizada ‘

Figura 23: diagrama de flujo de trabajo de una minimizacién de energia.

La minimizacion de energia se puede describir como una funcién (f)
dependiente de una o varias variables independientes. En nuestro caso, estas
variables seran las coordenadas cartesianas de los atomos del sistema, para las
que se quieren obtener los valores que proporcionan un minimo para el valor de
/- En ese minimo, la primera derivada de la funciéon con respecto de cada una de
las variables es cero y la segunda derivada es positiva:

2
a—f=0 82f>0
oxi J™xi 2.7)

Los dos métodos de minimizacion mas empleados son el de steepest
descent (descenso mas pronunciado) y el de conjugate gradient (gradiente
conjugado). Ambos modifican las coordenadas de los atomos hasta llegar a un
minimo energético, pero mientras el primero lo hace mediante el descenso de
gradiente mas rapido, el segundo lo hace conjugando el gradiente con las
direcciones previas de busqueda. De esta forma el primero se emplea cuando el

sistema estd alejado del minimo y el segundo cuando est4 cerca del minimo. Por
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esta razon, en la practica se emplean los dos combinados: primero el de steepest

descent durante un nimero de pasos y luego el de conjugate gradient.

2.1.2.2.2 Dinamica Molecular

En la dindmica molecular (Molecular Dynamics, MD) se generan las
configuraciones sucesivas del sistema integrando las leyes de Newton del
movimiento. El resultado es una trayectoria en la que las posiciones y las
velocidades de los atomos del sistema varian a lo largo del tiempo de
simulacion. La trayectoria del sistema se obtiene resolviendo la segunda
derivada de la Segunda Ley de Newton, F =ma :

d’xi _ Fui
dr’ B mi (2.8)

donde se describe el movimiento de un dtomo de masa m; a lo largo de las
coordenadas (x;) con una fuerza determinada (F;) que viene dada por el campo
de fuerzas, y un tiempo ¢. En el punto inicial de la dindmica, la energia total del
sistema es la suma de las energias cinética y potencial para las coordenadas (xy)
y velocidades (vy) iniciales:

Eior = Epor(x0)+ Ex(vo) (2.9)

Este es un método determinista ya que el resultado final es dependiente de
la posicion inicial de los dtomos del sistema (de ahi la recomendacion de partir
de varias configuraciones iniciales para comprobar que los resultados convergen,
asi como la necesidad de realizar una minimizacion previa para evitar que haya
gradientes de energia muy grandes que distorsionen el comportamiento del
sistema).

La evolucion del sistema a lo largo del tiempo se obtendrd mediante
integracion numérica. Esta integracion se realizara en fracciones de tiempo
separadas por el valor de Jz. La fuerza total de cada particula en el tiempo ¢ (que

se asume que es constante) se calcula como la suma vectorial de las
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interacciones con los demas atomos y se determina mediante la derivada de la

energia potencial con respecto a las coordenadas:

—_ —0Em
F= Ax (2.10)

A partir de las fuerzas se puede determinar la aceleracion de los 4&tomos de
modo que, conociendo sus posiciones y velocidades a tiempo ¢, podemos
calcular sus posiciones y velocidades en la siguiente fraccion de tiempo, ¢+ot.
Este proceso se repite sucesivamente para generar la trayectoria completa para
todos los atomos del sistema.

Los algoritmos empleados en MD para generar las trayectorias asumen que

las propiedades de éstas se pueden aproximar mediante series de Taylor:
xi(t+0t)=xi(t)+otvi(t)+ %aﬁai ()+...
vi(r+0t)=vi(t )+ dtai(r )+ %atzbi ()+...
i =ai i ] 2ci
ai(t+0t)=ai(t)+othi(t)+ Aat ci(t)+ @.11)

donde v es la velocidad (primera derivada de las posiciones con respecto al
tiempo), a es la aceleracion (segunda derivada), ¢ es la tercera derivada, etc.
Estas ecuaciones se integran mediante el algoritmo de Verlet (/46), que usa las
posiciones y aceleraciones a tiempo ¢ y las posiciones en la etapa previa, x(#-0¢),
para calcular las nuevas posiciones a t+ot, x(t+0).

El tiempo de integracion of elegido es de vital importancia ya que si es
demasiado pequefio la trayectoria apenas cubrird una parte de todo el espacio
conformacional, mientras que si es demasiado grande puede provocar
inestabilidades debidas a solapamientos energéticos entre &atomos. Los
movimientos de mayor frecuencia son aquellos que corresponden a la vibracion
de los enlaces con hidrégenos. Se sabe que estas vibraciones ocurren en la escala
del femtosegundo (fs) y su inclusion en el calculo no haria mas que afiadir una
carga computacional extra innecesaria ya que no influyen en el movimiento
global del sistema. Es por ello que se suele fijar la longitud de los enlaces

covalentes a sus valores de equilibrio mediante el algoritmo SHAKE (/47). De
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esta forma se aumenta el tiempo de integracion a 2 fs (desde 31 0,5 o 1 fs
habituales) y se acelera la velocidad del calculo.

Por otra parte, de la misma forma que se aplican aproximaciones para el
calculo de los términos enlazantes, se aplican también para los no enlazantes, ya
que son computacionalmente mas costosos. En esta aproximacion no se tienen
en cuenta las interacciones entre dos atomos separados por una distancia mayor
a un limite previamente definido (cutoff). Esto afecta fundamentalmente al
término electrostatico ya que esta interaccion es de largo alcance, y la omision
de parte de los pares de atomos del sistema en la simulaciéon puede producir
artefactos y conducir a propiedades del sistema no realistas. Para evitar esto se
emplean métodos como el sumatorio de Ewald (PME) que permite corregir el
sistema al sumar las interacciones con infinitos sistemas réplicas del original. El
método se basa en dividir la suma de las interacciones en dos sumatorios: el
espacio directo y el espacio reciproco (/48).

Puesto que los sistemas son finitos y tienen bordes hay que tener en cuenta
que se pueden presentar anomalias en las simulaciones con las moléculas que se
encuentran en el borde del 4rea e simulacion. Para evitar que éstas experimenten
un comportamiento diferente a las demdas se aplican condiciones de limite
periddico (Periodic Boundary Conditions, PBC) que permiten realizar la
simulacion como si el sistema no estuviera confinado. Para ello se rodea el
sistema simulado en cada una de sus caras por copias exactas de ¢l mismo. Cada
particula en la simulacion tiene un duplicado exacto, con las mismas

velocidades, en cada celda que la rodea (Figura 24).
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Figura 24: representacion esquematica de las condiciones de limite

periodico (imagen tomada de la Central Michigan University).
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De esta forma, aunque un dtomo se vaya de la celda de la simulacion, éste
se reemplaza por otro que entra por la cara contraria, exactamente con la misma
velocidad. Asi se conserva el numero de atomos en la celda original y ninguna
particula sufre los efectos de imponer un limite fisico a las caras del sistema
simulado. La forma y tamafo de las cajas depende de la geometria del sistema,
usandose mas frecuentemente cajas cubicas y octaédricas para la simulacion de

proteinas y acidos nucleicos (Figura 25).

Figura 25: figuras geométricas mas habituales para la simulaciéon de

sistemas macromoleculares en entornos acuosos: cubo y octaedro truncado.

El tamano de la caja debe ser tal que el soluto no pueda interaccionar con
una copia de si mismo en ninguna de las réplicas, por lo cual debe haber
suficiente espesor de disolvente alrededor del soluto en todas direcciones para
que la distancia desde cualquier punto de éste hasta cualquiera de sus copias
vecinas sea mayor que la distancia limite de corte (cufoff) establecida para el

calculo de las interacciones no enlazantes.

PREPARACION Y EJECUCION DE UNA SIMULACION DE MD

En primer lugar, es necesario establecer una configuracion inicial del
sistema, que puede provenir de datos experimentales de difraccion de rayos X,
espectroscopia de RMN, de un modelo tedrico o de una combinaciéon de datos

experimentales y tedricos.
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La asignacion de velocidades iniciales a los atomos del sistema, que se ha
minimizado previamente mediante MM, se realiza normalmente al azar a partir
de una distribucion Maxwell-Boltzmann a la temperatura elegida. Finalmente, es
preciso mantener fijas algunas de las condiciones de simulacion: numero de
particulas (N), volumen (V), temperatura (T), presion (P) o energia total del
sistema (E). En funciéon de sus combinaciones se puede distinguir entre
simulaciones microcanénicas (NVE), isotérmico-isobaricas (NPT) y candnicas
(NVT) siendo NPT y NVT las mas empleadas en MD de proteinas y acidos
nucleicos.

Si se utiliza un formalismo NPT, es necesario ajustar la temperatura y la
presion, para lo cual existen distintos métodos. La manera mas facil es aplicar un
escalado de velocidades (/49) que consiste en multiplicarlas por un factor
constante en cada paso de calentamiento. Un método alternativo para mantener
la temperatura es acoplar el sistema a un bafio térmico externo que se fija a la
temperatura deseada (/50). El bafo actua como fuente de energia térmica,
anadiendo o quitando calor al sistema segun sea necesario. Las velocidades se
escalan en cada paso en funcion de la diferencia de temperatura entre el bafio y
el sistema. Muchos de los métodos usados para el control de la temperatura se
emplean también a la hora de controlar la presion. Por lo tanto, la presion puede
ser mantenida a un valor constante simplemente mediante un escalado del
volumen. Y la alternativa es acoplar el sistema a un “bafio de presion” analogo al

bafio de temperatura.

FASES DE UNA SIMULACION DE MD

Las simulaciones de MD se componen de dos etapas: una fase de
equilibrado y una fase de produccion. El objetivo del equilibrado es llevar al
sistema a un estado de equilibrio a partir de la configuracién inicial. Durante esta
fase se monitorizan la energia potencial, la temperatura y la densidad hasta que

llegan a un valor estable. Una buena técnica para conseguir un equilibrado
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optimo es aplicar restricciones al sistema, liberdndolas después lentamente para
permitir su adaptacion a las condiciones deseadas. Este proceso suele durar entre
200 y 500 picosegundos (ps) aunque en ciertos casos conviene equilibrar el
sistema durante varios nanosegundos.

Después de un correcto equilibrado comienza la fase de produccion en la
que se permite la evolucion del sistema, que queda recogida en forma de
coordenadas y velocidades. Estas se almacenan como una trayectoria que sera

utilizada para el anélisis y la obtencion de informacion (Figura 26).

‘ Coordenadas Iniciales ‘

‘ Minimizacion de Energia ‘

‘ Asignacion inicial de velocidades ‘

]

‘ Dinamica de Calentamiento ‘

l
4ﬂ Dinamica de Equiibrado ‘

No
Reescalar velocidades? @

Si
’ Dindmica de Produccién ‘

‘ Andlisis de trayectorias ‘

Figura 26: diagrama de flujo de trabajo de una MD.

Cuanto mayor sea el tiempo de simulacién, mas calidad tendran los
resultados ya que se explorara mas espacio conformacional. En general se estima
que el tiempo de simulacion deberia ser al menos 10 veces més largo que la
escala temporal del proceso a estudiar. En la practica esto significa que se tiene
que hacer uso de los algoritmos de paralelizacion y contar con una gran
capacidad de almacenamiento en discos. Por ello el uso de supercomputadores
ha permitido pasar de simulaciones de 10 ns como maximo a las cada vez mas

habituales de 1 microsegundo (/57-153).
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Los resultados que se pueden extraer de la trayectoria de una MD son
parametros que nos daran informacion acerca de los cambios estructurales que
afectan a las moléculas estudiadas. Los comunes a todos los sistemas son las
distancias entre 4tomos, los angulos, los cambios en torsionales, andlisis de la
superficie accesible al disolvente (Solvent Accessible Surface Area, SASA), la
evolucion de las energias y, en el caso de simulaciones de ADN, parametros
helicoidales de esta macromolécula. Pero uno de los pardmetros comunes mas
importantes a la hora de analizar trayectorias de MD es la desviacion cuadratica
media (Root Mean Square Deviation, RMSD) respecto de una estructura de
referencia, que normalmente es, o bien la estructura promedio del colectivo, o
bien la estructura de partida. La funcion que representa la evolucion del RMSD
con respecto al tiempo es uno de los mejores indicadores del comportamiento
global del sistema durante la simulacién. Si éste se halla equilibrado, los
sucesivos valores del RMSD se mantienen aproximadamente constantes,
fluctuando en torno a una o varias conformaciones de equilibrio, de forma que la

grafica de la funcion seré asintdtica.

TIPOS DE SIMULACIONES DE MD

El espacio conformacional accesible a las macromoléculas bioldgicas es
enorme y no puede ser cubierto por ninguna de las simulaciones actuales. Los
datos experimentales (rayos X, RMN, etc.) indican que las biomoléculas tienden
a adoptar conformaciones bastante definidas. Esta informacion experimental se
puede utilizar en una simulacion para restringir el espacio conformacional al que
puede acceder el sistema, fundamentalmente dificultando la adopcion de
configuraciones que resultan incompatibles con la informacion experimental
mediante una funcion de penalizacion. Cuanto mas se aleje de los datos
experimentales la configuracion simulada del sistema, mayor serd el valor de la

funcion de penalizacion.
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Entre los tipos de parametros que se pueden incorporar para forzar la
trayectoria de modo que se satisfaga la informacion experimental se encuentran:

» Los limites superiores de distancias interatdmicas provenientes de

medidas NOE (Nuclear Overhauser Effect).
» Los limites para valores que pueden adoptar los angulos torsionales a
partir de datos de acoplamiento J obtenidos por espectroscopia de
RMN.

» Las amplitudes de los factores de estructura medidos mediante la
difraccion de rayos X.

Las simulaciones no se clasifican unicamente en aquéllas con restricciones
(restrained) y sin restricciones (unrestrained). Existen varios tipos de protocolos
empleados en el estudio de sistemas biologicos:

- TEMPLADO SIMULADO (Simulated Annealing) O DINAMICA
MOLECULAR “AMORTIGUADA” (Quenched Molecular Dynamics)

Se realiza una simulacion a una temperatura elevada y después se enfria
lentamente para llevar el sistema al minimo local més préximo. La temperatura
del sistema no se debe tomar como un valor real; tan solo es un parametro de
control que determina si el sistema puede escapar de ciertos minimos locales.
Este protocolo resulta util para refinar estructuras procedentes de espectroscopia
de RMN o de difraccion de rayos X.

- MUESTREO AUMENTADO LOCALMENTE (Locally Enhanced Sampling,
LES)

Esta técnica permite aumentar el muestreo de un asa (loop) de una proteina
mediante la construccion de multiples copias de esa region. Las copias no
interaccionan entre si pero interaccionan con el sistema de una forma
promediada. Este tipo de protocolo reduce las barreras o las transiciones
conformacionales y permite obtener multiples trayectorias de esta region

llevando a cabo una tinica simulacion.
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- DINAMICA MOLECULAR DE INTERACAMBIO DE REPLICAS O
COPIAS (Replica Exchange Molecular Dynamics, REMD)

Esta técnica es similar a la anterior en cuanto que permite el estudio
conformacional exhaustivo de un asa o de una proteina pequefia entera. Se
generan varias réplicas de un sistema que no interaccionan entre si y se simulan
a diferentes valores de una determinada variable independiente, que suele ser la
temperatura. De esta forma las copias que estan “atrapadas” en un minimo local
son capaces de “saltar” a otro minimo local diferente gracias a los cambios en la
temperatura. Para ello el namero total de réplicas (N) se simulan en paralelo a
diferentes temperaturas, que iran de forma creciente, hasta que la topologia de la
mitad de éstas (N/2) se intercambia por la topologia de sus vecinas y se continua
la simulacidon bajo las condiciones de estas tltimas.

- DINAMICA MOLECULAR “ACTIVADA”, “SESGADA” (Biased) O
GUIADA (Steered)

Mediante la adicion de fuerzas externas predeterminadas se reducen las
barreras energéticas y se aumenta la probabilidad de obtener configuraciones
poco probables de observar en una simulacién convencional. Este procedimiento
resulta adecuado para estudiar procesos que son intrinsecamente rapidos pero
que constituyen acontecimientos raros porque estan limitados por una o mas
barreras de energia.

- FORZADO SOBRE UN MOLDE O PLANTILLA (Template Forcing) O MD
DIRIGIDA A UNA ESTRUCTURA DIANA (Targeted Molecular Dynamics)

En este caso se afiade un término basado en la desviacion cuadratica
media, ponderada por la masa, a la funcion de energia potencial de un conjunto
de 4tomos con respecto a los mismos en una estructura de referencia (el “blanco”
o “diana”). En cada paso de MD, el algoritmo realiza un ajuste de minimos
cuadrados para los atomos seleccionados en las dos estructuras. Este método
puede resultar idoneo para simular los grandes cambios conformacionales que

ocurren en una escala de tiempos de milisegundos.
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2.1.2.3 Calculo de Diferencia de Energias Libres de Union
La energia libre de union que describe una asociacion proteina—ligando o
proteina—proteina es la diferencia entre la energia libre, G, del complejo y la de

la suma de sus respectivas parejas:
AGunio’n = Gwmplejo - (Gprotel’na + Gliganda)

AGunio’n = Gwmplejo - (Gprotel’na + Gprotez'nu) (2 12)

En estas ecuaciones los tres valores de G normalmente indican promedios
sobre varios pasos de las trayectorias de MD independientes del sistema
molecular en equilibrio. Pero, si queremos estudiar la evolucion a lo largo del
tiempo de esta energia de interaccion, cada uno de los pasos de la trayectoria
puede ser analizado individualmente.

AGunio’n = G(:omple_/'u(i) - (Gprutet’na(i) + Gligundo(i)) (2 13)

donde i indica cada “snapshot” de la trayectoria de MD. El valor de G para cada
especie puede descomponerse en los siguientes términos:
G = Ews+Gsa =TS (2.14)
Egas = Einct Eete + Evaw
E it = Eeniace + Ednguio + Edinedro (2.15)

Gsol = GGB + Gno — polar

Gro - polar = y-SASA (2.16)

donde E,, es la energia en fase gas calculada usando el campo de fuerzas de
AMBER como la suma de la energia interna (E;,). Esta, a su vez, es la suma de
la energia de enlaces (Eecuiace), angulos (Egnguio) y torsiones (Eginedro), pOr una
parte, y las energias no enlazadas culombicas (E..) y de van der Waals (E,qw),
por otra. La energia de solvatacion (G,,) se descompone en contribuciones
polares y no polares. La contribucion polar (Ggp) se calcula resolviendo la
ecuacion del método generalizado de Born (/54) mientras que la contribucion

apolar (Gpo-poiar) s€ estima a partir de la SASA (/55) determinada con una sonda
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equivalente a una molécula de agua de radio 1,4 A, y donde y es la constante de
tension superficial. 7 es la temperatura y S la entropia, que se calcula haciendo
uso de la estadistica clasica y andlisis de modos normales de fotogramas
(smapshots) representativos y previamente minimizados obtenidos de una

trayectoria de MD.

2.1.3 Métodos Hibridos (QM/MM)

Esta técnica permite combinar potenciales de la mecanica cuantica (QM) y
de la mecanica molecular (MM) en un potencial hibrido QM/MM (1, 156, 157).
Este método combina la simplicidad y velocidad del tratamiento MM con el
potencial de la QM que permite el estudio de la formacion y ruptura de enlaces,
asi como la inclusion de la polarizacion electronica debida al medio. Este tipo de
aproximacion nos va a permitir el estudio de reacciones quimicas en el seno de
grandes sistemas ya que las regiones del sistema implicados en la reaccion se
analizan mediante una funcion QM mientras que el potencial de los demds dtomos
del sistema se examina por calculos clasicos de MM en los que las interacciones
atomicas estan regidas por el campo de fuerzas.

La energia total (E,,) para este tipo de sistemas se puede escribir de la

siguiente forma:

Eror = Eom + Evm + Eom 1 mm (2.17)

donde Egy y Emu corresponden a la energia de aquellas partes del sistema tratadas
exclusivamente con mecénica cuantica y mecanica molecular, respectivamente.
Mientras que Eoumum €s la energia de interaccion entre las partes mecanico-
cuanticas y mecanico-moleculares.

Se han implementado distintos métodos con el fin de estudiar un sistema
mediante QM/MM. Estos difieren entre si (i) por el nivel de teoria utilizado para
la mecanica cuantica (semiempirico, ab initio, enlace de valencia o funcional de
densidad), (ii) por el modelo de mecanica molecular empleado o (iii) por el modo

de representar el disolvente (disolvente explicito o modelo simplificado).
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Un punto importante, y que también constituye una diferencia entre
métodos QM/MM, es el modo de tratar la uniéon entre las dos regiones. En
general, es preferible cortar enlaces no polares (como enlaces sencillos C—C) que
cortar enlaces insaturados o polares. Existen dos métodos para abordar este
problema. En una primera aproximacion, se establece un orbital hibrido sp> que
contiene un electrén a lo largo de la region QM/MM (758). El método alternativo
y mas utilizado incluye simplemente un “link atom” o atomo enlazante

(normalmente hidrégeno) que asegura la conservacion de la valencia (/).

2.2 Prediccion del Modo de Union de Ligandos a sus

Dianas

Predecir como se unira un ligando a una macromolécula de interés (ya sea
una proteina o un acido nucleico) no es trivial y la percepcion subjetiva del
investigador juega un papel importante. El acoplamiento (docking) de un ligando
a una macromolécula puede realizarse de forma manual o automatizada.

Si existe una estructura cristalografica de la macromolécula formando un
complejo con uno o mas ligandos, se puede utilizar la informacion de la posicion
relativa del ligando en el bolsillo de union de la proteina o 4cido nucleico para
predecir el modo de uniéon de otros ligandos semejantes y modelarlos
manualmente en el sitio de unidon. En el caso de que se cuente con la estructura de
la macromolécula sin ningin ligando unido, se deberd contar con informacion
experimental para que el modelo sea razonablemente fiable, por ejemplo, el tipo
de inhibicion del ligando o cudles son los residuos clave del receptor para su
interaccion. En este caso son de gran utilidad métodos computacionales que
predicen los sitios de union energéticamente favorables de diferentes grupos
funcionales en macromoléculas de importancia bioldgica, como GRID (/59).
Estos grupos funcionales son llamados sondas y, seleccionando unos niveles

energéticos adecuados, se pueden representar graficamente contornos
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tridimensionales que resaltan las zonas donde estas funcionalidades quimicas dan
lugar a una interaccion favorable con la macromolécula.

Un tercer método menos sesgado consiste en explorar de forma automatica
y exhaustiva los posibles modos de union de un ligando a su receptor de interés
mediante programas que utilizan diferentes algoritmos que examinan el bolsillo de
union, encajan el ligando en ¢l y evaluan las interacciones en cada posicion
estudiada. Para este ultimo paso se requieren funciones de evaluacion o tanteo
(scoring) que caractericen cuantitativamente las interacciones presentes en el
complejo, generalmente mediante su descomposiciébn en contribuciones
electrostaticas y de van der Waals, asi como la energia de desolvatacion de la
superficie de contacto entre el ligando y el receptor:

AGunia’n = AGvdW + AGele + AGenlace + AGdesolv + AGtor (2 1 8)

Estos programas de docking, por lo tanto, realizan dos pasos consecutivos:
exploracion y evaluacion. Como resultado de la exploracion se generan un gran
numero de posibles modos de union ligando—receptor (“poses”), cada uno de los
cuales debe ser evaluado mediante la funcion de scoring para identificar las
soluciones mas favorables, desde un punto de vista energético, y las que tienen
una mayor probabilidad por tanto de corresponder a la solucién experimental.
Estos métodos constan de tres partes: (i) la caracterizacion del bolsillo de unién y
el precalculo de las energias de interaccion con los tipos de 4&tomo presentes en el
ligando o serie de ligandos, (ii) la generacion de poses de cada ligando dentro de
¢l, y (iii) la evaluacion de la energia de interaccion ligando-receptor en cada

complejo.

2.2.1 Caracterizacion del Sitio de Union y Precélculo de las Energias

de Interaccion

El abordaje de esta fase es diferente dependiendo de si la estructura de la

proteina carece de cualquier molécula unida o si contamos con una estructura
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resuelta experimentalmente en presencia de ligandos, cofactores, moléculas de
agua o iones metalicos.

En el segundo caso, habra que caracterizar lo mejor posible las cavidades
que los contienen y estudiar su modo de interaccidon para asi intentar mimetizar
estas uniones con los nuevos ligandos que se quieren estudiar, especialmente si
sabemos por evidencias experimentales que se unen de la misma manera. De este
modo podemos delimitar nuestra busqueda en las regiones de interés y aumentar
las probabilidades de éxito. Si la estructura de partida no tiene informacion de
ningun ligando unido, el primer paso consiste en buscar bolsillos o cavidades
donde el ligando puede supuestamente unirse al receptor. Uno de los programas
mas utilizados y fttiles en este sentido es CASTp (/60), que realiza una
exploracion de cavidades en el receptor (tanto externas, expuestas al disolvente,
como internas) teniendo en cuenta que la mayoria de los centros activos y zonas
de unidn a ligandos estan asociados a un bolsillo estructural.

Una vez definido el bolsillo del receptor donde realizar la busqueda de
poses del ligando, se define una malla tridimensional centrada en la zona de
interés y, mediante sondas de diferentes tipos de 4tomos, se precalculan en cada
nudo de la malla potenciales de afinidad atdmica, tanto electrostaticos como de

van der Waals, para cada tipo de atomo del ligando (Figura 27).

grid spacing /A
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grid pom\‘ .
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Figura 27: representacion del bolsillo de unién con una malla para
precalcular las energias de interaccion con una sonda (imagen tomada del

manual de usuario de AutoDock3.0).
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De esta forma, al tener precomputados los valores de interaccion entre los
atomos de la proteina y los distintos tipos de atomo del ligando, resulta muy
rapido calcular la energia de interaccion para cada pose del ligando por
interpolacion trilinear.

Un factor a tener en cuenta a la hora de intentar encajar un ligando en una
cavidad es que el resultado es altamente dependiente de la conformacion de ésta y
del resto de la proteina, ya que normalmente el bolsillo de union se considera
rigido. No obstante, hay programas como GLIDE (/67-163) que ya incluyen en el
calculo del acoplamiento ligando—receptor una cierta flexibilidad en el centro
activo al considerar diferentes conformaciones de las cadenas laterales,
pudiéndose asi estudiar la capacidad del receptor para adaptarse al ligando. Pero
hay otras estrategias que pasan por la generacion de conformaciones alternativas
de la proteina mediante el andlisis de modos normales (Normal Mode Analysis,
NMA). En éste método se expresa el movimiento de una proteina en términos de
movimientos colectivos de un grupo de atomos (/64). Basandose en una
aproximacion armonica de la funcion de energia potencial del sistema en una
conformacién de minima energia, el NMA proporciona una solucién analitica a la
ecuacion del movimiento diagonalizando la segunda derivada de la matriz de
energia potencial (matriz Hessiana). De esta forma, se pueden generar multiples
conformaciones del receptor que se pueden utilizar para incorporar flexibilidad en
aquellos casos en que el sitio de union se encuentra en una region “bisagra” que
conecta los dominios estructurales del receptor, o cuando se sospecha que la

conformacién estabilizada por el ligando unido es diferente de la forma apo.

2.2.2 Generacion de Poses dentro del Sitio de Union

A la hora de buscar las posibles conformaciones y orientaciones del
ligando se tienen que considerar todas las combinaciones estructurales del mismo,
teniendo en cuenta su flexibilidad (dngulos torsionales activos) y sus grados de

libertad (tres de rotacion y tres de traslacion).
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2.2.3 Evaluacion de la Energia

El proposito de una funcion de evaluacion o tanteo es discriminar en un
tiempo de célculo razonable entre las soluciones correctas y el resto de las
soluciones encontradas en el proceso de busqueda. Con este objetivo se hace una
estimacion de la energia de union del complejo ligando—receptor en cada posicion
o pose del ligando. La energia de interaccion resultante de estas evaluaciones se
estima utilizando campos de fuerzas, potenciales estadisticos o funciones
empiricas.

En esta memoria se ha empleado el método de acoplamiento automatico

AUTODOCK (http://autodock.scripps.edu/) en su version 3.0 (/635). Este

introduce un algoritmo genético, combinado con un método de busqueda local, y
lleva a cabo la evaluacion de la interaccidon energética mediante MM con
versiones simplificadas del campo de fuerzas de AMBER. Al algoritmo genético
hibrido, implementado para la busqueda de poses en el centro activo, se le da el
nombre de Algoritmo Genético Lamarckiano y es un método adaptativo basado en
el proceso genético de los organismos vivos segun el cual, a lo largo de las
generaciones, las poblaciones evolucionan en la naturaleza de acuerdo con los
principios de la seleccion natural y la supervivencia de los mejor dotados. Este
algoritmo crea una poblacion de posibles soluciones, cada una de las cuales es
puntuada usando funciones de adaptacion que evaliian su “bondad”. La poblacion
cambia con el tiempo y evoluciona hacia soluciones mejores. En el caso de los
conformeros generados para el ligando, cada miembro de la poblacion esta
codificado como un cromosoma y cada cromosoma est4 codificado por los valores
de torsion de sus enlaces rotables y por su orientacion dentro de la cavidad. Tanto
la orientacién como la conformacion interna inicial variardn segun evolucione la
poblacién. La poblacion inicial se obtiene de forma aleatoria y la puntuacion de
cada estructura dentro del sitio de union actua como funcién de adaptacion para

seleccionar los individuos a partir de los cuales se generara la nueva poblacion.
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2.3 Estudio Cuantitativo de la Relacion Estructura-

Actividad: QSAR

Una de las principales metas a alcanzar en el disefio de farmacos es la
prediccion de la actividad que tendran los nuevos compuestos antes de ser
sintetizados. La cuantificacion de la relacion estructura-actividad (Quantitative
Structure—Activity Relationship, QSAR) es un proceso mediante el que se
relacionan ciertas propiedades cuantificables de las estructuras de una serie de
moléculas con sus afinidades o actividades biologicas mediante un modelo
matematico. En el desarrollo de farmacos, los métodos QSAR se han usado
frecuentemente para determinar propiedades mas alla de la actividad in vivo. Esta
actividad depende en la mayoria de los casos de muchos factores. La relacion
entre esas propiedades numéricas y la actividad se describen mediante la siguiente
ecuacion:

v=f(p) (2.19)
donde v es la actividad en cuestion, p son las propiedades derivadas de la
estructura de la molécula y f'es la funcién que los relaciona.

A continuacién mencionaremos los tipos de métodos QSAR que existen y
haremos hincapi¢ en el método COMBINE, que ha sido el empleado en esta

memoria.

2.3.1 Tipos de Métodos QSAR

2.3.1.1 Métodos de Relacion Estructura-Actividad Basada en
Fragmentos o Grupos (Group Contribution QSAR, GCOSAR)

Consiste en relacionar los fragmentos moleculares con las variaciones en
las respuestas biologicas. Estos fragmentos estudiados pueden tener su origen en

las diferentes sustituciones realizadas a una molécula inicial, en el caso del
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estudio de un grupo de moléculas similares, o en leyes quimicas predefinidas en
el caso de moléculas diferentes (166, 167).

Un primer ejemplo de relacion estructura-actividad es el que establecieron
Meyer y Overton entre la potencia de diversos anestésicos y su coeficiente de
reparto entre aceite y gas. Pero la primera aplicacién de un método QSAR para
racionalizar la actividad bioldgica fue realizada por Hansch (/68) que establecio
una ecuacion que la relacionaba con caracteristicas hidréfobas, electronicas y

estéricas de los sustituyentes sobre anillos de benceno (7).

2.3.1.2 Métodos de Relacion Estructura-Actividad Basada en
Estructuras Tridimensionales (Three Dimensional QSAR, 3D-QSAR)

En los ultimos afios, gracias a que se han obtenido estructuras
tridimensionales para muchas biomoléculas y pequefios compuestos, y al avance
de los graficos moleculares y las técnicas quimiométricas, estan ganando terreno
estos estudios. En estos métodos se extrae informacion a partir de la estructura
de las moléculas, ya sea por contar con datos de cristalografia, mediante
superposicion molecular, o mediante célculos basados en campos de fuerzas que
permiten la medicioén de potenciales de interaccion con una malla tridimensional.
Para correlacionar la estructura con la actividad medida, se emplean datos
obtenidos computacionalmente como interacciones electrostaticas y de van der

Waals (7).

2.3.1.2.1 Comparative Molecular Field Analysis (CoMFA)

El Analisis Comparativo de Campos Moleculares (CoMFA) es una técnica
de 3D-QSAR que emplea datos de actividad de un grupo de ligandos conocidos
y que se aplica cuando no se tiene conocimiento de la estructura tridimensional
del receptor o cuando no se conoce el modo de uniéon de los ligandos a este
receptor. Las estructuras tridimensionales de los ligandos se pueden extraer a

partir de datos cristalograficos o por optimizacion de estructuras modeladas
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mediante métodos cuanticos o de mecanica molecular.

La finalidad de este método es establecer una correlacion entre la estructura
tridimensional, las caracteristicas electrostaticas y los patrones de enlaces de
hidrégeno de un grupo de ligandos, y su actividad bioldgica. Esto se lleva a cabo
mediante la superposicion de los ligandos en lo que se supone que son sus
conformaciones biologicamente activas dentro del bolsillo de unién. Cada
conformacion se estudia para todo el grupo de ligandos, calculandose los
campos moleculares a su alrededor. Estos campos son de naturaleza estérica
(interacciones de van der Waals) y electrostatica (término couldmbico) y se
calculan en los nudos (separados entre si 1-2 A) de una malla tridimensional. En
cada punto se mide la interaccion del ligando con un atomo de carbono de
hibridacién sp’ y carga positiva, unidad que actiia como sonda. Para evitar el
ruido generado por energias de interaccion elevadas originadas por choques
estéricos y electrostaticos se establece un corte (cutoff) que elimina las
superiores a 30 kcal/mol. Para predecir la actividad a partir de los valores de
energia se emplea el andlisis de minimos cuadrados (Partial Least-Squares,
PLS) que se describe en el apartado dedicado al método COMBINE.

Lo mas importante a la hora de emplear COMFA con éxito es contar con
una buena superposicion de las estructuras de forma que las partes comunes

estén bien alineadas (/69), aunque este procedimiento no deja de ser subjetivo.

2.3.1.2.2 COMparative BINding Energy (COMBINE) Analysis
El andlisis Comparativo de Energias de Uniéon (COMBINE) (/70) es un
método QSAR basado en la estructura tridimensional de los complejos ligando-
receptor. Las interacciones calculadas entre los ligandos y la proteina en cada
complejo se emplean para racionalizar las afinidades de union de la serie,
generalmente congenérica (/717). Actualmente este método estd integrado en una
plataforma grafica (gCOMBINE) que permite una mayor interaccion y

comodidad en su utilizacion (/72).

90



El método COMBINE emplea un determinado nimero de energias de
interaccion ligando-receptor (electrostaticas y de van der Waals) calculadas en
un conjunto de complejos refinados mediante técnicas de MM, para construir
una matriz que posteriormente sera sometida a un analisis estadistico
multivariante para intentar ponderar esas interacciones y correlacionarlas con las
actividades bioldgicas o las afinidades de union. Opcionalmente también se
pueden incorporar a la matriz los componentes electrostaticos de las energias de
desolvatacion de ligando y receptor calculados mediante un método continuo. La
ecuacion resultante tiene la siguiente forma:

2n
AG = ZuiWi +C
i=l (2.20)
donde para cada uno de los 7 residuos del receptor (residuos de aminoacidos y
posibles moléculas de agua implicadas en la unién) hay 2 términos, u;, uno de
van der Waals y otro electrostatico, que estdn ponderados por los términos w;
que se determinan mediante el analisis PLS, al igual que la constante C. Hay que
tener en cuenta que si una de las contribuciones medidas no varia
significativamente en el conjunto de complejos, no se podra emplear para
explicar las diferencias de afinidad o actividad, por muy importante que sea para
el término constante Cy para la energia de union.

Para hacer un modelo COMBINE se emplea primeramente un grupo de
complejos ligando-receptor como conjunto de entrenamiento (fraining set) que
se tendrd que validar de forma cruzada (cross-validation). Con el modelo
resultante se deberian poder predecir las actividades o afinidades de otras
moléculas externas al modelo, el llamado conjunto de prueba (test sef) (Figura

28).
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Figura 28: diagrama de flujo de trabajo de COMBINE (imagen tomada de
Gil-Redondo et. al)(172).

- CONSTRUCCION DE LA MATRIZ

La matriz construida contendrd todas las variables que describen las
energias de interaccion entre cada uno de los ligandos y los aminodcidos de la
proteina. Las interacciones de van der Waals se calculan a partir del campo de
fuerzas de MM (normalmente de AMBER). Las interacciones electrostaticas,
por otro lado, se calculan a partir de cargas puntuales y aplicando o bien la ley
de Coulomb con un dieléctrico constante o dependiente de distancia, bien
mediante el método Generalizado de Born (GB) (/73), o bien mediante métodos
de Poisson-Boltzmann (/74). En gCOMBINE basta con suministrar los archivos
de entrada del programa AMBER que contienen la topologia y las coordenadas
de cada uno de los complejos.

Para reducir el nimero de variables en la matriz pero guardando la
informacion relevante, se establece un valor minimo de interaccion (cutoff) que
elimina aquellos residuos que no son relevantes para la union de los ligandos, asi
como una desviacion estandar por debajo de la cual se considera que no existen
diferencias entre complejos, de modo que esas interacciones tampoco entran a
formar parte del andlisis. También se pueden truncar a cero los valores
energéticos marcadamente positivos, que pueden deberse a inconsistencias del
campo de fuerzas pero mas comunmente a errores de modelado, y realizar un

escalado de las variables.
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- ANALISIS PLS

Esta técnica combina andlisis de componentes principales (Principal
Components Analysis, PCA) y regresion linear multiple (Multiple Linear
Regression, MLR). Se tienen dos matrices iniciales: la matrix X, que contiene las
variables independientes (energias de interaccion y variables externas) y la

matriz ¥, que es una columna con las variables dependientes (datos bioldgicos):

E E .. E, V'V, Vv, A . A
v E} E; .. E, V2 V} ..V, A .. A;
EY EY .. Ey VY vy .ovioaAY LAY (2.21)
Vi
Y=|y,
Y3 (2.22)

En la matriz X, los valores de las interacciones electrostaticas, de van der

Waals y las variables externas adicionales corresponden a E;, V;, y A,

respectivamente, mientras que N es el numero total de compuestos, M el nimero
total de residuos de la proteia y S el nimero total de variables externas. Por otra
parte, en la matriz ¥ cada valor de y; representa la actividad individual del
compuesto i.

A partir de estas matrices, usando un algoritmo iterativo se obtiene una
combinacion lineal de los valores en forma de vector ortogonal. Las variables
latentes (Latent Variables, LV) o componentes principales (Principal
Components, PC) representan una combinacién lineal de las variables originales
mientras que los coeficientes extraidos dan informacion sobre el “peso” relativo
de los diferentes términos. Esto puede reducir o ampliar la relevancia de cada
interaccion ligando-proteina con el fin de explicar la variacion de actividad o
afinidad. Es importante revisar qué compuestos de la serie tienen valores de
interaccion elevados o muy diferentes del resto, ya que se podran comportar de

una forma diferente al resto del grupo (outliers).
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El programa proporciona la evolucién del coeficiente de regresion (+7) a
medida que se extraen PC sucesivos y una grafica con la recta de regresion
tedrica (diagonal) entre los valores determinados experimentalmente y los
calculados de forma tedrica que permiten la evaluacion de la calidad del modelo,
no solo del ajuste de la regresion del training set, sino de la capacidad de

prediccion del test set.

B (6] %
o 3(-03)) v e

i=1 i

r

- VALIDACION CRUZADA

Este método se emplea para asegurarse de la robustez del modelo
estadistico generado. Consiste en predecir la variable dependiente para algunos
complejos que han sido excluidos del conjunto original. De esta forma, si C es el

conjunto completo de N compuestos (C = {C1,...,C~ } con actividades asociadas
Y (Y ={Y1,...Yn})) el programa genera subconjuntos de s elementos (si s=1 se

conoce como Leave One Out) y los extrae del training set para convertirlos en
un test set interno y poder predecir su actividad o afinidad. Este es un proceso
iterativo que al final obtiene una lista de actividades predichas para todos los
compuestos, lo que permitira el calculo del coeficiente de correlacion tras la
validacién cruzada (¢°) que describe las variaciones del conjunto de complejos

que se explican con el modelo, y donde y es el valor medio de la actividad:
~\2 N
(yi - yi) Z yi
N

;: =l
(o5

M=

1

g’ =1-
(2.24)

-

1l
—_
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También se extraen la desviacion estandar de los errores de las predicciones
(Standard Deviation of Error of Predictions, SDEP) y el error medio absoluto
(Average Absolute Error, AEE):

(2.25)

(2.26)

Para comprobar que el ajuste de los datos al generar el modelo no se puede
realizar de forma fortuita, existe la posibilidad de reasignar aleatoriamente los
valores de afinidades o actividades (permutacion o Y-randomization). De esta
forma se puede comprobar que no es posible derivar un modelo si estos valores
se dejan al azar (172).

La eleccion del mejor modelo de los proporcionados por el programa, pese
a no existir una regla estricta, se suele hacer sobre la base de la evolucion del
coeficiente de validacion cruzada ¢° y la desviacion estandar de los errores de la
prediccion SDEP. La dimensionalidad 6ptima, que da lugar a un modelo mas
parsimonioso, corresponde normalmente al méximo valor de ¢° mas alla del cual
el descenso de este valor va acompafiado de un incremento en el nimero de LV

extraidas.
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“A goal is a dream with a deadline”

Napoleon Hill
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OBJETIVOS

3.1 Estudio con detalle atbmico de la union de Paclitaxel a la p-
tubulina. Refinado mediante técnicas de MM del cristal existente
tubulina unida a Paclitaxel y propuesta del modo de union del

analogo semisintético de alta afinidad Chitax40 a la B-tubulina.

Dada la necesidad de nuevos farmacos antitumorales, muchos han sido los
esfuerzos realizados para obtener nuevos andlogos con mayor afinidad por la
tubulina y que sean capaces de soslayar los problemas de resistencias. Con este
objetivo se llevo a cabo la semisintesis de 44 analogos de taxanos, en los que se
introdujeron modificaciones en las posiciones 2, 7, 10 y 13 del nucleo central
tetraciclico de la baccatina III. Dado que los efectos sobre la afinidad de las
diferentes modificaciones parecian ser aditivas, se tratd6 de encontrar la
combinacién Optima de éstas que confiriese al compuesto una mayor afinidad por
la tubulina. La mayor potencia iria tedricamente acompafiada de una menor
susceptibilidad al desarrollo de resistencia debida a la sobreexpresion de la bomba
de expulsion P-gp, por la que el farmaco tendria menor afinidad.

Nuestra contribucion en este trabajo fue dar una explicacion estructural de
las diferencias de afinidad entre el cabeza de serie PXL y el andlogo de mayor
afinidad, Chitax40 (CTX40), se hizo preciso refinar la estructura de tubulina unida

a PXL depositada en el PDB bajo el codigo 1JFF. Debido a su baja resolucion, no
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era posible extraer informacion precisa de las interacciones especificas con los
aminoacidos que determinan el sitio de union. Una vez refinado este complejo
mediante técnicas de mecanica molecular, se emple6 como molde para modelar el
complejo de P-tubulina con CTX40 y asi poder hacer una descomposicion
energética por residuo de la union, para determinar cudles eran las interacciones

implicadas en la elevada afinidad.

3.2 Establecimiento de la relacion estructura-actividad mediante
un analisis COMBINE de una serie de taxanos y disefio de nuevos
analogos semisintéticos modificados en las posiciones C2 y C3’ del

anillo de bacatina III.

La publicacion de los datos termodindmicos de unidn para una serie de 47
taxanos junto con el modo de union del PXL refinado a partir de la estructura
depositada en el PDB permitié6 abordar el estudio cuantitativo de la relacion
estructura-actividad de la serie. Para ello se model6 el conjunto de andlogos en el
bolsillo de unién de la B-tubulina bovina a partir de los complejos refinados con
DXL y CTX40 obtenidos de sendas dindmicas moleculares en agua y se gener6 un
modelo COMBINE manteniendo dos de las moléculas de agua ya que
participaban en la unidon de los taxanos a la B-tubulina. Al asignarse diferentes
pesos a las diferentes interacciones se construyé un modelo que correlacionaba los
datos teoricos de energia de union con los valores experimentales de energias
libres de union. De esta forma, se establecid la importancia de la interaccion con
ciertos aminoacidos frente a otros y se encontré evidencia indirecta adicional
sobre el estado de protonacion de la His229, clave en la union de los taxanos.

En base al modelo se sintetizaron, por parte de un grupo de Quimica
Médica en Beijing (China), nuevos analogos con modificaciones en los
sustituyentes de las posiciones 2 y 13 del anillo de la baccatina III. Mientras que

las modificaciones en C2 exploraban interacciones en un bolsillo que ya estaban
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cuantificadas, las nuevas modificaciones en C3’ del sustituyente en C13 lo hacian
en un bolsillo que atin no habia sido explorado. Debido a esto el modelo generado
a partir de los 47 taxanos predecia mejor las primeras que las segundas. Tras la
incorporacion de los nuevos analogos al conjunto de entrenamiento se generd un

modelo COMBINE actualizado robusto que fue validado de forma cruzada.

3.3 El establecimiento de la relacion estructura-actividad
mediante analisis COMBINE respalda una propuesta para el

modo de union a la B-tubulina de las epotilonas.

Son muchos los trabajos experimentales y tedricos que han intentado
esclarecer el modo de unién de las epotilonas a la B-tubulina. Tan pronto como se
publicod la tan esperada estructura cristalografica, depositada en el PDB con el
codigo 1TVK, tanto la conformacion propuesta para la Epotilona A como su
orientaciéon en el sitio de unién del PXL fueron puestas en duda. Mediante
diversos experimentos de espectroscopia de RMN se han obtenido las
conformaciones mayoritarias en disolucion acuosa y en complejos con B-tubulina
en diferentes estados de agregacion. Cabe destacar que todos estos trabajos
experimentales han ido necesariamente acompafiados de estudios de modelado
para proponer los modos de unién a la B-tubulina, pero ninguno de los modelos
presentados proporciona una explicacion de la relacion estructura-actividad
propuesta para varias series de analogos y de los efectos de diversas mutaciones
en la proteina.

La publicacion de una serie de analogos de epotilonas obtenidas mediante
sintesis total, para los que se habian determinado los valores de energia libre de
unidn, asi como las entalpias y las entropias, nos sirvié de base para realizar un
analisis COMBINE con el fin de establecer si un modelo de union alternativo a
los publicados permitiria explicar la relacion estructura-actividad. Para ello,

mediante MD, se explord el espacio conformacional accesible en disolucion
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acuosa a la Epotilona A y a un andlogo representativo del grupo de analogos
epimerizados en la posicion 12 (EP5). A continuacion se estudid el posible
acoplamiento de los conférmeros resultantes en el sitio de union de la B-tubulina y
se simularon mediante MD los mejores complejos, antes y después de refinar la
conformacién del M-loop para intentar reproducir la situacion en los MT
estabilizados usados en los experimentos. Empleando como molde estos dos
modelos ya refinados, se construyeron los restantes complejos y el conjunto se
someti6 a un analisis COMBINE para intentar correlacionar las entalpias de unién
con las interacciones ligando-receptor.

El modelo COMBINE obtenido fue capaz, no sélo de explicar la relacion
estructura actividad de la serie de andlogos, sino también de predecir
razonablemente bien las entalpias de union de tres andlogos pertenecientes a una
serie diferente. El modo de unioén propuesto permite explicar ademads el efecto de

diversas mutaciones en la tubulina sobre la afinidad de union de las epotilonas.

3.4 Modelado y refinado de la union de Vinblastina a la interfaz
entre dos heterodimeros de tubulina asociados cabeza-cola (a,p;-
0,p,). Propuesta del modo de union de los analogos Vincristina,
Vinorelbina y Vinflunina y establecimiento de forma

semicuantitativa de la relacion estructura-actividad.

Los alcaloides de la Vinca son agentes antitumorales empleados en la
clinica que inhiben la polimerizacion de los MT. La publicacion del cristal de
tubulina unida a Vinblastina permitié conocer el sitio de unién de esta familia de
farmacos. Pero de la misma forma que sucede con otros datos cristalograficos
obtenidos con tubulina, la baja resolucién obtenida no permitia el estudio en
detalle del modo de unién y dificultaba un establecimiento de la relacion

estructura-actividad.

102



Para poder estudiar la unién de estos farmacos se tomaron las coordenadas
de la Vinblastina y de las subunidades de tubulina que conforman su sitio de
unioén en el complejo depositado en el PDB como 1Z2B y se refind mediante MD,
tomandose como estructura representativa la estructura promedio de la seccion
mas estable de la trayectoria, una vez minimizada su energia. El complejo
refinado sirvié como molde para modelar los complejos de tubulina con los otros
tres andlogos, Vincristina, Vinorelbina y Vinflunina. Dado que se ha establecido
una relacion de afinidades para estos cuatro andlogos, realizamos una
descomposicion  energética por residuos que se pudo relacionar

semicuantitativamente con los datos experimentales de union.

3.5 Estudio de la union a la tubulina de un nuevo agente

desestabilizante de microtubulos de origen marino.

El mar ha demostrado ser una fuente inagotable de nuevas moléculas.
Estas se extraen, entre otras fuentes, de esponjas marinas y de urocordados, en los
que su presencia se explica a menudo como una consecuencia de la necesidad de
protegerse de depredadores mediante “guerra quimica”, debido a su reducida
movilidad.

Las investigaciones en este campo realizadas por la empresa PharmaMar
(Colmenar Viejo, Madrid) llevaron al descubrimiento de una nueva molécula que,
en los cribados realizados, demostrd poseer una actividad citostatica que radica en
la disrupcion total del uso mitdtico. Experimentos posteriores indicaron que se
unia a la tubulina y competia por el sitio de unién de Vinblastina. Nuestra
contribucion en este trabajo fue el desarrollar un modelo molecular que explicase
con detalle atdmico los datos experimentales y arrojara luz sobre la union de esta

molécula y sus analogos a la tubulina.
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“Cuando mayor es la dificultad, mayor es la gloria”

Marco Tulio Cicerdén

105



106



4

RESULTADOS
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ARTICULO 1

“Optimization of Taxane Binding to Microtubules:
Binding Affinity Dissection and Incremental Construction

of a High-Affinity Analog of Paclitaxel.”

Chem Biol. 2008 Jun, 15(6):573-85.
[PMID: 18559268]

Se midieron las afinidades por los microtubulos de una serie de taxanos
naturales y sintéticos con el fin de determinar las contribuciones individuales de
diferentes grupos. El objetivo ultimo era obtener el conocimiento necesario para
poder disefiar nuevos compuestos con mayor afinidad capaces de evitar la
resistencia a farmacos. Como se observo previamente en el caso de las
epotilonas, las contribuciones tanto positivas como negativas a la energia libre de
union de los diferentes sustituyentes demostraron ser acumulativas. Al combinar
las sustituciones mds favorables se consiguio aumentar 500 veces la afinidad del
Paclitaxel. El conocimiento a nivel estructural de esta mejoria se obtuvo mediante
modelado molecular y datos de RMN obtenidos de la union de Docetaxel a
microtubulos. Los taxanos con una afinidad por los microtubulos muy superior a
la afinidad por la glicoproteina-P se muestran insensibles a la multiresistencia a
farmacos. Este hallazgo indica que la optimizacion de la interaccion ligando-
diana es una buena estrategia para vencer los problemas de multiresistencia

mediados por bombas de expulsion.
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SUMMARY

The microtubule binding affinities of a series of syn-
thetic taxanes have been measured with the aims of
dissecting individual group contributions and obtain-
ing arationale for the design of novel compounds with
the ability to overcome drug resistance. As previously
observed for epothilones, the positive and negative
contributions of the different substituents to the bind-
ing free energies are cumulative. By combining the
most favorable substitutions we increased the binding
affinity of paclitaxel 500-fold. Insight into the structural
basis for this improvement was gained with molecular
modeling and NMR data obtained for microtubule-
bound docetaxel. Taxanes with affinities for microtu-
bules well above their affinities for P-glycoprotein
are shown not to be affected by multidrug resistance.
This finding strongly indicates that optimization of the
ligand-target interaction is a good strategy to over-
come multidrug resistance mediated by efflux pumps.

INTRODUCTION

Cancer is one of the major causes of premature death in humans,
and multidrug resistance (MDR) of neoplastic tissues is a major
obstacle in cancer chemotherapy. Though many tumors initially
respond favorably to chemotherapeutic treatment, effectiveness
at tumor regression is limited by the development of resistance.
Although several primary reasons account for MDR, the predom-
inant cause is the overexpression and drug efflux activity of
several transmembrane proteins, as best exemplified by P-gly-
coprotein (P-gp) (Shabbits et al., 2001).

P-gp is a member of the ATP binding cassette (ABC) family,
with broad substrate specificity for substances, including anti-
cancer drugs, peptides, and HIV protease inhibitors. It has
been shown that the extent of drug resistance in human tumors
correlates well with P-gp expression (Tan et al., 2000).

Chemistry & Biology

In a previous work with a small group of C-2 substituted ceph-
alomannines (CPHs) (Yang et al., 2007), we noticed that the
resistance indexes for high-affinity taxanes in MDR cells are
much lower than those for the medium-affinity taxanes, pacli-
taxel (TXL) and docetaxel (DXL), used in clinical practice. These
results suggest that increasing the binding affinity of these com-
pounds might be an alternative to overcome MDR, the rationale
for this being that affinity for tubulin is the main force driving the
entrance of the ligand into cells.

When MDR cells are exposed to taxanes, two opposite
forces control ligand uptake: (1) binding to P-gp, which pumps
the ligand out of the cell, and (2) binding to tubulin, which re-
duces the intracellular concentration of the ligand and keeps
it bound inside the cell. Thus, the higher the binding affinity of
the ligand for tubulin, the lower the intracellular concentration
of free ligand. Because efflux relies on drug binding to P-gp,
which in turn depends on free ligand concentration, at intracel-
lular ligand concentrations far below its dissociation constant
from P-gp, the efflux will be strongly decreased. In the most
extreme case of a ligand that binds covalently to the taxane
site, such as the natural product cyclostreptin, every molecule
entering the cell will be finally trapped by tubulin, and the tumor
cell’'s MDR phenotype will be completely circumvented (Buey
et al., 2007).

Although numerous chemical and biological qualitative stud-
ies of the structure-activity relationships of taxanes have been
performed (Zefirova et al., 2005; Kingston and Newman, 2007),
an in-depth study of the contributions of the different substitu-
ents to the binding thermodynamics has not been conducted.
We have previously shown that for epothilone (EPO) derivatives
(Buey et al., 2004), the thermodynamic contributions of the sub-
stituents are accumulative, that is, the same substitution on
different ligands produces a similar change on the binding affin-
ity. The effect of a single modification can thus be quantified, and
both favorable and unfavorable contributions can be combined
to build tailor-made ligands with the desired affinities.

We now report on the thermodynamics of binding of a set of 44
taxanes (called Chitax [CTX]), plus the three reference com-
pounds, TXL, DXL, and CPH (Figure 1), to crosslinked stabilized
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Figure 1. Chemical Structure of the Taxanes Employed in This Study

microtubules (MT) in order to quantify the contributions of single
modifications at four specific locations of the taxane scaffold:
two of them, C2, in the southern part of the molecule, and C13,
where side chains have been described as essential for taxane
activity (Chen et al., 1993b), and another two, C7 and C10, in
the northern part of the molecule, where substituents have
been shown as nonessential for taxane activity (Chen et al.,
1993a). It is known that the side chains at these positions accept
modifications that modulate the activity, favorably and unfavor-
ably (Ojima et al., 1997; Kingston et al., 1998; Yang et al.,
2007). The activity of these taxanes was investigated against
the parental (A2780) and MDR P-gp-overexpressing (A2780AD)
human ovarian carcinoma cell lines (Rogan et al., 1984). We
were able to correlate the binding affinity of these tubulin
ligands to their cytotoxicity in the resistant cells. Moreover,
the resulting thermodynamic data was used to design novel
high-affinity taxanes with the ability to overcome P-gp-related
resistance. The higher affinity of these newly designed com-
pounds has been rationalized by experimentally determining
the tubulin bound conformation of DXL and by modeling the
complexes of B-tubulin with DXL, TXL, and the best of the
designed taxanes.
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RESULTS

Thermodynamics of Binding of TXL Analogs

to Stabilized MTs

All the compounds were first shown to be TXL-like MT-stabilizing
agents (MSA) (see Table S1 available online). Then, their affinity
for the taxane-binding site was measured using the competition
method previously employed (Buey et al., 2004; Table 1 and Ta-
ble S2). Every compound was initially measured using Flutax-2
as the competitor. Compounds 4, 11, 12, 13, 14, 19, 20, and
21 displayed very high affinities, completely displacing Flutax-2
at equimolar concentrations (Figure 2A). This indicated that
they were in the limit of the range of measurement allowed by
the previously employed test (Diaz and Buey, 2007).

To measure the binding affinity of these compounds more pre-
cisely, we used a direct competition experiment with a higher-
affinity compound, EPO-B, whose binding affinity (7.5 x 10®
M~ at 35°C) has been previously determined (Buey et al.,
2005; Figure 2B). This allowed the precise determination of the
binding affinities of compounds 4, 11, 12, 13, 14, 19, 20, and
21, whose values range between 1.42 x 108 M~ for the com-
pound with the lowest affinity, CTX-21, and 1.51 x 10° M~ for
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Table 1. Apparent Binding Affinities, Thermodynamic Parameters of Binding of Taxanes for the TXL site, 10’ M~ ', and Cytotoxicity of
the Compounds to Nonresistant and Resistant Ovarian Carcinoma Cells

Compound Kb 35°C AG 35°C kJd/mol AH kJ/mol AS J/mol ICs0 A2780 nM IC50 A2780AD nM R/S
TXL? 1.43 +0.17 —42.1+0.3 —51+4 —-29+13 1.3+04 980 + 149 753
DXL? 3.93+0.27 —44.8 +0.2 —53+2 —26+8 0.6+0.2 290 + 16 483
CPH 0.69 +0.08 —40.3+0.3 —39+6 —6+18 1.56+0.2 910 + 285 606
CTX-1 0.49 +0.12 —39.4+0.6 —56 =12 —56 + 39 132+7 1222 + 300 92.5
CTX-2 0.043 +0.018 —-33.2+0.9 —66 + 18 —109 + 38 950 + 80 10,200 + 1900 10.7
CTX-3 0.072 +0.017 —345+05 -32+9 10+ 29 1250 + 200 4000 + 700 3.2
CcTX 4° 87 +19 —52.7+0.5 —46 + 13 19+ 44 27+06 14+£3.8 5.2
CTX-5 5.37 £ 1.39 —45.6 + 0.6 —40+4 19+ 14 6.6+1.8 160 + 19 242
CTX-6 1.62 +0.24 —425+0.4 —39+2 183+7 10+24 274 + 30 27.4
CTX-7 0.39 + 0.06 —38.8+0.4 —-38+5 4+17 145+2.9 2100 + 660 145
CTX-8 0.492 + 0.073 —39.4+0.3 —28+3 39+ 10 22,515 596 + 105 26.4
CTX-9 0.028 + 0.008 —32.1+0.6 —15+4 56 + 12 3900 + 370 15,000 + 3500 3.8
CTX-10 0.042 + 0.008 —33.1+0.4 —-12+5 68 + 18 4900 + 600 >20000 >4
CTX 11° 38 +10 —50.5+ 0.6 —-14+20 117 + 65 1.36+0.2 163 + 37 120
CTX 12° 151 +3 —54.1 £ 0.1 —29+9 84 +£29 2.8+0.38 42 £13 15
CTX 13° 16.5 £ 2.8 —48.4+04 —28+1 66 =1 1.3+0.2 128 + 17 98.4
CTX 14° 80.0+2.9 —52.5+ 0.1 —46+6 21+19 1.6+0.3 25+10 15.6
CTX-15 2.384 +0.58 —435+0.5 —18 = 11 80 + 35 17.5+2.7 5250 + 1000 300
CTX-16 0.050 + 0.030 —336+1.2 —-18+9 49 + 30 740 = 100 7360 + 750 9.9
CTX-17 0.902 + 0.37 —41.0+0.9 —24+3 55+ 10 18 +5.6 5412 + 1200 301
CTX-18 1.281 £ 0.27 —41.9+05 —22+4 64 + 14 21+08 452 + 36 215.2
CTX 19° 148 +0.2 —48.2+0.1 —48 +3 0+9 0.54 + 0.07 39+ 11 722
CTX 20° 80.6 + 5.1 —525+0.2 —92 +19 —124 + 64 3.9+1.2 274+ 4 7
CcTX 21° 142+1.6 —48.0+0.3 —26+5 72 +16 1.9+0.3 4111 215
CTX-22 0.013 + 0.00 —30.1+0.0 —46 +7 —151+23 2400 + 1000 6960 + 670 28
CTX-23 0.007 + 0.00 —28.6+0.0 —37=x7 —123 + 22 11,500 + 1000 23,800 + 2200 241
CTX-24 0.094 + 0.01 —35.2+0.3 —65+ 10 —95 + 33 353 + 19 8600 + 3800 243
CTX-25 0.008 + 0.00 —28.9+0.0 —47 7 —154 + 24 6200 + 2600 28,500 + 5300 4.6
CTX-26 0.018 + 0.00 —31.0+0.0 7311 —77 £137 3500 + 1400 8300 + 2700 2.4
CTX-27 0.007 + 0.00 —28.6+ 0.0 —42+6 —138 £ 21 10,000 + 740 9400 + 1700 0.94
CTX-28 0.17 £ 0.04 —36.7+0.5 —17+8 62 + 25 82+16 1880 + 200 22.9
CTX-29 0.25 + 0.08 —37.7+0.7 —52+9 —48 + 30 102 + 8.8 690 + 60 6.8
CTX-30 1.76 £ 0.91 —42.7+141 —-11+15 92 + 49 30+ 0.5 246 + 27 8.2
CTX-31 0.10 + 0.04 —35.4+0.9 —44 + 11 —30 + 36 106 + 4.2 2950 + 480 27.8
CTX-32 0.24 + 0.08 —37.6+0.7 —7+16 87 £ 55 62 £ 17 3200 + 250 51.6
CTX-33 0.07 + 0.01 —34.4+0.3 —81+12 —152 + 39 69 +77 1500 + 100 21.7
CTX-34 1.20 + 0.93 —41.7+15 —38 + 28 14 £ 94 28.7+1.9 196 + 14 6.8
CTX 35 0.88 +0.77 —409+1.6 —29 + 33 13 £ 112 25+2 153 + 39 6.12
CTX 36 0.029 + 0.020 —-322+13 —48 + 6 —63+18 1700 + 120 >20000 >11.7
CTX 37 0.035 = 0.010 —32.7+0.6 —91=+7 —207 =24 86 +9.8 10,000 + 1000 116.2
CTX 38 0.001 + 0.001 —236+1.8 —44+9 —70 + 34 15,400 + 3200 20,000 + 3000 1.3
CTX 39 0.003 + 0.001 —26.4+0.7 —157 £ 10 —461 + 28 4200 + 100 5700 + 300 1.3
CTX 40° 628 + 15 —57.7+0.1 —26 + 24 99 + 80 71 9.1+ 0.45 1.3
CTX 41 0.021 + 0.004 —-31.4+04 —94+9 —202 + 28 14,000 + 2000 >20000 1.4
CTX 42 0.008 + 0.003 —289+0.8 —106 + 13 —250 + 43 192 + 20 2750 + 430 14.3
CTX 43 0.030 + 0.008 —32.3+0.6 —85+20 —169 + 66 69.5 + 3.8 33170 4.8
CTX 44 0.001 + 0.001 —236+1.8 —177 £ 23 —493 + 75 >20,000 >20,000

Errors are standard errors of the mean.
2Binding affinity and thermodynamic parameters data are from Buey et al. (2004).
® Compounds measured with the EPO-B displacing method.
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Figure 2. Binding of the Ligands to the Paclitaxel Site

(A) Displacement of the fluorescent taxane Flutax-2 bound to MT sites (50 nM)
by taxanes at 35°C. The solid lines were generated with the best-fit value of the
binding equilibrium constant of the competitors with binding affinities lower to
107 M~ assuming a one-to-one binding to the same site. Additional lines
(dashed) show the expected displacement for ligands with binding constants
of 10® M~ (black), 10° M~ (red), 10'® M~ (green), and 10" M~ (yellow).
Ligands binding data are as follows: green CPH, red CTX-2, yellow CTX-6,
dark blue CTX-11, magenta CTX-12, light blue CTX-14, black CTX-27.

(B) Displacement of EPO-B bound to MT sites (10 uM) by CTX-40 at 35°C. One
micromolar TXL-binding sites were incubated with 1.1 uM EPO-B (black lines)
or with 1.1 uM EPO-B and 1.1 pM CTX-40 (red lines), MTs were harvested by
sedimentation, ligands extracted from supernatants (solid lines) and pellets
(dashed lines), and HPLC analyzed. One micromolar TXL was used as the
internal standard. Supernatant traces were displaced 40 mAU for presentation
purposes.

the highest-affinity compound, CTX-12. This method was vali-
dated when the binding affinities of compounds 11, 13, 19,
and 21 (those in the range of 108 M~") were shown to be similar
using either EPO-B or Flutax-2 (see the Supplemental Data).
To confirm that the high affinity of compounds containing 3-N3
benzoyl at C2 does not originate from covalent binding of its
reactive azido group to B-tubulin, we performed experiments in
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which the amounts of reversibly bound compounds 4, 12, and
14 were measured. The bound compounds could be extracted
from the pellets and aqueous solutions with the aid of an organic
solvent, indicating that they are not irreversibly bound.

Molecular Modeling

One conspicuous characteristic of the taxane-binding site in B-
tubulin (Lowe et al., 2001) is the presence of the highly exposed
side chain of His229 (located in the middle of helix 7 and posi-
tionally equivalent to Arg229 in a-tubulin) that splits the cavity
into two major pockets. Because continuum electrostatic calcu-
lations predicted the imidazole ring of this residue to be doubly
protonated at pH 6.5 (pKniszog = 7.2), this ionization state was
used in subsequent work.

Molecular dynamics (MD) studies of TXL, DXL, and CTX-40
in aqueous solution provided us with a range of different
conformers, the most abundant of which (Figure S1) were inde-
pendently studied in a first rigid-body approach by the auto-
mated docking program. The conformation previously reported
for TXL (Lowe et al., 2001; Snyder et al., 2001) using either
DOCK or FlexX was also found by AutoDock among the best
scoring solutions. Because similar poses were found for DXL
(Figure S2) and CTX-40 as well, this common disposition of the
taxane in the binding site of B-tubulin was used in the modeling
of all the complexes. Noteworthy is that these conformations are
not the most populated in aqueous solution (data not shown)
although they are sporadically observed in the course of transi-
tions toward other more stable and “hydrophobically collapsed”
conformations. The proposed docked conformation for TXL is
then coincident with that previously found in crystals of 7-mesyl-
paclitaxel, which was reportedly induced by specific interactions
of the side chain at C13 with solvent (Gao and Chen, 1996).

The feasibility of the resulting modeled complexes was
assessed by subjecting each of them to a 10 ns MD simulation
followed by a simulated annealing procedure that provided us
with a set of representative complex structures for further analy-
sis and energy decomposition. In all cases, the ligand adopts
a conformation in good agreement with the T-taxol geometry
(Snyder et al., 2001; Figure 3) and is anchored in the binding
site through a common set of well-defined interactions. Thus,
the oxetane oxygen of the taxane is engaged in a good hydrogen
bond with the NH of Thr276, whereas another hydrogen bond is
established between the amide or carbamate carbonyl oxygen
on the C13 substituent and the Ne of His229. The common phe-
nyl ring at C13 (3'-Ph) establishes close van der Waals contacts
with the hydrophobic side chains of Val23 and Ala233, whereas
the benzoyl phenyl ring at C2 (2-OBz) gets lodged into another
hydrophobic cavity, on the other side of His229, made up of
the side chains of Leu217, Leu219, and Leu275. The offset
stacking interaction of this latter phenyl with the imidazole ring
of His229 (Figure S3) is improved by the substituent at the
meta position whose 1,2- (methoxy, CTX-13) or 1,3-dipole
(azide, CTX-40) additionally establishes a favorable electrostatic
interaction with the amide dipole of the backbone peptide bond
between His229 and Leu230 (Figure 3). Of the three hydroxyl
groups that are common to the four ligands studied, that present
on the C13 substituent is consistently engaged in a hydrogen
bonding interaction with the carboxylate of Asp26 in helix 1
and the backbone nitrogen of Arg369, whereas that at C7 can
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establish transient hydrogen bonds with the carboxamide group
of GIn282. The hydroxyl at C1 is permanently exposed to the
solvent.

The four complexes yielded very low RMS deviations for the
protein atoms with respect to the refined B-tubulin-TXL structure
1JFF (~1.3 Aon average for 400 atoms). The major differences
when compared with this particular complex are the presence
of a different rotameric state for His229, which we propose is
protonated at physiological pH, and improved stacking and
hydrogen bonding interactions between the ligand and the pro-
tein as a consequence of the mutual adaptation resulting from
the simulated annealing procedure.

NMR Characterization of Bound Docetaxel

As a further step, and to provide empirical support for the mod-
eling-derived conformations that formed the basis for the quest
of the structure-activity relationship, the MT-bound conforma-
tion of DXL was elucidated, under the experimental conditions
used for determining the binding constants (see the Supplemen-
tal Data file DXLNMR.pdb).

As previously shown, the transferred nuclear Overhauser en-
hancement (TR-NOESY) technique provides an adequate means
to determine the bound conformation of ligands that exchange
between free and bound states at a reasonably fast rate. TR-
NOESY experiments were then performed on the DXL:MT sample
at different mixing times. Negative crosspeaks were clearly ob-
served at 310 K (Figures 4A and 4B), as expected for a ligand
that binds to the assembled MTs preparation, in contrast with
the lack of NOEs detected in the free state (Figure 4C).

Two control experiments were performed employing either
Flutax-2 instead of DXL (the effective kg of Flutax-2 release
from MTs is 1.63 + 0.18 s~ (Diaz et al., 2000) or both DXL and
discodermolide (DDM) at equimolecular concentrations. No
TR-NOESY signals were observed in the presence of Flutax-2,
indicating that the effective ko of DXL is higher than that previ-
ously measured for Flutax-2, and the DXL signals were cancelled
out by DDM (whose affinity for the TXL-binding site is 100x
higher), indicating that DXL is effectively bound to the TXL site
(Buey et al., 2005).

Cytotoxicity in Resistant and Nonresistant Tumor Cells
To check the effects of the studied modifications on the cytotox-
icities of the compounds and to validate the binding affinity ap-

Figure 3. Model of the Ligands Bound to the
Paclitaxel Site

(A) TXL and (B) CTX-40 in the binding site of -
tubulin at the end of the simulated annealing pro-
cedure. Note that the doubly protonated imidazole
ring of His229 participates in (1) a hydrogen bond-
ing interaction with the amide or carbamate car-
bonyl oxygen on the C13 substituent through the
Ne, and (2) an offset stacking interaction with the
phenyl ring on the C2 substituent.

proach as a tool to be used in ligand optimization, we performed
IC5p tests in A2780 human ovarian carcinoma cells and their
MDR A2780AD counterparts (Table 1 and Figure 5A).

The cytotoxicities of the ligands in non-P-gp-overexpressing
A2780 cells show a linear relationship (r = 0.81) with their binding
affinities, but only for those compounds with a AG at 35°C higher
than —47.5 kJ/mol™" (K, at 35°C higher than 108 M), which
points to a limit in the cytotoxicity that can be achieved. Thus,
despite the increase in affinity of three orders of magnitude
between CPH and CTX-40, the ICso remained in the order of
nanomolar.

In the case of the MDR A2780AD cells, a good linear relation-
ship (r = 0.80) between cytotoxicities and binding affinities is
observed for the full set of ligands, strongly suggesting that for
these P-gp-overexpressing cells, tubulin binding is the main
force competing with P-gp-mediated extrusion.

The best regression lines have slopes of 1.10 for A2780 cells
and 0.61 for A2780AD cells, which indicates that P-gp-overex-
pression effectively reduces the intracellular drug concentration,
thus making it necessary to increase the load to exert a cytotoxic
effect.

Intake of Taxanes by Tumor Cells
The amount of compound made available for binding to the tubu-
lin site was measured by employing radioactively labeled DXL
and TXL at the concentrations needed to stop the cell cycle in
Go/M, in two leukemic cell lines (U937 and K562) and the kidney
epithelial nontumor cell line PtK2 from Potorus tridactylis. In
these conditions, the intracellular drug concentration, which
ranges from 0.3 to 2.8 uM and represents a small percentage
of the total drug and the cell tubulin concentrations (Table S3),
increases with the total drug concentration and reaches a maxi-
mum in PtK2 cells at 300 nM DXL and 600 nM TXL. The equilibra-
tion of the ligand inside the cells is fast, with a half-life of 3 min for
14C-DXL and 10 min for ®H-TXL at a drug concentration of 1 M.
The drug inside the cell was found to be in the cytoplasm, with
only a small fraction bound to the nucleus, as expected.
Because the total intracellular drug concentration is more than
one order of magnitude above its MT dissociation constant and
much lower than the total tubulin concentration (which was con-
sidered to be ~5% of the total protein measured), the mass
action law dictates that most of the compound inside the cells
is essentially bound to tubulin and the intracellular concentration
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Figure 4. NMR Characterization of the Prerelease Conformation of Bound Docetaxel
(A) The 500 MHz TR-NOESY (mixing 200 ms, 310 K) spectrum of DXL in buffered water solution in the presence of MTs (20:1 molar ratio).
(B) Expansion showing the key TR-NOESY region: close contacts between the tert-butyl chain and the aromatic 2-OBz ring (besides the trivial crosspeaks with

the vicinal 3'-Ph moiety).

(C) The NOESY experiment under the same experimental conditions (200 ms) in the absence of MTs did not show any crosspeak. (D) Expansion of the aromatic
region in the TR-NOESY spectrum; no NOEs between the two aromatic 3'-Ph and 2-OBz moieties are observed.

of free drug is close to the dissociation constant (i.e., 70 nM for
TXL and 25 nM for DXL).

DISCUSSION

The effects of modifications on the substituents attached to the
baccatin scaffold on the cytotoxicity of taxanes have been qual-
itatively discussed in several reviews (Zefirova et al., 2005; King-
ston and Newman, 2007). However, the fact that these studies
were performed in different cell lines precludes a rigorous evalu-
ation of the relationship between structural changes and
cytotoxicity. To quantify the effects of substitutions at a set of
specific positions in a systematic way, the binding affinity for
the taxane-binding site on B-tubulin has proved to be a more pre-
cise and objective parameter (Buey et al., 2004).

With all the binding constants determined at a given tempera-
ture (35°C), it has been possible to determine the changes in ap-

parent binding free energy caused by single-group modifications
(Table 2) and to select the most favorable substituents at the
positions chosen for optimization. Once this knowledge was ob-
tained, it became feasible to design several optimized taxanes.

Effect on Binding Affinity of Changes at the C2 Position

C2 modifications have proven to be the most effective in modu-
lating the activity of taxanes. Thus, the 2-OBz is essential as its
removal (Chen et al., 1993b) or replacement with other small
side chains (Ojima et al., 1994; Nicolaou et al., 1995) results in
almost total loss of activity in the human colon cancer cell line
tested. In contrast, changes in the structure of the ring, including
its replacement with nonaromatic or heterocyclic rings, result in
only moderate losses of antitumor activity (Ojima et al., 1994).
Introduction of substituents on the 2-OBz ring, (Nicolaou et al.,
1994; Kingston et al., 1998; Yang et al., 2007) results in increases
of activity for small groups at the meta position but loss of activity
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Figure 5. Comparison between Binding Affinity and Cytotoxicity in
A2780 and A2780AD Cells

(A) Dependence of the ICsg of the ligands against A2780 (black) and A2780AD
(gray) human ovarian carcinoma cells on the affinity for the TXL-binding site in
MTs (binding constant, K;,). The black line represents the best fit of ICsq against
A2780 cells versus binding affinity for ligands with binding affinity under 5 x
108 M~". The gray line represents the best it of ICs, against A2780AD cells ver-
sus binding affinity.

(B) Dependence of the resistance index of the A2780AD MDR cells on the af-
finity of the compounds for the taxane binding site. The range of binding affin-
ities of taxanes for P-gp was taken from Yang et al. (2007).

for the other positions. Changes in the linker connecting the ben-
zene ring to the taxane core also result in decreased biological
activity (Wang et al., 2007).

Our results confirm and extend the qualitative data summa-
rized above and provide a precise quantitative characterization
of the effects of C2 modifications on binding affinity:

(a) Changing the nature of the linker between the benzene ring
and the taxane scaffold results in a large loss of binding free
energy. Thus, the replacement of the ester by an ether, thio-
ether, or amine moiety (compounds 24, 25, 26, 27, 38, and 39)
or by a thioester or an amide (compounds 22, 23, 42, 43, and

44) results in a heavy loss of binding free energy (up to 20 kJ/
mol™"). This stringent requirement indicates that the angle
between the benzyl ring and the taxane core has to be strictly
preserved and must be related to steric hindrance, as previ-
ously discussed for the thiobenzoyl compounds 22 and 23
(Wang et al., 2007), because the analogs in which the benzyl
group is replaced by an alkyl ester (compounds 2, 3, 9, 10,
and 16) only display a moderate loss of binding free energy
(5-6 kd/mol™"), which can be assigned to the loss of interac-
tions between the benzyl ring and the binding site.

(b) Modification of the meta substituents on the benzyl ring
leads to gains of binding free energy that are the largest for
—Nz (-11.2 £ 1.1 kJ/mol™") and —OCHj5 (7.2 + 0.6 kJ/
mol~") groups (compounds 4, 5, 11, 12, 13, 14, 20) and
much smaller (—2-3 kJ/mol™") for halogen atoms (com-
pounds 6, 30, and 34), whereas other small groups (—CN
and —CHj3) have no effect (compounds 7 and 8). Other simi-
larly small substitutions (—OH and —CH,OH; compounds
36 and 37) are detrimental, resulting in a loss of 7-9 kJ/
mol~" of binding free energy.

(c) Introduction of double substituents at the 2,4 (compounds
28, 29) and 2,5 (35) positions results in loss of binding affinity.
(d) The thienoyl moiety (compounds 31 and 32) can effectively
replace the benzoyl group.

Because previous work from our group (Buey et al., 2004) has
shown that substitutions leading to gains in binding free energy
also give rise to increased cytotoxicity, the —Ng substituent at
the meta position of 2-OBz was selected as the most suitable
for molecule optimization.

Effect on Binding Affinity of Changes at the C13 Position
The side chains present at position C13 in one semisynthetic
(DXL) and two natural taxanes (CPH and TXL) were evaluated
to choose the optimal one for binding. Although from the direct
comparison of TXL and DXL alone (Diaz and Andreu, 1993) it is
not possible to assess the effect of the C13 side chain on the
binding free energy due to the presence of additional differences
in the substituents at C7 and C10, DXL showed a 1.9-fold larger
binding affinity relative to TXL, which corresponds to a change
of —1.6 kd/mol™" in free energy of binding. A similar difference
(2x) was observed in the cytotoxicity on 1A9 cells (Buey et al.,
2005). In contrast, the tubulin binding affinity and the cytotoxicity
of CPH are about 2x lower than those of DXL (Yang et al., 2007).

In our series, by comparing compounds TXL, DXL, CPH, 11,
12, 13, 14, 15, 17, 20, 21, 22, 23, 24, 25, 26, 27, 38, 39, and
40, differing only in the side chain at C13 present in the reference
molecules, we can now establish that, of the three side chains,
DXL provides the largest contribution to the binding free energy,
(AAG C13-DXL—C13-TXL = —3.2 + 0.9 kJ/mol™", AAG C13-
CPH—C13-DXL = —5.6 = 1.1 kd/mol™").

Effect on Binding Affinity of the Substituents Present

in the Northern Side of the Taxane Ring (C7 and C10)

Modifications on the northern face of TXL at positions C7 and
C10 have little effect on tubulin binding, as expected from the
previously described effects on cytotoxicity (Chen et al.,
1993a). From all the substituents tested at C10, the best one
turns out to be the propionyl group, which provides an
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Table 2. Incremental Free Energy of Binding of TXL Analogs to MTs Due to Single Group Modifications

Modification Type Modification Compounds AAG Avg (Std Err)
c2 Benzoyl — benzylether T—25 +13.2 +13.0 £ 0.2
21 > 24 +12.8
Benzoyl — benzylsulphur T- 27 +13.6 +15.9+2.3
21 - 26 +18.1
Benzoyl — benzylamine T— 38 +18.6 +20.1+1.5
21 - 39 +21.6
Benzoyl — thiobenzoy! T—-23 +19.6 +15.9 + 3.8
21 —» 22 +12.1
Benzoyl — benzamide 21 — 42 +19.2
Benzamide — 3-OCHs-benzamide 42 — 43 -3.4
Benzamide — 3-Cl-benzamide 42 — 44 +5.3
Benzoyl — 3-methyl- 2 butenoyl! 1-2 +6.2
Benzoyl — 3-methyl- 3 butenoy! 1-3 +4.9
Benzoyl — 2(E)-butenoyl! 1-9 +7.3
Benzoyl — 3-methyl- butanoyl 1—10 +6.3
Benzoyl — 2-debenzoyl-1,2-carbonate C — 16 +5.8
Benzoyl — 3-N3 Benzoyl 1-4 -8.0 -112+13
T—-12 -13.9
C— 14 —-12.2
18 — 20 —10.6
Benzoyl — 3-OCHjz-benzoyl 1-5 —6.2 -72x06
T—-1 -8.3
C—13 -8.1
18 — 19 —6.3
Benzoyl — 3-Cl benzoyl 1-6 -3.1
Benzoyl — 3-Br-benzoyl 1—- 34 -2.3
Benzoyl — 3-I-benzoyl 1- 30 -3.3
Benzoyl — 3-NC-benzoyl 1-7 +0.6
Benzoyl — 3-CH3-benzoyl 1-8 0.0
Benzoyl — 3-CH,OH-benzoy! 1—- 36 +7.2
Benzoyl — 3-OH-benzoy! 18 — 37 +9.2
3-Cl”Benzoyl — 2,4-di-Cl~benzoyl 6 — 29 +4.8
Benzoyl — 2,4-di-F-benzoyl 1-28 +2.7
3-OCH3-Benzoyl — 2-5-di- OCH3-benzoyl 5— 35 +4.6
Benzoyl — 2-thienoyl 1-31 +4.1
Benzoyl — 3-thienoyl 1 - 32 +1.8
Benzoyl — 6-carboxy-pyran-2-one 1-41 +8.1
C13 Side Chain TXL — CPH T—-C +1.9 +2.0 £ 0.2
11 — 13 +1.9
12 —» 14 +1.6
15 - 17 +2.4
TXL — DXL 23 — 22 =il.7 —-3.2+0.9
25 — 24 —6.2
27 — 26 -1.3
38 — 39 -2.8
T—-21 —4.2
CPH — DXL C—-21 -3.8 —5.6+1.1
17 - D 7.7
20 — 40 -5.2
Cc10 Acetyl - -OH T—-15 -1.3 -1.7+0.8
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Table 2. Continued

Modification Type Modification Compounds AAG Avg (Std Err)
C—17 -0.7
21 -D -3.2
Propionyl — —OH 18 —» 17 +0.9 +0.9
Acetyl — propionyl C — 18 -1.6 —-0.5+0.4
183 - 19 +0.2
14 - 20 0.0
Cc7 Propionyl — —OH 17 -1 -1.6 -1.6

Errors are standard errors of the mean.

incremental free energy change of around —0.5 kJ/mol~" over
the natural C10 acetyl. In contrast, introduction of the same
group at position C7 brings about a loss of 1.6 kJ/mol~" of bind-
ing free energy relative to the —OH present in TXL. For this rea-
son, a propionyl at C10 and a hydroxyl at C7 were selected as
optimal substituents at these positions.

Optimal Taxane

According to the data measured, the optimal taxane should have
DXL’s side chain at C13, an m-Ns-benzoyl at C2, a propionyl at
C10, and a hydroxyl at C7. Starting from compound 1, the first
one in the series, with an apparent binding affinity of —39.4 kJ/
mol~", the resulting molecule should gain —5.6 kJ/mol~" from
the replacement of the CPH side chain with that of DXL, —11.2
kJ/mol~" from the substitution of m-N3-benzoy! for benzoy! at
C2, —1.6 kJ/mol~" from the change of a propionyl at C7 to a hy-
droxyl, and —0.9 kJ/mol~" from the change of a hydroxyl at C10
to a propionyl. Taking all of these changes together, the optimal
taxane would have a predicted AG at 35°C of —58.7 kJ/mol~".
When the compound was synthesized (CTX-40) and its binding
affinity was measured using the EPO-B displacement method
(Kp 35°C = 6.28 + 0.15 x 10° M™"; AG = —57.7 + 0.1 kJ/
mol~"), the experimental value was found to be in good corre-
spondence with the predicted value.

Structural Interpretation of the Binding Data

Two different reasons have been proposed for the changes in
activity due to modifications at C2: (1) the need for a hydrophobic
group to maintain the proper taxane conformation or (2) direct
interactions of the benzoyl with hydrophobic side chains of the
protein (Zefirova et al., 2005). The modeling data support the
view that the higher affinity of CTX-40 relative to TXL and DXL,
which is mostly conferred by the phenylazide substituent present
at C2, may largely stem from the simultaneous improvement of
the stacking interactions with the imidazole ring of His229(+)
and a better electrostatic interaction with Asp26 and Arg369
on the opposite side of the molecule, resulting from a better
anchoring of the ligand in the binding site. The same rationale
applies to CTX-13, which has a methoxy substituent in place of
the azide, and to a lesser extent to the derivatives containing
halogen atoms. As regards the methyl, cyano, hydroxyl, or hy-
droxymethyl substituents, they are likely to be found facing the
solvent rather than orientated toward the binding pocket, thus
contributing negligibly to the binding affinity, in good accord
with the experimental evidence.

Likewise, the enhanced affinity contribution of the DXL
and CTX-40 side-chain at C13 relative to that of TXL arises
from an improved hydrogen-bonding interaction of the car-
bamate NH relative to the amide NH with the carboxylate
of Asp26.

Prerelease Conformation of Bound Docetaxel

Transferred NOESY signals arise from a free DXL molecule
whose protons have been excited when still bound to the protein
but relaxed after release from the binding site. Thus, the confor-
mation deduced from these signals corresponds to a prerelease
state of the ligand. It has been described that MT-stabilizing
agents binding to the TXL site reach their luminal final location
through prior transient binding to a site located in the MT pore
(Diaz et al., 2003; Buey et al., 2007). Therefore the NMR struc-
tural data have to be interpreted with this caution.

Because DXT release from MT following excitation has to be
fast in order to get trNOESY signals, the K of the ligand should
be fastin the relaxation time scale. This is apparently in contradic-
tion with the slow dissociation constant measured for TXL in
akinetic study, 0.091 +0.006 s~ 1 (Diazetal., 2003). This observed
dissociation constant does not correspond to the release step
but to the rate-limiting step of the reaction. The dissociation of
taxanes from MT has been studied in detail using the fluorescent
taxane derivatives Flutax-1 and Flutax-2, which dissociate from
MT following a two-step mechanism (Diaz et al., 2000). The first
step, which is the slower one (thus the one directly observed),
has a kinetic rate constant of 0.022 + 0.001 s~ (4-fold slower
than that of TXL), whereas the second one (responsible for the re-
lease of the ligand to the medium and which can be measured
only indirectly from the dependence of the kinetic rate constants
on concentration) is nearly 100 times faster (ko= 1.63+0.1857 ).

In the absence of the fluorescent probe it is not possible to cal-
culate the value of the kinetic rate constant of the release step of
DXL dissociation (ko). Control experiments with Flutax-2 per-
formed in the same conditions did not show any trNOESY signal
from this ligand, which indicates that its ko value is not large
enough to provide good trNOESY signals. Therefore, the effec-
tive kinetic rate of the release step of the dissociation process
of DXL has to be higher. Because it is not unreasonable to think
that the presence of the fluorescein moiety slows down the dis-
sociation of Flutax-2 and the observed trNOESY crosspeaks for
the DXL:MT ensemble are cancelled out by addition of DDM
(a TXL-binding site ligand with a much higher affinity (Buey
et al., 2005), it can be assumed that the detected signals arise
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from DXL in the last step of dissociation from MT, which
may be bound to either the external site or to a modified luminal
site.

The basic features of the NMR-derived conformation might be
extracted from the trNOESY crosspeaks. Clear NOEs are
observed between the t-butyl protons and the 2-OBz protons
(Figure 4B), whereas only extremely weak NOEs are observed
between both aromatic (2-OBz and 3'-Ph) moieties (Figure 4D).
The OAc-4 group also provides NOEs with both aromatic rings
(Figure 4B). These experimental observations allow us to discard
the presence of the so-called “polar conformation” for DXL when
this molecule is bound to MT. The NMR-derived conformation is
thus basically in agreement with the conformation derived from
the modeling approach (see Figure S4). And though the modeled
structure is in agreement with the so-called “T-taxol geometry”
(Snyder et al., 2001), the NMR-derived conformation is interme-
diate between this one and that dubbed collapsed geometry
(Vandervelde et al., 1993). That both conformations are fairly
similar and resemble the T-taxol conformation possibly indicates
that the prerelease step does not largely affect the conformation
of DXL, and that the T-taxol conformation is stable in the protein
environment. The only observed difference is likely due to the
presence of His229, which in the modeled structure is found be-
tween the 2-OBz and the C13 side chain, thus further separating
these two moieties. The NMR observations are in agreement
with a closer proximity between the OBz and the t-Bu protons
(~4-5 A) than that suggested by the modeled DXL-B-tubulin
complex (~5-6 A). Under these constraints, the NMR-deduced
prerelease bound geometry for DXL, which is close to that
of T-taxol, is in agreement with that derived by the modeling pro-
cedure and resembles that described for the tubulin-bound
conformation of TXL (Lowe et al., 2001), though the experimental
conditions herein are markedly different.

Binding Affinity, Cytotoxicity and P-gp-Overexpression-
Mediated Multidrug Resistance
The double-log plots representing cytotoxicity versus tubulin
binding affinity (Figure 5A) clearly indicate that, as in the case
of EPOs and other taxane-binding site ligands, both magnitudes
are related, with the binding affinity behaving as a good predictor
of cytotoxicity. However, a deviation from the predicted behavior
can be noted from this data. There is an apparent cytotoxicity
limit (ICso = 1 nM) for these compounds against the non-P-gp-
overexpressing cells. A review of the results from our earlier
work (Buey et al., 2004, 2005) indicates that there are no MSA
with an IC5o below nM in these cells. Despite having binding con-
stants of the order of 10° M~", DDM and several EPOs have ICsos
in the order of 1 nM or higher. In fact, cis-CP-tmt-EPO-B (com-
pound 19 in Buey et al. [2004]), the compound with the highest
affinity for the TXL-binding site so far described (2.1 x 10'°
M~"), and also the most cytotoxic (ICso = 0.1 nM), displays a bind-
ing affinity three orders of magnitude above that of TXL but only
a 10-fold increase in cytotoxicity (Buey et al., 2004). These data
suggest that a significant percentage of tubulin within the cell has
to be bound to stop the cell cycle; cytotoxicity is thereby limited
by the amount of compound that is needed to achieve this goal.
At the drug concentrations required to stop cell-cycle progres-
sion, the percentage of tubulin bound by the ligand is in the range
of 2%-20% of the whole available protein. In the drug intake

Chemistry & Biology

Thermodynamics-Driven Design of Taxanes

experiments, the total amount of compound available at the
concentrations needed to stop the cell cycle (or at the ICsp) is
around one-third (comparable) of the total amount of tubulin. Al-
though this should be enough, in principle, for binding to a signif-
icant percentage of the protein, the results indicate that the
amount of ligand available for binding to the sites is effectively
much smaller (2%-10%). The reason for this might be that
though all the binding sites are inside the small volume occupied
by the cells, the drugs have to pass through the cell membranes
and reach a threshold intracellular concentration that is opposed
by the detoxification pumps. If a significant percentage (say 2%-
5%) of cytoplasmic tubulin has to be bound for the taxane to
exert its cytotoxicity, and the amount of ligand available for pro-
tein binding is a small percentage (2%-10%) of the total 1 nM
concentrations—which is already one-third of the total amount
of tubulin in the cells—it follows that for the MSA with a taxane
way of action the 0.1-1 nM concentration is a limit for its cytotox-
icity in cells. The same reasoning can be applied to a systemically
distributed drug for which the minimal amount needed to kill
the tumor cells is related to the amount of tubulin available for
binding, which imposes a practical limit on the lowest dose
that can be used.

However, if the goal is not to find a drug with the highest
cytotoxicity possible (none of the newly synthesized high-affinity
compounds has a remarkably better cytotoxicity on nonresistant
cells than TXL and DXL) but rather to find one with the ability
to overcome the main problem appearing in patients undergoing
treatment with MSA—namely P-gp-mediated resistance—at-
tempts to increase the affinity would seem to be steps in the right
direction. Cells overexpressing P-gp are still sensitive to taxanes
because they can still be killed by higher concentrations of either
TXL or DXL. These very high concentrations affect normal
nontumor cells as well, causing them to be differentially killed
because of their inability to reduce the intracellular drug concen-
tration, rather than differentially spared because of their lower
division rate.

The data with A2780AD cells shows the expected correlation
(although with a lower slope arising from their ability to reduce
the intracellular drug concentration) between affinity and cyto-
toxicity that was previously observed for chemically related
compounds (Buey et al., 2004) with no deviations being noted
at the highest cytotoxicity values (9 nM for CTX-40). In this
type of MDR cells the high-affinity drugs are nearly 100-fold
more cytotoxic than the clinically employed taxanes (TXL and
DXL) and display very low resistance indexes (as low as 1.3
for the highest-affinity derivative, CTX-40). This result was
confirmed with LoVo human colon carcinoma cells and their
MDR LoVo-Dox counterparts (Grandi et al., 1986; see the Sup-
plemental Data).

When the resistance indexes of the compounds are repre-
sented against their binding affinities (Figure 5B), a bell-shaped
curve is observed: the resistance index shows a maximum for
taxanes displaying similar affinities for tubulin and P-gp, and
then rapidly decreases when the affinity of the compound for tu-
bulin either increases or decreases. An exception to this rule is
found for compounds having a halogen atom (or a methoxy
group) at the meta position of 2-OBz (CTX-5, 6, 30, 34, and 35)
as they exhibit a much lower resistance index than that of other
compounds with equivalent affinity.
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The results confirm our previous data with other high-affinity
ligands or with covalent binders (which can be considered to
have infinite affinity) whose cytotoxicity is unaffected by P-gp
overexpression (e.g., DDM: ICsq values of 60 nM and 53 nM
[I. Barasoain, unpublished data] or cyclostreptin: ICso values of
43.5 nM and 51 nM [Buey et al., 2007]) against A2780 and
A2780AD cells, respectively, which is a clear indication that li-
gands with high affinity for the taxane-binding site can overcome
the P-gp-mediated MDR phenotype. The rationale for this find-
ing is that, in these cells, the intracellular free concentration of
the high-affinity binding drugs will be low (see Figures S5-S7
for a detailed mathematical model). It is clear that for the ligand
to be pumped out it first has to bind to P-gp, and assuming
that the kinetics of drug efflux follows a Michaelis-Menten
behavior, the ligand outflow will decrease with lower free ligand
concentration. Because these ligands are tightly bound to tubu-
lin, their intracellular free concentrations are of the order of their
dissociation constants, which in the case of the high-affinity
compounds (Kq4 of CTX-40 = 0.16 nM at 35°C) are far below their
dissociation constants from P-gp (which range between 35 nM
for TXL and 88 nM for CTX-7; Yang et al., 2007). This implies
that, at concentrations able to exert cytotoxicity, the efficacy
of P-gp to pump out the high-affinity compounds will be reduced
by a factor between 200 and 1,000 (see the Supplemental Data).
From a chemical standpoint, P-gp overexpression is irrelevant.

However, the low-affinity tubulin-binding ligands may escape
the effect of the pump through a different mechanism. Because
they need to reach concentrations that are much higher than
those of either tubulin or P-gp to bind their target and thereby ex-
ert their cytotoxicity, the pump gets overloaded (saturated) and
cannot effectively reduce the intracellular drug concentration.
For this reason, these ligands act as MDR reversal agents by
themselves (Brooks et al., 2003).

The present findings support the view (Buey et al., 2004, 2005)
that binding affinity is the main variable to be maximized in at-
tempts to increase the cytotoxicity of this type of compound (al-
though on nonresistant cells a practical limit is observed at around
1 nM concentration). Additionally, high-affinity compounds can
escape MDR due to P-gp overexpression by lowering the con-
centration of free ligand that can be pumped out by P-gp.

SIGNIFICANCE

The binding affinities of a series of synthetic taxanes for MTs
have been measured with the aims of dissecting individual
group contributions and obtaining a rationale for the design
of novel compounds with the ability to overcome drug resis-
tance. As previously observed for EPOs, the positive and
negative contributions of the different substituents to the
binding free energy are cumulative. By combining the most
favorable substitutions in a single analog, the binding affinity
was increased 500-fold over that of TXL. Insight into the
structural basis for this improvement was gained when
models were built that assigned an important role to the in-
teractions of C2 and C13 substituents with the protonated
side chain of His229. The relative orientation of these groups
was found to be in agreement with NMR data obtained for
MT-bound DXL.

The cytotoxicities of the compounds in ovarian carcinoma
A2780 cells were found to correlate with their affinities, with
an apparent cytotoxicity limit in the nanomolar range. A bell-
shaped curve was obtained when the taxane resistance in-
dex was plotted versus the binding affinity showing that
the P-gp-overexpressing multidrug-resistant A2780AD cells
are sensitive to the highest and lowest affinity compounds,
whereas resistance indexes in the range of 100 to 1,000
were obtained for those whose binding affinities for tubulin
and P-gp are similar.

The finding that taxanes with affinities for MTs well above
their affinities for P-gp are not affected by multidrug resis-
tance strongly indicates that for a series of compounds
with similar pharmacokinetic and bioavailability properties,
optimization of the ligand-target interaction is a good strat-
egy to overcome multidrug resistance mediated by efflux
pumps.

EXPERIMENTAL PROCEDURES

Proteins and Ligands

Purified calf brain tubulin and chemicals were as described (Diaz and Andreu,
1993). Full details of the synthesis and characterization of the ligands em-

ployed can be found in the Supplemental Data.

d-Ind:

Lig d Tubulin A
Critical concentrations of ligand-induced tubulin assembly were measured as
described (Buey et al., 2005).

Equilibrium Binding Constants of the Ligands to MTs and Tubulin
The binding constants of the ligands with apparent binding affinities below 10®
M~ for the TXL-binding site were measured as described (Buey et al., 2004).
For the EPO-B method, samples of 1 ml containing 1 uM sites in glutaralde-
hyde-stabilized MTs, 1.1 M EPO-B and 1.1 uM of the test compound in
GAB (glycerol assembly buffer; 3.4 M glycerol, 10 mM sodium phosphate,
6 mM MgCl,, and 1 mM EGTA [pH 6.7]) with 0.1 mM GTP were incubated
for 30 min at 35°C in polycarbonate centrifuge tubes (Beckman Coulter, Inc.,
Fullerton, CA). The samples were then centrifuged at 90,000 x g for 20 min
at 35°C in a TLA-100.2 rotor employing a Beckman Optima TLX ultracentri-
fuge. The supernatants were collected by pipetting, and the pellets were re-
suspended in 10 mM phosphate buffer (pH 7.0). One micromolar TXL was
added as the internal standard, except for the experiments with CTX-13 in
which 1 pM DXL was used instead. Both the pellets and the supernatants
were extracted three times with an excess volume of dichloromethane, dried
in vacuum, and dissolved in 35 pl of methanol. The samples were analyzed
by HPLC.

Reversibility of binding was checked by incubating samples containing 5 uM
compounds 4, 12, or 14, and 10 uM taxoid binding sites in stabilized crosslinked
MT for 30 min at 25°C in polycarbonate centrifuge tubes (Beckman) in GAB with
0.1 mM GTP (DMSO concentration was always kept under 2%). The samples
were then centrifuged at 90,000 g for 10 min at 25°C in a Beckman Optima
TLX ultracentrifuge with a TLA100 rotor, processed, and analyzed as described.

Binding constants for compounds reversibly displacing Flutax-2 or EPO-B
were calculated using Equigra v5 (Diaz and Buey, 2007). The thermodynamic
parameters (apparent AGo, AHo, and ASy) were calculated as described (Buey
et al., 2005).

Binding of the compounds to unassembled dimeric tubulin was measured
by centrifugation. Two hundred microliter samples containing 20 M tubulin
and 25 pM compound in 10 mM phosphate, 1 mM EDTA (pH 7.0) buffer
(PEDTA) containing 1 mM GDP were incubated for 1 hr at 35°C in polycarbon-
ate centrifuge tubes (Beckman). The samples were then centrifuged at
386,000 x g for 1 hr at 35°C in a TLA100 rotor employing a Beckman Optima
TLX ultracentrifuge. The upper and lower 100 pl of the solution were carefully
collected by pipetting, and the pellets were resuspended in 10 mM phosphate
buffer (pH 7.0). The tubulin concentrations in the three samples were
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measured by the Bradford assay, and 5 uM DXL was added as the internal
standard. The samples were extracted and analyzed as described.

HPLC analysis of all samples was performed in an Agilent 1100 series instru-
ment employing a Supercosil, LC18 DB, 250 x 4.6 mm, 5 mm bead diameter
column developed in a gradient from 50% to 80% (v/v) acetonitrile in water at
a flow rate of 1 mi/min~", following the absorbance at A = 220 nm.

Cell Biology Studies

PtK2 (kidney epitelial cell from Potorus tridactylis), U937 (monocytic human
leukemia), K562 (myelocytic human leukemia), A2780, P-gp-overexpressing
A2780AD (ovarian carcinoma) cells were cultured as described previously
(Buey et al., 2005). Cytotoxicity assays were performed with the MTT assay
modified as described in Yang et al. (2007).

Cell intake of ®H-TXL and '*C-DXL were measured as reported (Manfredi
et al., 1982) with modifications, using PtK2, U937, and K562 cells. These cells,
and especially the PtK2 cells, were used because they are more resistant to
taxanes, and more reproducible results could be obtained. Cells were grown
in 24-well plates at a density of 500,000 cells/ml (PtK2) or 300,000 cells/ml (leu-
kemic cell lines) and were incubated in 1 ml of medium with the desired drug
concentration. Supernatants were collected, and cells were washed three
times with 1 ml of cold PBS and incubated overnight with 0.25 ml of NaOH
0.1M, and then neutralized with 0.25 ml of HCI 0.1 M. The total protein concen-
tration was determined by the Lowry method and the drug (both in the super-
natants and incorporated into cells) was measured by liquid scintillation count-
ing in a LKB 1219 spectrometer (GE Healthcare Bio-Sciences, Uppsala,
Sweden). The correction for unspecific binding was determined by measuring
the amount incorporated in cells preincubated with 10 uM colchicine for 4 hr at
37°C and washed three times prior to the incubation with ®H-TXL or '#C-DXL.
Cell volume was calculated from the volume occupied by the pellets and found
to be 2.5 + 0.2, 3.96 + 0.05, and 4.3 = 0.9 uL/10° cells for U937, K562, and
PtK2, respectively.

The amounts of drugs bound to the nucleus and cytoplasm of the cells were
determined as described in Simpson et al. (1987).

Molecular Modeling

The refined structure of the ,B-tubulin dimer at 3.5 A resolution (Lowe et al.,
2001; Protein Data Bank code: 1JFF) was used for molecular modeling and li-
gand docking. Addition of missing hydrogen atoms and computation of the
protonation state of ionizable groups in B-tubulin at pH 6.5 were carried out us-
ing the H™ Web server (Gordon et al., 2005), which relies on AMBER (Cornell
et al., 1995) force-field parameters and finite difference solutions to the Pois-
son-Boltzmann equation. The molecular graphics program PyMOL (DeLano
Scientific, LLC, Palo Alto, CA) was employed for molecular visualization and
representation. The charge distribution for the ligands studied was obtained
by fitting the quantum mechanically calculated (RHF 6-31G*\\3-21G*) molec-
ular electrostatic potential (MEP) to a point charge model, as implemented in
Gaussian 03 (Gaussian, Inc., Wallingford, CT). Consistent bonded and non-
bonded AMBER parameters were assigned to ligand atoms in the taxanes
by analogy or through interpolation from those already present in the AMBER
database (ff03).

The Lamarckian genetic algorithm implemented in AutoDock 3.0.5 (Morris
et al., 1998) was used to generate automated docked poses of TXL, DXL,
CTX-13, and CTX-40 within the taxane-binding site by randomly changing
the overall orientation of conformers from the MD ensembles that were repre-
sentative of the major populations, as well as the torsion angle involving the
2-OBz.

NMR Experiments

The NMR experiments were performed at 310 Kin D,O as described (Jimenez-
Barbero et al., 2006), with modifications described in the Supplemental Data,
on a Bruker AVANCE 500 spectrometer (Bruker, Bruker BioSpin GmbH, Rhein-
stetten, Germany).

SUPPLEMENTAL DATA

Supplemental Data include seven figures, three tables, Supplemental Experi-
mental Procedures, Supplemental References, and two additional Supple-
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mental Data files and can be found with this article online at http://www.
chembiol.com/cgi/content/full/15/6/573/DC1/.
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Supplemental Data

Optimization of Taxane Binding to Microtubules:

Binding Affinity Dissection and Incremental

Construction of a High-Affinity Analog of Paclitaxel

Ruth Matesanz, Isabel Barasoain, Chun-Gang Yang, Lei Wang, Xuan Li,

Concepcion de Inés, Claire Coderch, Federico Gago, Jesis Jiménez Barbero, José
Manuel Andreu, Wei-Shuo Fang, and José Fernando Diaz

Table S1. Critical Concentrations of the Ligand-Induced Assembly Reactions

Compound Cr (uM) in PEDTA4-GTP? Cr (uM) in GAB®

DMSO N.A. 3.30£0.38*

PTX 4.24+0.49° 0.63+0.06

DCX 2.35+0.25 0.62+0.08

CPH 3.50+0.94 0.64+0.15
CTX 1 3.68+0.81 0.67+0.04
CTX 2 9.73+3.94 1.41+0.06
CTX3 11.38+2.83 2.60+0.19
CTX 4 2.87+0.36 0.50+0.10
CTX5 2.81+0.08 0.95+0.10
CTX 6 3.07+0.26 0.76+0.06
CTX7 3.81+0.23 1.1240.18
CTX 8 3.92+0.19 1.37+0.06
CTX9 N.A. 2.18+0.17
CTX 10 N.A. 1.89+0.19
CTX 11 3.562+1.52 0.72+0.04
CTX 12 3.78+2.05 0.74+0.14
CTX 13 4.03+1.15 0.48+0.13
CTX 14 3.03+1.15 0.45+0.05
CTX 15 4.27+0.30 0.48+0.04
CTX 16 N.A. 4.0040.70
CTX 17 3.26+1.85 0.57+0.09
CTX 18 3.96+2.18 0.47+0.07
CTX 19 3.45+2.07 0.45+0.07
CTX 20 3.38+1.62 0.44+0.06
CTX 21 2.95+1.04 0.78+0.15
CTX 22 N.A. 2.36+0.09
CTX 23 N.A. 2.99+1.07
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CTX 24 N.A. 1.92+0.40
CTX 25 N.A. 3.15+0.73
CTX 26 N.A. 2.51+0.04
CTX 27 N.A. 3.03+0.10
CTX 28 5.78+1.18 0.80+0.17
CTX 29 6.38+3.11 0.88+0.17
CTX 30 5.98+1.01 1.19+0.31
CTX 31 6.57+0.63 1.04+0.44
CTX 32 6.27+2.59 1.58+0.38
CTX 33 4.32+0.49 0.29+0.15
CTX 34 3.89+1.16 0.69+0.28
CTX 35 6.35+0.81 1.11£0.65
CTX 36 7.88+1.50 1.22+0.08
CTX 37 5.00+1.10 0.94+0.30
CTX 38 N.A. 2.41+0.21
CTX 39 N.A. 2.81+0.34
CTX 40 3.62+ 1.1 0.93+0.23
CTX 41 9.22+2.42 1.50+0.42
CTX 42 13.26+2.83 2.26+0.21
CTX43 12.84+2.29 2.33+0.43
CTX 44 12.59+2.57 2.30+0.99

N.A. No assembly detected.
a) PEDTA4-GTP; PEDTA with 4 mM MgCl; and 1 mM GTP
b) GAB; 3.4 M Glycerol, 10 mM phosphate, 1 mM EGTA, 6 mM MgCl,, pH 6.5
buffer.
c) Data from (Buey et al. 2004)
d) Data from (Buey et al. 2005)

Errors bars are standard errors of the mean
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DXL (conformer 1)

DXL {confermer 3}
DXL (conformer 4)
DXL (conformer 5)

Figure S1. Best-fit Overlap (Using the Baccatin Core Atoms for the
Superimposition) of the Five Major Conformers Found for DXL during the MD
Simulation in Water and Then Used for Docking Purposes
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Figure S2. Docking of the Five Major DXL Conformers Obtained from the MD
Simulations (Figure S4) into the Taxane-Binding Site of -Tubulin as Present in
PDB Structure 1JFF and with His229 Protonated on Ne

The 250 resulting structures were clustered according to an rmsd criterion of
1.5 A. Bars represent the number of structures included in each cluster
whereas diamonds stand for the mean docking energy of each cluster. The
asterisk highlights the solution closest to the TXL conformation found in this
PDB entry (Lowe et al. 2001), which happens to be both the most populated
and that giving rise to the most favourable binding energy.
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Figure S3. Decomposition of the Calculated Binding Enthalpy for the
B-Tubulin—CTX40 Complex upon Completion of the Simulated Annealing
Protocol

The intermolecular van der Waals term (pink) was calculated with the ANAL
module in AMBER whereas the solvent-corrected electrostatic interaction (cyan)
was computed using the DelPhi program, as described in (Perez et al. 1998).

Figure S4. Best-Fit Superimposition of the T-Taxol-like Bound Structures
of Docetaxel as Obtained upon Completion of the Simulated Annealing
Protocol (Green) and the Independent NMR-Based Procedure (Carbon Atoms

in grey).
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Figure S5. Dependence of the Ligand Bound to Microtubules on the Ratio
between the Passive Ligand Influx/Efflux and the Active Kinetic Rate of
Pumping

Concentrations and kinetic constants employed for the model are: Ligand 1 uM,
Tubulin 20 uM, P-gp 4 uM, Ki1 10’ M7, Ky 10" M.

12

10 -

Ligand bound to tubulin nM

[P-gp] uM

Figure S6. Dependence of the Ligand Bound to Microtubules on P-gp
Concentration

Concentrations and kinetic constants employed for the model are: Ligand 1 uM,
Tubulin 20 uM, Ki1 10" M, Ki2 10 M, ki3 and kig 10°s7.
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Figure S7. Dependence of the Concentration of Ligand Bound to Microtubules
on Its Binding Constant to Tubulin (K+1)
Concentrations and kinetic constants employed for the model are Ligand 1 uM,
Tubulin 20 uM, P-gp 4 uM, Kiz 10" M, ki3 and keg 10° 8™
Supplemental Results
Ligand-Induced Assembly of Tubulin

The compounds were first checked for their ability to induce tubulin
assembly under conditions in which tubulin itself is not able to assembile, i.e.
purified GTP-tubulin in a buffer in which tubulin is unable to self-assemble in the
absence of ligand (Diaz et al. 1993). The critical concentration (Cr) of the
assembly reaction was measured for all the ligands (Table S1). Compounds 9,
10, 16, 22, 23, 24, 25, 26, 27, 38 and 39 were inactive in these tests (i.e. did not
induce tubulin assembly) while the remaining molecules, as well as the three
reference taxanes, induced tubulin assembly. We then checked whether the
inactive compounds were at least able to further stabilize microtubules in

conditions under which they are able to assembile, as is the case for low-affinity

taxane mimetics (Buey et al. 2005). These molecules were indeed able to

134



reduce the Cr in GAB buffer (Table S1), which indicates that they can be
considered low-affinity microtubule-stabilizing agents (MSA).

The compounds were then evaluated for their dependence on Mg*? to
induce tubulin assembly as well as for their ability to bind dimeric tubulin. As
was the case for TXL and its mimetics (Diaz et al. 1993) (Buey et al. 2005, Buey
et al. 2004) all of the compounds required Mg*? at mM concentrations in order
to induce tubulin assembly and were unable to bind dimeric tubulin at 25 pM
concentrations, indicating that all of them are TXL-like microtubule stabilizing

agents.

Cytotoxicity of CTX-40 on LoVo Cells

The ability of the high-affinity compound CTX-40 to overcome
P-gp—mediated MDR was confirmed with LoVo human colon carcinoma cells
and their MDR LoVo-Dox counterparts (Grandi et al. 1986) employing TXL, DXL
and CTX-40 (TXL R/S 13.2 ICsoL0v6=110 nM, IC50.0v0-00x=1450 nM, DXL R/S
7.6 IC50.0v6=60 nNM, IC50vo-Dox=455 NM, CTX-40 R/S 0.86 ICsqL0v0=4.1 nM,
IC50L0v0-00x=3.6 NM). As observed for the ovarian carcinoma cells, the
high-affinity taxane is able to overcome the P-gp—mediated MDR phenotype.
However, LoVo cells require higher concentrations of the medium-affinity
clinically used taxanes, TXL and DXL, than A2780 cells to die, while similar
concentrations of CTX-40 (IC50a2750=7 nm) are required for both type of cells.
This result may be explained if the level of P-gp expression in LoVo cells is
higher than in A2780 cells. The ICsps of TXL, DXL and CTX-40 on LoVo-Dox
cells are similar to those found in A2780AD cells, which display resistance to

TXL and DXL but not to CTX-40.
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Supplemental Discussion
Kinetics of Drug Pumping from the Cells

In order to test the influcence of the different parameters controlling the
influx and efflux of the ligands in the amount of bound tubulin, a simplified
model of taxane binding to tubulin and P-gp was used.

Schematically, it can be described with the following equations:

K+1 K+2 k+3 K+a k+s5
TL =— - T+L+P =— PL —= PO —=P+0 T~ L
k-5

where T is tubulin, L, ligand inside the cell, P, P-gp, and O, the ligand outside
the cell. K+ and K., the binding affinities for tubulin and P-gp, k3 and k.4 the
kinetic rate constants of the ligand being pumped out, and k.5 and k_s the kinetic
rates of passive ligand influx and efflux. The system was modelled using kinsim
in order to study the effects of changes in relative binding affinities between
taxanes and microtubules or P-gp.

In this simplified system, the tubulin concentration was considered to be 20
UM, and the passive influx and efflux kinetic rates (k.s and k.s) were setto 0.1 s™
(compatible with the equilibration time determined for PtK2 cells) Given a
certain arbitrary concentration of P-gp (4 uM) it is obvious that it is necessary for
the facilitated rates of efflux (k«4) to be much higher than the passive ones to
have any effect. However, from a certain ratio between the kinetic constants
(larger than 1000:1) no effect on the amount of tubulin bound to the ligand is
observed (Figure S5)

The effect of P-gp overexpression is shown in Figure S6. In this simple
model the amount of liganded tubulin rapidly decreases when P-gp is
overexpressed.

However, as expected, the increase in the binding affinity for tubulin
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compensated for the effect of P-gp overexpression (Figure S7). Increasing the
binding affinity of the ligand for the target decreases the free ligand
concentration accordingly, and thus, since the kinetic rate of ligand efflux is
dependent on the concentration of free ligand, the ligand efflux. While a 4 uM
theoretical P-gp concentration is able to reduce the amount of liganded tubulin
by a factor of 4, an increase of the tubulin binding constant compensates for the

effect thus restoring the levels of bound tubulin.

Supplemental Experimental Procedures.

Synthesis and Characterization of the Ligands

TXL analogues carrying the CPH side chain (Figure 1) were synthesized
through selective C2 debenzoylation and esterification using CPH as the
starting material. The other TXL analogues studied were prepared by coupling
of the C13 side chains of TXL and DXL with corresponding C2 O-, N- or
S-substituted baccatins, which were obtained by multi-step reactions from
10-deacetyl baccatin (Yang et al. 2007) (See below for full details). Their purities
were checked by HPLC in a C-18 column (Supercosil, LC18-DB, 250x4.6 mm, 5
um bead size) developed with a gradient from 50% to 80% of acetonitrile in
water, and were found to be greater than 98%, except for CTX-3, CTX-9,
CTX-19, CTX-21, CTX-26 and CTX-27 whose purity is around 90 %. The
solubility of these compounds in GAB (3.4 M Glycerol, 10 mM sodium
phosphate, 6 mM MgCl,, 1 mM EGTA, 0.1 mM GTP, pH 6.5 buffer) plus 0.1 mM
GTP was checked by centrifugation and HPLC and was found to be greater than
50 uM.. TXL was provided by the late Dr. M. Suffness from the National Cancer
Institute (Bethesda, MD). DXL was kindly provided by Rhéne Poulenc Rorer,
Aventis (Schiltigheim, France). Flutax-2 was provided by Dr. F. Amat-Guerri

from Instituto de Quimica Organica, CSIC, (Madrid, Spain). Epothilone B (epoB)
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was provided by K.C. Nicolaou from the Department of Chemistry and
Biochemistry, University of California at San Diego and the Scripps Research
Institute (La Jolla, CA). All the compounds were diluted in DMSO to a final

concentration of 10 mM and stored at —70 °C.

*H-TXL was a gift from Drs. |. Ringel, The Hebrew University (Jerusalem) &
S. B. Horwitz, Albert Einstein College of Medicine (Bronx, New York). "“C-DXL
(RP 71626) were kindly provided by Dr. J.-L. Fabre, Rhéne-Poulenc Rorer

(92165 Antony, France).

General Synthetic Procedures. All chemicals other than anhydrous solvents
were obtained from Aldrich and Acros Chemical Co. and used without further
purification. All anhydrous reactions were performed under Ny, and anhydrous
tetrahydrofuran (THF) was dried over sodium (benzophenone as indicator). All
reactions were monitored by thin layer chromatography (TLC) (silica gel,

GF254) with UV light and H,SO4-anisaldehyde spray visualization.
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5a R;=Ph R,=CH30- Chitax-11 R4=Ph R,=CH;0-
5b R,=Ph R,=Nj- Chitax-12 Ry=Ph Ro=N3-
6a R;=CH3CH=C(CHj;)- R,=CH30- Chitax-13 R;=CH3;CH=C(CHg)- R,=CH;0-
6b R;=CH3CH=C(CH3)- R,=Nj- Chitax-14 R;=CH3CH=C(CH3)- Ry=Nj3-

Scheme 1 Reagents and conditions: a: TBSCI, imidazole, DMF; b: TESCI, imidazole, DMF; c: Triton B, CH,Cl,, -28°C
d: DCC, pp, m-R,-PhCOOH; e: 40% HF(v/v), pyridine, CH3CN.

2’-O-(tert-butyldimethylsilyl)-7-O-triethylsilyltaxol (1)

Taxol (200mg, 0.234mmol) was dissolved in DMF (1.7 ml), then imidazole
(84mg, 1.23mmol) and tert-butyldimethylsilyl chloride (TBSCI) (185.4mg,
1.23mmol) were added to the solution, the mixture was reacted for 5 h at room
temperature. Additional imidazole (84mg, 1.23mmol) and triethylsilyl chloride
(TESCI) (138ul) were added, the mixture was reacted 5 h at room temperature
again. Then 100 ml saturated ag NaHCOj; solution was added, the aqueous
layer was extracted with EtOAc (3x150ml), the organic layer was combined,
and dried over anhydrous Na,SO., then the organic layer was filtered, the
filtrate was concentrated to dryness in vacuo. The residue was purified on silica
gel with column chromatography (gradient eluted with Petroleum ether/acetone
= 9/1~4:1) to afford white solid 2’-O-(tert-butyldimethylsilyl)-7-O-triethylsilyltaxol
(1) (229mg, 90.3%).

'H NMR (300MHz, CDCl3): § 8.14 (2H, dd, J= 8.4, 1.5 Hz, 0-BzO), 7.74 (2H,

dd, J=8.4, 1.5 Hz, 0-BzNH), 7.31-7.63 (11H, m, BzO + BzNH + Ph), 7.07 (1H,
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d, J=9.0 Hz, BzNH), 6.45 (1H, s, H-10), 6.26 (1H, t, J= 9.3 Hz, H-13), 5.74 (1H,
dd, J=2.7,8.7 Hz, H-3’), 5.70( 1H, d, J= 7.5 Hz, H-2), 4.96 (1H, d, J=7.8 Hz,
H-5), 4.67 (1H, d, J = 2.1 Hz, H-2’), 4.48 (1H, dd, J = 6.6, 10.5 Hz, H-7), 4.33
(1H, d, J= 8.1 Hz, H-20), 4.21 (1H, d, J= 8.1 Hz, H-20), 3.84 (1H, d, J= 6.9 Hz,
H-3), 2.58 (3H, s, OAc-4), 2.48-2.55 (1H, m, overlap, H-6), 2.40 (1H, dd, J= 9.6,
12.7 Hz, H-14), 2.18 (3H, s, OAc-10), 2.09 (1H, dd, J=9.0, 15.0 Hz, H-14), 2.02
(3H, s, Me-18), 1.91 (1H, m, H-6), 1.70 (3H, s, Me-19), 1.22 (3H, s, Me-17),
1.18 (3H, s, Me-16), 0.93 (9H, t, J= 7.5 Hz, SiCH,CH3), 0.80 (9H, s, SiC(CHz)3),

0.54-0.65 (6H, m, SiCH>CHa), -0.02 (3H, s, SiCH3), -0.30 (3H, s, SiCHz).

2’-O-(tert-butyldimethylsilyl)-7-O-triethylsilylcephalomannine (2)

Cephalomannine (600mg, 0.721mmol) was dissolved in DMF (5 ml), then
imidazole (245.5mg, 3.61mmol) and tert-butyldimethylsilyl chloride (543.5mg,
3.61 mmol) were added to the solution, the mixture was reacted for 5 h at room
temperature. Additional imidazole (245.5mg, 3.61mmol) and triethylsilyl
chloride (400ul) were added, the mixture was reacted 5 h at room temperature
again. Then 100 ml saturated aq NaHCO3 solution was added, the aqueous
layer was extracted with EtOAc (3x150ml), the organic layer was combined,
and dried over anhydrous Na,SO., then the organic layer was filtered, the
filtrate was concentrated in vacuo. The residue was purified on silica gel with
column chromatography (gradient elute with Petroleum ether/acetone =
9/1~4:1) to afford white solid 2’-O-(tert-butyldimethylsilyl)-7-O-triethyl-
silylcephalomannine (2) (760mg, 99.3%).

'H NMR (400MHz, CDCls): § 8.12 (2H, d, J = 6.9 Hz, 0-Bz), 7.59 (1H, t, J =
7.2 Hz, p-Bz), 7.50 (2H, t, J = 7.8 Hz, m-Bz), 7.34 (2H, t, J = 7.6 Hz, Ph),
7.25-7.28 (3H, m, Ph), 6.65 (1H, d, J = 8.8 Hz, CONH), 6.45 (1H, s, H-10), 6.45
(1H, overlapped, CH3CH=), 6.25 (1H, t, J = 8.8 Hz, H-13), 5.70 (1H, d, J=6.8
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Hz, H-2), 5.58 (1H, d, J = 8.8 Hz, H-3'), 4.94 (1H, d, J = 9.2 Hz, H-5), 4.59 (1H,
d, J= 1.6 Hz, H-2’), 4.47 (1H, dd, J = 6.4, 10.6 Hz, H-7), 4.30 (1H, d, J = 8.4 Hz,
H-20), 4.20 (1H, d, J = 8.4 Hz, H-20), 3.83 (1H, d, J = 7.2 Hz, H-3), 2.54 (3H, s,
OAc-4), 2.51 (1H, m, H-6), 2.37 (1H, dd, J = 9.2, 15.4 Hz, H-14), 2.17 (3H, s,
OAc-10), 2.12 (1H, dd, J = 8.8, 15.2 Hz, H-14), 2.04 (3H, s, =CCH3CO-), 1.91
(1H, m, H-6), 1.81 (3H, s, Me-18), 1.71 (3H, d, J = 8.8 Hz, CH3CH=), 1.70 (3H,
s, Me-19), 1.23 (3H, s, Me-17), 1.22 (3H, s, Me-16), 0.93 (9H, t, J = 8.0 Hz,
SiCH,CHs), 0.78 (9H, s, SIC(CHa)s), 0.54-0.61 (6H, m, SiCH,CHs), -0.05 (3H, s,

SiCHg), -0.33 (3H, s, SiCH3). ESI-MS: m/z [M+Na]* 1082.5, [M+K]" 1098.5.

2’-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilyltaxol (3)
2'-O-(tert-butyldimethylsilyl)-7-O-triethylsilyltaxol (1) (108mg, 0.1mmol)
was dissolved in dried CH,Cl; (2 ml), the obtained solution was cooled to -28°C
in ice-methanol bath, then the benzyltrimethylammonium hydroxide (Triton B)
(93, 40% w/w in methanol) was added to the solution, the mixture was stirred
for 15 min at -28°C. 10 ml precooled saturated aq NH4CI solution was added,
the aqueous layer was extracted with CH,Cl, (3x50mL), the organic layer was
combined, and dried over anhydrous Na;SO,, then the organic layer was
filtered, the filtrate was concentrated to dryness in vacuo, The residue was
purified on silica gel by column chromatography (hexane/EtOAc/acetone =
8/3/1) to afford white solid 2-O-(tert-butyldimethylsilyl)-2-debenzoyl-
7-O-triethylsilyltaxol (3) (63.6mg, 65.0%) and recover the starting material (1)
(12mg, 12.3%). The product was used in the next step without identification by

spectrums.

2’-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilylcephalomannine (4)
2'-O-(tert-butyldimethylsilyl)-7-O-triethylsilylcephalomannine  (2) (351mg,
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0.33mmol) was dissolved in dried CH,Cl, (7 ml), the solution obtained was
cooled to -28°C in an ice-methanol bath, then the benzyltrimethylammonium
hydroxide (308ul, 40% w/w in methanol) was added to the solution, the mixture
was stirred for 15 min at -28°C. 10 mL precooled saturated aq NH4ClI solution
was added, the aqueous layer was extracted with CH.Cl, (3%x50mL), the
organic layer was combined, and dried over anhydrous Na,SO,, then the
organic layer was filtered, the filtrate was concentrated to dryness in vacuo, The
residue was purified on silica gel by column chromatography
(hexane/EtOAc/acetone = 8/3/1) to afford white solid
2'-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilylcephalomannine  (4)
(209mg, 67.4%) and recover the starting material (2) (58mg, 16.5%). The

product was used in the following step without identification by spectrums.

General Procedure for the Preparation of Componds 5a-b and 6a-b. An
appropriate carboxylic acid (0.1 mmol) was dissolved in dried toluene (0.2 mL),
and then dicyclohexylcarbodiimide (DCC) (20.6 mg, 0.1 mmol) and
pyrrolidinopyridine (pp) (1.0 mg, 0.007 mmol) were added to the solution. The
mixture was stirred at room temperature for 5 min, taxane 3 or 4(0.01 mmol)
was added, the mixture was stirred at 65 °C until the compound (3 or 4) was
consumed (TLC analysis). The reaction mixture was diluted with EtOAc(10
mL), filtered through a pad of Celite, and the Celite was washed up with EtOAc
(10 mL). The filtrate was concentrated in vacuo to dryness. The residue was
purified using PTLC (silica gel, hexane /EtOAc/acetone = 8:3:1) to afford 5 or 6.
Although it was found that the products were contaminated with DCU by

THNMR, they were subjected to desilylation without further purification.
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General Procedure for Desilylation of 5 or 6. To a solution of taxane 5 or
6 (0.022 mmol) in acetonitrile (1.06 mL) in a SmL-plastic bottle was added
pyridine (0.533 mL, 6.60 mmol) and aqueous HF (0.293 mL, 6.60 mmol)
dropwise. The mixture was stirred at room temperature until the starting
material was consumed, as determined by TLC monitoring. The reaction
mixture was diluted with EtOAc, washed with saturated NaHCO3 solution and
brine, and the aqueous layers were combined and extracted three times with
EtOAc. The organic layer was dried over Na;SO4 and concentrated to
dryness. Purification of the residue was carried out using PTLC

(hexane/acetone = 2:1) to give homogeneous products.

CTX-11: "H NMR (400MHz, CDCl3): 8 7.74 (3H, d, J= 7.8 Hz, 0-Bz + H-6 of
m-MeO-Bz), 7.64 (1H, s, H-2 of m-MeO-Bz), 7.33-7.52 (9H, m, Bz + m-MeO-Bz
+ Ph), 7.15 (1H, d, J = 8.0 Hz, H-4 of m-MeO-Bz), 6.98 (1H, d, J = 8.8 Hz,
BzNH), 6.27 (1H, s, H-10), 6.22 (1H, t, J= 8.4 Hz, H-13), 5.77 (1H, d, J=8.4 Hz,
H-3’), 5.67 (1H, d, J = 6.8 Hz, H-2), 4.95 (1H, d, J = 9.2 Hz, H-5), 4.78(1H, s,
H-2’), 4.40 (1H, dd, J= 6.8, 10.4 Hz, H-7), 4.35 (1H, d, J = 8.4 Hz, H-20), 4.19
(1H, d, J = 8.4 Hz, H-20), 3.88 (3H, s, OMe), 3.80 (1H, d, J = 6.8 Hz, H-3),
2.51-2.63 (1H, m, H-6), 2.36 (3H, s, OAc-4), 2.32 (2H, pseudo-t, J = 8.0 Hz,
H-14x2), 2.24 (3H, s, OAc-10), 1.83-1.91 (1H, m, H-6), 1.79 (3H, s, Me-18),
1.68 (3H, s, Me-19), 1.24 (3H, s, Me-17), 1.15 (3H, s, Me-16). ESI-MS: m/z

[M+Na]" 906.4. This compound is identical to compound 14bf in [4].

CTX-12: 'H NMR (300MHz, CDCl3): & 7.90 (1H, d, J = 7.8 Hz, H-6 of
m-Ns-Bz), 7.82 (1H, d, J = 1.5 Hz, H-2 of m-Ns-Bz), 7.72 (2H, d, J = 7.2 Hz,
0-Bz). 7.32-7.52 (9H, m, Bz + m- N5-Bz + Ph), 7.22 (1H, dd, J= 2.4, 8.1 Hz, H-4
of m-Ns-Bz), 6.97 (1H, d, J = 8.7 Hz, BzNH), 6.50 (1H, s, H-10), 6.24 (1H, t, J =
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9.3 Hz, H-13), 5.76 (1H, dd, J = 2.4, 8.7 Hz, H-3), 5.67 (1H, d, J = 7.2 Hz, H-2),
4.95 (1H, d, J=8.1 Hz, H-5), 4.77 (1H, d, J= 2.4 Hz, H-2’), 4.40 (1H, dd, J= 6.9,
11.0 Hz, H-7), 4.31 (1H, d, J= 8.4 Hz, H-20), 4.18 (1H, d, J= 8.7 Hz, H-20), 3.81
(1H, d, J = 7.5 Hz, H-3), 2.49-2.63 (1H, m, H-6), 2.37 (3H, s, OAc-4), 2.35 (2H,
d, J= 7.8 Hz, H-14), 2.24 (3H, s, OAc-10), 1.83-1.92 (1H, m, H-6), 1.80 (3H, s,
Me-18), 1.68 (3H, s, Me-19), 1.24 (3H, s, Me-17), 1.14 (3H, s, Me-16). ESI-MS:

m/z [M+Na]" 917.4. This compound is identical to compound 14bi in [4].

CTX-13: '"H NMR (300MHz, CDCls): & 7.70 (1H, d, J = 7.5 Hz, H-6 of
m-MeO-Bz), 7.68 (1H, m, H-2 of m-MeO-Bz), 7.30-7.42 (6H, m, H-5 of
m-MeO-Bz + Ph), 7.13 (1H, dd, J= 2.7, 7.5 Hz, H-4 of m-MeO-Bz), 6.55 (1H, d,
J=8.7 Hz, CONH), 6.42 (1H, dqg, J= 1.2, 6.9 Hz, CH3CH=), 6.26 (1H, s, H-10),
6.18 (1H, t, J=7.8 Hz, H-13), 5.65 (1H, d, J= 6.9 Hz, H-2), 5.58 (1H, dd, J= 3.0,
8.55 Hz, H-3’), 4.93 (1H, d, J= 7.5 Hz, H-5), 4.69 (1H, d, J= 3.0 Hz, H-2'), 4.38
(1H, dd, J= 6.6, 11.0 Hz, H-7), 4.31 (1H, d, J = 8.4 Hz, H-20), 4.17 (1H, d, J=
8.4 Hz, H-20), 3.86 (3H, s, OMe), 3.77 (1H, d, J= 6.9 Hz, H-3), 2.48-2.62 (1H, m,
H-6), 2.32 (3H, s, OAc-4), 2.28 (2H, d, J= 7.2 Hz, H-14), 2.23 (3H, s, OAc-10),
1.86-1.90 (1H, m, H-6), 1.79 (3H, s, Me-18), 1.78 (3H, s, =CCH3CO-), 1.71 (3H,
d, J = 6.9 Hz, CH3CH=), 1.66 (3H, s, Me-19), 1.25 (3H, s, Me-17), 1.14 (3H, s,
Me-16). *C NMR (100MHz, CDCl3): $203.9, 173.0 171.5, 170.5, 169.4, 167.0,
159.9, 142.3, 138.4, 133.3, 132.2, 131.5, 130.6, 130.0, 129.2 (2C), 128.5,
127.2 (2C), 122.8, 120.4, 114.8, 84.6, 81.4, 79.1, 76.7, 75.8, 75.3, 73.5, 72.5,
72.4,58.8,55.7, 55.1, 45.8, 43.4, 35.9 (2C), 27.1, 22.8, 22.1, 21.1, 15.0, 14.2,
12.6, 9.8. ESI-MS: m/z [M+Na]" 884.4. HRMS (ESI, [M+Na]") Found 884.3479

Calc. for C46H55NO15N8 884.3469.
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CTX-14: '"H NMR (300MHz, CDCl5): & 7.89 (1H, d, J = 8.1 Hz, H-6 of
m-Ns-Bz), 7.79 (1H, m, H-2 of m-N5-Bz), 7.48 (1H, t, J = 7.8 Hz, H-5 of m-N5-Bz),
7.31-7.40 (5H, m, Ph), 7.22-7.25 (1H, m, H-4 of m-Ns-Bz), 6.49 (1H, d, J = 8.7
Hz, CONH), 6.41 (1H, dq, J = 1.5, 6.9 Hz, CHsCH=), 6.27 (1H, s, H-10), 6.17
(1H, t, J = 8.5 Hz, H-13), 5.66 (1H, d, J = 7.2 Hz, H-2), 5.58 (1H, dd, J=2.7, 8.7
Hz, H-3'), 4.94 (1H, d, J = 7.5 Hz, H-5), 4.68 (1H, d, J = 2.7 Hz, H-2"), 4.39 (1H,
dd, J=6.9, 9.45 Hz, H-7), 4.30 (1H, d, J = 8.4 Hz, H-20), 4.16 (1H, d, J= 8.4 Hz,
H-20), 3.79 (1H, d, J= 7.2 Hz, H-3), 2.48-2.62 (1H, m, H-6), 2.34 (3H, s, OAc-4),
2.30 (2H, d, J = 9.0 Hz, H-14), 2.24 (3H, s, OAc-10), 1.82-1.91 (1H, m, H-6),
1.79 (6H, s, Me-18 + =CCH5CO-), 1.73 (3H, d, J = 6.9 Hz, CHsCH=), 1.67 (3H,
s, Me-19), 1.25 (3H, s, Me-17), 1.14 (3H, s, Me-16). "*C NMR (100MHz, CDCls):
§203.6, 172.9, 171.2, 170.3, 169.1, 165.9, 142.1, 140.7, 138.1, 133.0, 131.8,
131.3, 130.9, 130.2, 128.9 (2C), 128.2, 127.0 (2C), 126.8, 124.3, 120.1, 84.4,
81.0, 78.9, 76.4, 75.5, 75.4, 73.1, 72.3, 72.1, 58.5, 54.9, 45.5, 43.1, 35.6, 35.5,
26.8,22.6,21.8, 20.8, 14.8, 14.0, 12.4, 9.5. ESI-MS: m/z [M+Na]* 895.4. HRMS

(ESI, [M+Na]") Found 895.3410 Calc. for C4sHs2N4O+14Na 895.3378.

?OOH

CTX-16 was obtained when the acid EN/} was used in the coupling reaction
as the preparation of 5 or 6, and subsequent desilyation.

'H NMR (300MHz, CDCl3): § 7.32-7.43 (5H, m, Ph), 6.42-6.48 (2H, m, NH +
CH3;CH=), 6.29 (1H, s, H-10), 6.15 (1H, t, J = 8.4 Hz, H-13), 5.53 (1H, dd, J =
2.4, 8.7 Hz, H-3"), 4.96 (1H, d, J = 8.4 Hz, H-5), 4.66 (1H, d, J = 2.7 Hz, H-2"),
4.62 (1H, d, J= 8.7 Hz, H-20), 4.47 (1H, d, J= 6.3 Hz, H-2), 4.46 (1H, d, J= 8.1
Hz, H-20), 4.35 (1H, dd, J= 7.5, 9.9 Hz, H-7), 3.42 (1H, d, J= 5.7 Hz, H-3), 2.73
(1H, dd, J = 9.6, 15.8 Hz, H-14), 2.55-2.65 (1H, m, H-6), 2.15-2.23 (1H,

overlapped, H-14), 2.21 (3H, s, OAc-4), 2.17 (3H, s, OAc-10), 1.88-1.94 (1H, m,
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H-6), 1.83 (3H, s, Me-18), 1.81 (3H, s, =CCHsCO-), 1.76 (3H, d, J = 7.5 Hz,
CH3CH=), 1.74 (3H, s, Me-19), 1.38 (3H, s, Me-17), 1.18 (3H, s, Me-16). 3C
NMR (125MHz, CDCls): & 203.6, 172.6, 170.7, 170.6, 152.5, 145.3, 138.0,
132.0, 131.2, 131.0, 129.0 (2C), 128.4, 127.2 (2C), 89.7, 84.1, 81.2, 79.9, 76.2,
76.0, 73.0, 71.5, 71.0, 60.1, 55.0, 43.0, 41.3, 36.4, 32.6, 25.7, 22.5, 20.8, 20.5,
15.6, 14.0, 12.4, 9.5. ESI-MS: m/z [M+Na]" 936.3, [M+Na+2H]" 776.4. HRMS

(ESI, [M+Na]") Found 776.2918 Calc. for C3sHs7NO+14Na 776.2894.

CTX-15 was prepared from paclitaxel through 2’-OH protection with TBS,
10-deacetylation with hydrazine hydrate and then 2’-desilylation.

"H NMR (300MHz, CDCl3): § 8.11 (1H, d, J=7.2 Hz, 0-Bz0), 7.75 (2H, t, J =
7.2 Hz, 0-BzNH), 7.61 (1H, t, J = 7.2 Hz, p-BzO), 7.31-7.52 (10H, m, BzO +
BzNH + Ph), 7.16 (1H, d, J= 8.8 Hz, BzNH), 6.18 (1H, t, J= 8.4 Hz, H-13), 5.77
(1H, dd, J=2.8, 8.8 Hz, H-3’), 5.66 (1H, d, J= 6.8 Hz, H-2), 5.18 (1H, s, H-10),
492 (1H, d, J=8.0 Hz, H-5), 4.77 (1H, d, J= 2.8 Hz, H-2"), 4.30 (1H, d, /= 8.8
Hz, H-20), 4.21 (1H, overlapped, H-7), 4.20 (1H, d, J= 8.8 Hz, H-20), 3.88 (1H,
d, J=7.2 Hz, H-3), 2.53-2.62 (1H, m, H-6), 2.37 (3H, s, OAc-4), 2.27 (2H, dd, J
= 6.0, 8.6 Hz, H-14), 1.80-1.87 (1H, m, H-6), 1.75 (3H, s, Me-18), 1.74 (3H, s,
Me-19), 1.19 (3H, s, Me-17), 1.10 (3H, s, Me-16). "*C NMR (100MHz, CDCl3): &
211.2, 172.5, 170.5, 167.0, 166.9, 138.1, 137.9, 136.1, 133.7, 133.7, 131.9,
130.2 (2C), 129.2, 129.0 (2C), 128.7 (2C), 128.7 (2C), 128.3, 127.1 (2C), 127.1
(2C), 84.1,81.1,78.7,76.6, 74.8, 74.5,73.3,72.4,72.0, 57.7, 55.1, 46.4, 43.0,
37.0, 35.9, 26.5, 22.5, 20.5, 14.3, 9.8. ESI-MS: m/z [M+Na]" 834.4. This

compound is identical to 10-deacetyl taxol in [5].

CTX-17 was prepared from cephalomannine through 2’-OH protection with
TBS, 10-deacetylation with hydrazine hydrate and then 2’-desilylation.
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"H NMR (300MHz, CDCls): §8.10 (2H, d, J = 7.2 Hz, 0-Bz), 7.61 (1H, 1, J =
7.2 Hz, p-Bz), 7.50 (2H, t, J = 7.2 Hz, m-Bz), 7.28-7.39 (5H, m, Ph), 6.65 (1H, d,
J=9.0 Hz, CONH), 6.44 (1H, dq, J= 1.2, 7.2 Hz, CHsCH=), 6.16 (1H, t, J= 8.1
Hz, H-13), 5.66 (1H, d, J= 6.9 Hz, H-2), 5.59 (1H, dd, J= 2.7, 8.9 Hz, H-3’), 5.18
(1H, s, H-10), 4.91 (1H, d, J = 7.8 Hz, H-5), 4.69 (1H, brs, OH), 4.39 (1H, d, J =
8.7 Hz, H-20), 4.24 (1H, brs, OH), 4.19 (1H, d, J = 8.4 Hz, H-20), 3.87 (1H, d, J
= 6.9 Hz, H-3), 3.72 (1H, brs, OH), 2.53-2.62 (1H, m, H-6), 2.34 (3H, s, OAc-4),
2.24 (2H, d, J= 9.0 Hz, H-14), 1.82-1.88 (1H, m, H-6), 1.80 (3H, s, =CCH3CO-),
1.76 (3H, s, Me-18), 1.72 (3H, d, J= 7.5 Hz, CH3CH=), 1.21 (3H, s, Me-17), 1.11
(3H, s, Me-16). *C NMR (100MHz, CDCls): § 211.3, 172.6, 170.4, 169.0, 166.9,
138.2, 138.1, 136.0, 133.7, 131.9, 131.3, 130.2 (2C), 129.2, 128.9 (2C), 128.7
(2C), 128.2, 127.0 (2C), 84.1, 81.0, 78.7, 76.7, 74.8, 74.5, 73.3, 72.3, 72.0, 57.6,
54.8,46.4, 43.0, 36.9, 35.8, 26.5, 22.5, 20.6, 14.3, 14.0, 12.4, 9.8. ESI-MS: m/z

[M+Na]" 812.3. This compound is identical to 10-deacetyl cephalomannine in

(3]
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Scheme 2 Reagents and conditions: a: (CH3CH,CO),, CeCls; b: TESCI, imidazole, DMF; c: Triton B, CH,Cl,, -28°C
d: DCC, pp, m-R-PhCOOH; e: 40% HF(v/v), pyridine, CH;CN.

2'-O-(tert-butyldimethylsilyl)-10-propionyl-10-deacetylcephalomannine (8)

2'-(tert-butyldimethylsilyl)-10-deacetylcephalomannine (7) (198mg,
0.22mmol) was dissolved in THF (6 ml), then propionic anhydride (280ul,
2.2mmol) and (16mg, 0.07mmol) were added to the solution, the mixture was
reacted for 2 h at room temperature. The mixture was diluted with EtOAc (30
ml), then washed by saturated aqg NaHCOj3 solution (30 ml), the aqueous layer
was extracted with EtOAc (3x50mL), the organic layer was combined, and
dried over anhydrous Na,SO4, then the organic layer was filtered, the filtrate
was concentrated in vacuo. The residue was purified on silica gel by column
chromatography (Petroleum ether/EtOAc = 4/1) to afford white solid
2’-O-(tert-butyldimethylsilyl)-10-propionyl-10-deacetylcephalomannine (8)
(193mg, 91.5%).

'H 400M (CD3COCD3): 88.14 (2H, d, J=7.2 Hz, 0-Bz), 7.64 (1H, t, J=7.2 Hz,
p-Bz), 7.41-7.66 (4H, m, Ph), 7.40 (2H, t, J=7.2 Hz, m-Bz), 7.29 (1H, t, J=7.2
Hz, Ph), 7.23 (1H, d, J= 8.4 Hz, CONH), 6.43 (1H, s, H-10), 6.39 (1H, dq, J =
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1.2, 7.2 Hz, CHsCH=), 6.22 (1H, t, J = 8.8 Hz, H-13), 5.72 (1H, overlapped,
H-3'), 5.70 (1H, d, J= 7.2 Hz, H-2), 4.98 (1H, dd, J= 2.0, 9.2 Hz, H-5), 4.89 (1H,
d, J= 4.0 Hz, H-2'), 4.43 (1H, m, H-7), 4.20 (1H, d, J = 8.4 Hz, H-20), 4.16 (1H,
d, J= 8.0 Hz, H-20), 3.88 (1H, d, J= 9.2 Hz, OH), 3.87 (1H, s, OH), 3.53 (1H, d,
J = 6.0 Hz, H-3), 261 (3H, s, OAc-4), 2.44-2.51 (4H, m, H-6 +14 +
OCOCH,CHs), 2.20 (1H, dd, J = 8.8, 15.2 Hz, H-14), 1.89 (3H, d, J = 0.8 Hz,
H-18), 1.77 (3H, s, =CCH5CO-), 1.76-1.83 (1H, m, overlapped, H-6), 1.68 (3H,
d, J = 8.0 Hz, CHsCH=), 1.67 (3H, s, Me-19), 1.23 (3H, s, Me-17), 1.20 (3H, s,
Me-16), 1.16 (3H, t, J = 7.6 Hz, OCOCH,CHj), 0.83 (9H, s, SIC(CH)s), -0.003

(3H, s, SiCHs), -0.18 (3H, s, SiCHs).

2’-O-(tert-butyldimethylsilyl)-7- O-triethylsilyl-10-propionyl-10-deacetylcephalo
mannine (9)
2'-O-(tert-butyldimethylsilyl)-10-propionyl-10-deacetylcephalomannine (8)
(193mg, 0.20mmol) was dissolved in DMF (2 ml), then imidazole (73mg,
1.07mmol) and triethylsilyl chloride(135ul, 0.80mmol) were added to the
solution, the mixture was reacted for 6 h at room temperature. Additional
imidazole (73mg, 1.07mmol) and triethylsilyl chloride(135ul, 0.80mmol) were
added, the mixture was reacted 6 h at room temperature. 30 mL saturated aq
NaHCOj; solution was added, the aqueous layer was extracted with EtOAc
(3x50mL), the organic layer was combined, and dried over anhydrous Na;SOyg,
then the organic layer was filtered, the filtrate was concentrated in vacuo. The
residue was purified on silica gel with column chromatography (Petroleum
ether/EtOAc= 5/1) to afford white solid 2’-O-(tert-butyldimethylsilyl)-
7-O-triethylsilyl-10-propionyl-10-deacetylcephalomannine (9) (196mg, 92%).
'H NMR (300MHz, CDCl3): § 8.12 (2H, d, J= 7.2 Hz, 0-Bz), 7.59 (1H, t, J =
6.9 Hz, p-Bz), 7.49 (2H, t, J= 7.2 Hz, m-Bz), 7.24-7.38 (5H, m, Ph), 6.65 (1H, d,
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J = 8.7 Hz, CONH), 6.46 (1H, s, H-10), 6.43 (1H, g, J = 6.6 Hz, CHsCH=), 6.24
(1H,t, J= 9.0, H-13), 5.70 (1H, d, J= 6.9 Hz, H-2), 5.57 (1H, d, J= 8.7 Hz, H-3),
4.94 (1H,d, J= 8.4 Hz, H-5), 4.58 (1H, d, J= 1.8 Hz, H-2’), 4.47 (1H, dd, J= 6.6,
10.5 Hz, H-7), 4.30 (1H, d, J = 8.4 Hz, H-20), 4.19 (1H, d, J = 8.4 Hz, H-20),
3.83 (1H, d, J= 6.9 Hz, H-3), 2.54 (3H, s, OAc-4), 2.32-2.52 (4H, m, H-6 + H-14
+OCOCH,CHj), 2.12 (1H, dd, J = 8.7, 15.3 Hz, H-14), 2.02 (3H, s, Me-18),
1.85-1.83 (1H, m, H-6), 1.80 (3H, s, =CCHsCO-), 1.70 (3H, d, J = 7.5 Hz,
CH3CH=), 1.69 (3H, s, Me-19), 1.23 (3H, s, Me-17), 1.20 (3H, s, Me-16), 1.20
(3H, t, J = 7.8 Hz, OCOCH,CHj3), 0.91 (9H, t, J = 7.8 Hz, SiCH,CHs), 0.78 (9H,
s, SiC(CHs)s), 0.50-0.61 (6H, m, SiCH,CHs), -0.06(3H, s, SiCHs), -0.34 (3H, s,

SiCHs). ESI-MS: m/z [M+Na]* 1096.6

2'-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilyl-10-propionyl-10-de
acetylcephalomannine (10)
2'-O-(tert-butyldimethylsilyl)-7- O-triethylsilyl-10-propionyl-10-deacetylceph
alomannine (9) (83mg, 0.077mmol) was dissolved in dried CH,Cl» (2.5 mL), the
obtained solution was cooled to -28°C in ice-methanol bath, then the
benzyltrimethylammonium hydroxide (68ul, 40% w/w in methanol) was added
to the solution, the mixture was stirred for 35 min at -28°C. 20 mL precooled
saturated aq NH4Cl solution was added, the aqueous layer was extracted with
CH.Cl; (3%x30mL), the organic layer was combined, and dried over anhydrous
Na,SO4, then the organic layer was filtered, the filtrate was concentrated to
dryness in vacuo, The residue was purified on silica gel by column
chromatography (hexane/EtOAc/acetone = 8/3/1) to afford white solid
2'-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilyl-
10-propionyl-10-deacetylcephalomannine (10) (45.6mg, 61.1%) and recover

the starting material (9) (15mg, 18%).
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"H 400M (CD3COCDs): & 7.45 (2H, d, J = 7.6 Hz, 0-Ph), 7.37 (2H, t, J= 7.2
Hz, m-Ph), 7.29 (1H, t, J = 7.2 Hz, p-Ph), 7.16 (1H, d, J = 9.2 Hz, CONH), 6.42
(1H, s, H-10), 6.39 (1H, dg, J = 1.2, 6.8 Hz, CHsCH=), 6.14 (1H, dt, J= 1.2, 9.2
Hz, H-13), 5.64 (1H, dd, J= 3.2, 9.6 Hz, H-2’), 4.92 (1H, dd, J= 2.0, 8.0 Hz, H-5),
4.79 (1H, d, J = 2.8 Hz, H-2), 4.63 (1H, dd, J = 1.2, 8.8 Hz, H-20), 4.52 (1H, d,
J = 8.0 Hz, H-20), 4.51 (1H, dd, J = 6.8, 10.4 Hz, H-7), 4.11 (1H, s, OH), 3.85
(1H, s, OH), 3.95 (1H, dd, J = 5.2, 6.4 Hz, H-2), 3.84 (1H, d, J = 4.8 Hz, OH),
3.51 (1H, d, J= 6.4 Hz, H-3), 2.52 (1H, ddd, J= 6.6, 9.9, 14.1 Hz, H-6), 2.42 (2H,
dg, J = 1.6, 7.6 Hz, OCOCH,CHj3), 2.41 (3H, s, OAc-4), 2.29 (1H, dd, J = 9.6,
15.6 Hz, H-14), 2.08 (1H, dd, J = 8.8, 15.2 Hz, H-14), 1.94 (3H, d, J = 1.6 Hz,
Me-18), 1.77-1.84 (1H, m, H-6), 1.82 (3H, t, J = 1.2 Hz, =CCHsCO-), 1.71 (3H,
dd, J = 1.2, 6.8 Hz, CHsCH=), 1.61 (3H, s, Me-19), 1.19 (3H, s, Me-17), 1.14
(3H, t, J = 7.2 Hz, OCOCH,CHj), 1.10 (3H, s, Me-16), 0.93 (9H, t, J = 8.0 Hz,
SiCH,CHs), 0.80 (9H, s, SiC(CHs)s), 0.56-0.63 (6H, m, SiCH,CHs), -0.03 (3H, s,

SiCHs), -0.23 (3H, s, SiCH3).

General Procedure for the Preparation of Compounds 11a-b. An
appropriate carboxylic acid (0.1 mmol) was dissolved in dried toluene (0.2 mL),
and then dicyclohexylcarbodiimide (20.6 mg, 0.1 mmol) and pyrrolidinopyridine
(1.0 mg, 0.007 mmol) were added to the solution. The mixture was stirred at
room temperature for 5 min, taxane 10 (0.01 mmol) was added, the mixture was
stirred at 65 °C until the compound 10 was consumed (TLC analysis). The
reaction mixture was diluted with EtOAc(10 mL), filtered through a pad of Celite,
and the Celite was washed up with EtOAc (10 mL). The filtrate was
concentrated in vacuo to dryness. The residue was purified using PTLC (silica

gel, hexane /EtOAc/acetone = 8:3:1) to afford 20. Although it was found that
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the products were contaminated with DCU by '"H-NMR, they were subjected to

desilylation without further purification.

General Procedure for Desilylation of 11. To a solution of taxane 11
(0.022 mmol) in acetonitrile (1.06 mL) in a 5mL-plastic bottle was added
pyridine (0.533 mL, 6.60 mmol) and aqueous HF (0.293 mL, 6.60 mmol)
dropwise. The mixture was stirred at room temperature until the starting
material was consumed, as determined by TLC monitoring. The reaction
mixture was diluted with EtOAc, washed with saturated NaHCO3; solution and
brine, and the aqueous layers were combined and extracted three times with
EtOAc. The organic layer was dried over Na;SO4 and concentrated to dryness.
Purification of the residue was carried out on silica gel by column

chromatography (hexane/acetone = 2:1) to give homogeneous products.

CTX-19: '"H NMR (300MHz, CDCls): & 7.71 (1H, d, J = 8.1 Hz, H-6 of
m-MeO-Bz), 7.62-7.69 (1H, m, H-2 of m-MeO-Bz), 7.29-7.43 (6H, m, H-5 of
m-MeO-Bz + Ph), 7.15 (1H, ddd, J = 0.9, 2.7, 8.3 Hz, H-4 of m-MeO-Bz), 6.51
(1H, d, J=8.7 Hz, CONH), 6.42 (1H, dq, J= 1.5, 7.2 Hz, CH3CH=), 6.39 (1H, s,
H-10), 6.19 (1H, t, J= 7.5 Hz, H-13), 5.66 (1H, d, J= 6.9 Hz, H-2), 5.59 (1H dd,
J =27, 86 Hz, H-3), 494 (1H, d, J = 7.5 Hz, H-5), 4.69 (1H, brs, H-2"),
4.36-4.44 (1H, m, H-7), 4.33 (1H, d, J =8.4 Hz, H-20), 4.17 (1H, d, J = 8.4 Hz,
H-20), 3.88 (3H, s, OMe), 3.79 (1H, d, J = 6.9 Hz, H-3), 3.63 (1H, brs, OH),
2.45-2.63 (3H, m, H-6 + OCOCH,CHs), 2.33 (3H, s, OAc-4), 2.26 (2H, dd, J =
3.0, 9.0 Hz, H-14), 1.86-1.92 (1H, m, H-6), 1.80 (3H, pseud-t, J =1.2 Hz,
=CCH3CO-), 1.79 (3H, d, J =1.2 Hz, Me-18), 1.72 (3H, dd, J = 1.2, 6.9Hz,
CHsCH=), 1.67 (3H, s, Me-19), 1.25 (3H, s, Me-17), 1.23 (3H, t, J = 7.5 Hz,
OCOCH,CHs), 1.14 (3H, s, Me-16). *C NMR (100MHz, CDCls):  203.7, 174.6,
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172.7, 170.3, 169.0, 166.8, 159.6, 142.0, 138.1, 133.1, 131.9, 131.3, 130.3,
129.7, 129.0 (2C), 128.3, 127.0 (2C), 122.6, 120.3, 114.5, 84.4, 81.1, 79.0,
76.5,75.4,75.0,73.3,72.2,72.2, 58.6, 55.4, 54.9, 45.6, 43.2, 35.6 (2C), 27.6,
26.8,22.6,21.8,14.8, 14.0, 12.4, 9.5, 9.0. ESI-MS: m/z [M+Na]* 898.4. HRMS

(ESI, [M+Na]") Found 898.3647 Calc. for C47Hs7NO1sNa 898.3626.

CTX-20: '"H NMR (300MHz, CDCl3): & 7.89 (1H, d, J = 8.1 Hz, H-6 of
m-Ns-Bz), 7.80 (1H, m, H-2 of m-N5-Bz), 7.48 (1H, t, J = 7.8 Hz, H-5 of m-N5-Bz),
7.31-7.42 (5H, m, Ph), 7.24 (1H, ddd, J= 1.2, 2.4, 8.1 Hz, H-4 of m-N5-Bz), 6.49
(1H, d, J = 8.7 Hz, CONH), 6.40 (1H, dg, J= 1.5, 6.9 Hz, CHsCH=), 6.28 (1H, s,
H-10), 6.17 (1H, t, J= 8.1 Hz, H-13), 5.66 (1H, d, J= 6.9 Hz, H-2), 5.58 (1H, dd,
J=27,8.7 Hz, H-3'), 4.94 (1H, d, J = 7.8 Hz, H-5), 4.68 (1H, brs, H-2"), 4.40
(1H, m, H-7), 4.30 (1H, d, J = 8.4 Hz, H-20), 4.17 (1H, d, J = 8.4 Hz, H-20), 3.80
(1H, d, J = 6.9 Hz, H-3), 3.63 (1H, brs, OH), 2.47-2.62 (3H, m, H-6 +
OCOCH,CHs), 2.37 (3H, s, OAc-4), 2.31 (2H, overlapped, H-14), 1.82-1.95 (1H,
m, H-6), 1.78-1.80 (6H, brs, =CCH3;CO- + Me-18), 1.72 (3H, dd, J= 1.5, 6.9 Hz,
CH3CH=), 1.67 (3H, s, Me-19), 1.25 (3H, s, Me-17), 1.23 (3H, t, J = 7.8 Hz,
OCOCH,CHs), 1.14 (3H, s, Me-16). *C NMR (100MHz, CDCl3):  203.7, 174.6,
172.9, 170.3, 169.1, 165.9, 142.1, 140.7, 138.2, 133.1, 131.8, 131.3, 130.9,
130.2, 128.9 (2C), 128.2, 127.0 (2C), 126.8, 124.3, 120.1, 84.4, 81.1, 79.0, 76.4,
75.4,75.3,73.1,72.3, 72.1, 58.5, 54.9, 45.6, 43.2, 35.6, 35.5, 27.5, 26.8, 22.6,
21.8, 14.8, 14.0, 12.4, 9.5, 9.0. ESI-MS: m/z [M+Na]* 909.4. HRMS (ESI,

[M+Na]") Found 909.3565 Calc. for C4¢Hs4N4O14Na 909.3534.

CTX-18 was obtained by desilylation of 9 in the above process for the

preparation of CTX-19/20.
'H NMR (300MHz, CDCl3): § 8.1 (1H, d, J= 6.9 Hz, 0-Bz), 7.61 (1H, t, J=
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7.5Hz, p-Bz), 7.50 (2H, t, J = 7.5 Hz, m-Bz), 7.31-7.42 (5H, m, Ph), 6.54 (1H, d,
J=9.0 Hz, CONH), 6.43 (1H, dg, J = 1.2, 6.9 Hz, CH3;CH=), 6.28 (1H, s, H-10),
6.20 (1H, t, J= 7.5 Hz, H-13), 5.66 (1H, d, J= 7.2 Hz, H-2), 5.61 (1H, dd, J= 3.0,
8.7 Hz, H-3"), 4.93 (1H, dd, J= 2.1, 9.5 Hz, H-5), 4.70 (1H, d, J = 2.4 Hz, H-2),
4.36-4.42 (1H, m, H-7), 4.29 (1H, d, J = 8.7 Hz, H-20), 4.18 (1H, d, J = 8.4,
H-20), 3.79 (1H, d, J = 7.2, H-3), 3.66 (1H, brs, OH), 2.47-2.62 (3H, m, H-6 +
OCOCH,CHs), 2.35 (3H, s, OAc-4), 2.25-2.34 (2H, m, H-14), 1.86-1.91 (1H, m,
H-6), 1.80 (3H, s, =CCH5CO-), 1.79 (3H, s, Me-18), 1.72 (3H, dd, J= 1.2, 6.9 Hz,
CH3CH=), 1.67 (3H, s, Me-19), 1.25 (3H, s, Me-17), 1.23 (3H, t, J = 7.5 Hz,
OCOCH,CHs), 1.14 (3H, s, Me-16). *C NMR (100MHz, CDCls): § 203.719,
174.595, 172.759, 170.311, 169.025, 166.965, 141.953, 138.125, 133.678,
133.149, 131.841, 131.297, 130.178 (2C), 129.123, 128.933 (2C), 128.680
(2C), 128.208, 126.955 (2C), 84.397, 81.076, 79.009, 76.464, 75.358, 74.942,
73.314, 72.228, 72.174, 58.563, 54.828, 45.605, 43.159, 35.612, 35.581,
27.543,26.818, 22.563, 21.857, 14.771, 13.961, 12.405, 9.537, 8.995. ESI-MS:
m/z [M+Na]" 868.4. HRMS (ESI, [M+Na]') Found 868.3537 Calc. for

C45H55NO14N8 868.3520.
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Scheme 3 Reagents and conditions: a: (CH;CH,CO),, CeCls, THF; b: TESCI, imidazole, DMF;
c: LHMDS, beta-lactam, THF; d: HF, pyridine,CH3CN; e: TBSCI, imidazole, DMF; f: Triton B, CH,Cly;
g: DCC, m-N3PhCOOH; h:40% HF(v/v), pyridine, CH3CN.

10-propionyl-10-deacetylbaccatin (l11) (13)

10-deacetylbaccatin (lll) (12) (21.7mg, 0.04mmol) was dissolved in THF
(1.2 ml), then propionic anhydride (51.4ul, 0.4mmol) and CeCl;(2mag,
0.002mmol) were added to the solution, the mixture was reacted for 2 h at 35°C.
10 ml saturated aq NaHCOj3; solution was added, the aqueous layer was
extracted with EtOAc (3x20mL), the organic layer was combined, then dried
over anhydrous Na,SQ., and filtered, the filtrate was concentrated in vacuo.
Purification of the residue was carried out using preparation thin layer

chromatography (PTLC) (Petroleum ether/EtOAc = 1/3) to afford white solid
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10-propionyl-10-deacetylbaccatin (lIl) (13) ( 22.3mg, 93.2%).

'H NMR (300MHz, CDCl3): § 8.10 (2H, d, J=7.2 Hz, 0-Bz), 7.61 (1H, t, J=
7.2 Hz, p-Bz), 7.48 (2H, t, J= 7.2 Hz, m-Bz), 6.33 (1H, s, H-10), 5.62 (1H, d, J
=7.2 Hz, H-2), 4.99 (1H, dd, J= 2.1, 9.8 Hz, H-5), 4.89 (1H, t, J= 8.4 Hz, H-13),
4.47 (1H, dd, J=6.6, 10.8 Hz, H-7), 4.31 (1H, d, J= 8.1 Hz, H-20), 4.15 (1H, d,
J = 8.1 Hz, H-20), 3.89 (1H, d, J = 7.2 Hz, H-3), 2.51-2.64 (3H, m, H-6 +
OCOCH.CH3), 2.29 (2H, overlapped, H-14), 2.28 (3H, s, OAc-4), 2.05 (3H, d, J
= 1.2 Hz, Me-18), 1.82-1.91 (1H, m, H-6), 1.67 (3H, s, Me-19), 1.30 (3H, s,
Me-17), 1.23 (3H, t, J = 7.5 Hz, OCOCH,CHj3), 1.10 (3H, s, Me-16). ESI-MS:

m/z [M+Na]* 623.4, [M+K]" 639.3.

7-O-triethylsilyl-10-propionyl-10-deacetylbaccatin(lll) (14)
10-propionyl-10-deacetylbaccatin(lll) (13) (198mg, 0.33mmol) was
dissolved in DMF (3 ml), then imidazole (180mg, 2.64mmol) and triethylsilyl
chloride (360ul, 2.15mmol) were added to the solution, the mixture was reacted
for 1.5 h at room temperature. 20 ml saturated aq NH4CI solution was added,
the aqueous layer was extracted with EtOAc (3x50mL), the organic layer was
combined, then dried over anhydrous Na,SO., and filtered, the filtrate was
concentrated in vacuo. Purification of the residue was carried out using PTLC
(Petroleum ether/EtOAc = 4/1) to afford white solids
7-O-triethylsilyl-10-propionyl- 10-deacetylbaccatin(lll) (14) (212mg, 89.9%).

'H NMR (300MHz, CDCl3):  8.11 (2H, d, J = 8.4 Hz, 0-Bz), 7.60 (1H, t, J =
6.9 Hz, p-Bz), 7.48 (2H, t, J= 7.2 Hz, m-Bz), 6.48 (1H, s, H-10), 5.64 (1H, d, J
=6.9 Hz, H-2), 4.96 (1H, d, J= 9.0 Hz, H-5), 4.81 (1H, t, J= 7.8 Hz, H-13), 4.49
(1H, dd, J= 6.9, 10.5 Hz, H-7), 4.31 (1H, d, J = 8.4 Hz, H-20), 4.15 (1H, d, J =
8.4 Hz, H-20), 3.89 (1H, d, J = 7.2 Hz, H-3), 2.38-2.56 (3H, m, H-6 +
OCOCH,CH3), 2.29 (3H, s, OAc-4), 2.28-2.29 (2H, overlapped, H-14), 2.21 (3H,
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s, Me-18), 1.83-1.91 (1H, m, H-6), 1.68 (3H, s, Me-19), 1.21 (3H, s, Me-17),
1.21 (3H, t, J= 6.0 Hz, OCOCH,CHzs), 1.04 (3H, s, Me-16). 0.92 (9H, t, J=7.8

Hz, SICH,CHs), 0.54-0.62 (6H, m, SiCH,CHs), ESI-MS: m/z [M+Na]* 737.4.

2’,7-O-di(triethylsilyl)-10-propionyldocetaxel (16)
7-O-triethylsilyl-10-propionyl-10-deacetylbaccatin(lll) (14) (95mg,
0.132mmol) was dissolved in THF (3 ml), then the lithium
bis(trimethylsilyl)amide (1.06M, 333ul) was added to the solution under N at
-50°C in the dry ice-acetone bath, the mixture was stirred for 20 min at this
temperature. The B-lactam 15 (102mg, 0.27mmol)was added to the mixture,
then the obtained mixture was stirred again 20 min at 50°C. 10 ml saturated aq
NH4Cl solution was added, the aqueous layer was extracted with EtOAc
(3%x50mL), the organic layer was combined, then dried over anhydrous Na;SOy,
and filtered, the filtrate was concentrated in vacuo. The residue was purified on
silica gel with column chromatography (Petroleum ether/EtOAc = 10/1) to afford
white solids 2°,7-O-di(triethylsilyl)-10-propionyldocetaxel (16) (135mg, 93.1%).
'H NMR (500MHz, CDCl3): § 8.13 (2H, d, J= 7.5 Hz, 0-Bz), 7.59 (1H, t, J =
7.0 Hz, p-Bz), 7.49 (2H, t, J = 7.5 Hz, m-Bz), 7.37 (2H, t, J = 7.5 Hz, Ph),
7.28-7.38 (3H, m, Ph), 6.49 (1H, s, H-10), 6.28 (1H, t, J = 9.0 Hz, H-13), 5.71
(1H, d, J=6.5 Hz, H-2), 5.45 (1H, brs, BocNH), 5.31 (1H, brs, H-3’), 4.96 (1H, d,
J=9.0 Hz, H-5), 4.56 (1H, s, H-2"), 4.49 (1H, dd, J= 7.0, 9.5 Hz, H-7), 4.32 (1H,
d, J=8.0 Hz, H-20), 4.19 (1H, d, J= 8.0 Hz, H-20), 3.86 (1H, d, J= 7.0 Hz, H-3),
2.53 (3H, s, OAc-4),2.17-2.51 (5H, m, H-6 + H-14x2 + OCOCH,CHj3), 2.03 (3H,
s, Me-18), 1.88-1.93 (1H, m, H-6), 1.70 (3H, s, Me-19), 1.30 (9H, s, Me-Boc),
1.26 (3H, s, Me-17), 1.23 (3H, s, Me-16), 1.22 (3H, d, J= 6.5 Hz, OCOCH,CHj3),
0.93 (9H, t, J = 7.5 Hz, SiCH,CH3), 0.78 (9H, t, J = 7.5 Hz, SiCH,CHs),
0.56-0.61 (6H, m, SiCH,CHs), 0.33-0.45 (6H, m, SiCH.CH3). *C NMR
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(125MHz, CDCls): § 201.9, 172.7, 171.6, 170.0, 167.2, 155.2, 140.5, 139.0,
133.6, 133.5, 130.2 (2C), 129.2, 128.7 (2C), 128.5 (2C), 127.7, 126.4 (2C), 84.3,
81.1,79.8,79.0, 76.6, 75.2, 75.0, 74.7, 72.2, 71.3, 58.4, 56.3, 46.7, 43.4, 37.2,
35.4, 28.1 (3C), 27.6, 26.5, 23.0, 21.6, 14.1, 10.1, 9.2, 6.8 (3C), 6.5 (3C), 5.3

(3C), 4.3 (3C). ESI-MS: m/z [M+Na]* 1114.6.

7-O-triethylsilyl-10-propionyldocetaxel (17)
2',7-O-di(triethylsilyl)-10-propionyldocetaxel (16) (19mg, 0.017mmol) was
dissolved in acetonitrile (2 ml), then pyridine (80ul, 0.99mmol) and HF(44pl,
0.99mmol) was added to the solution in turn, the mixture was stirred for 15 min
at room temperature. 15 ml saturated ag NaHCOj; solution was added, the
aqueous layer was extracted with EtOAc (3x50mL), the organic layer was
combined, then dried over anhydrous Na;SOQ4, and filtered, the filtrate was
concentrated in vacuo, and the residual pyridine was removed by forming
azeotropic mixture with cyclohexane. The residue was purified by PTLC
(Petroleum ether/EtOAc = 3/1) to afford white solids
7-O-triethylsilyl-10-propionyldocetaxel (17) (15.6mg, 91.8%).

'H NMR (300MHz, CDCl3): § 8.10 (2H, d, J= 7.5 Hz, 0-Bz), 7.61 (1H, t, J =
7.5Hz, p-Bz), 7.49 (2H, t, J=7.5 Hz, m-Bz), 7.30-7.43 (5H, m, Ph), 6.47 (1H, s,
H-10), 6.19 (1H, t, J= 8.7 Hz, H-13), 5.68 (1H, d, J= 6.9 Hz, H-2), 5.39 (1H, d,
J=9.6 Hz, BocNH), 5.26 (1H, d, J= 8.7 Hz, H-3’), 4.92 (1H, d, J= 7.8 Hz, H-5),
4.63 (1H, brs, H-2’), 4.45 (1H, dd, J= 6.6, 10.5 Hz, H-7), 4.30 (1H, d, J= 8.4 Hz,
H-20), 4.16 (1H, d, J = 8.4 Hz, H-20), 3.82 (1H, d, J = 7.2 Hz, H-3), 2.39-2.58
(3H, m, H-6 + OCOCH,CHg), 2.36 (3H, s, OAc-4), 2.29 (2H, d, H-14x2), 2.04
(3H, s, Me-18), 1.84-1.99 (1H, m, H-6), 1.69 (3H, s, Me-19), 1.34 (9H, s,
Me-Boc), 1.24 (3H, s, Me-17), 1.21 (3H, d, J= 6.5 Hz, OCOCH,CHj3), 1.19 (3H,
s, Me-16), 0.90 (9H, t, J = 7.5 Hz, SiCH,CHj), 0.53-0.64 (6H, m, SiCH,CH3). **C
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NMR (125MHz, CDCls): 6§ 201.8, 172.8, 172.6, 170.2, 167.1, 155.3, 139.8,
138.4, 133.9, 133.6, 130.2 (2C), 129.2, 128.8 (2C), 128.6 (2C), 128.0, 126.8
(2C), 84.2, 81.2, 80.2, 78.8, 76.6, 74.8 (2C), 73.5, 72.5, 72.3, 58.5, 56.1, 46.8,
43.3,37.2, 35.3, 28.2 (3C), 27.6, 26.5, 22.7, 21.1, 14.3, 10.0, 9.2, 6.7 (3C), 5.3

(3C). ESI-MS: m/z [M+Na]" 1000.5.

2'-O-(tert-butyldimethylsilyl)-7- O-triethylsilyl-10-propionyldocetaxel (18)

7-O-triethylsilyl-10-propionyldocetaxel (17) (89mg, 0.091mmol) was
dissolved in DMF (0.5 ml), then imidazole (43.4mg, 0.64mmol) and
tert-butyldimethylsilyl chloride (68.5mg, 0.46mmol) was added to the solution in
turn, the mixture was stirred for 5 h at room temperature. 30 ml saturated aq
NaCl solution was added, the aqueous layer was extracted with EtOAc
(3x50mL), the organic layer was combined, then dried over anhydrous Na;SOy,,
and filtered, the filtrate was concentrated to dryness in vacuo, The residue was
purified on silica gel by column chromatography (Petroleum ether/EtOAc = 4/1)
to afford white solids, 2’-O-(tert-butyldimethylsilyl)-7-O-triethylsilyl-10-
propionyldocetaxel (18) (91mg, 91.5%).

'H NMR (500MHz, CDCl3): § 8.12 (2H, d, J= 7.5 Hz, 0-Bz), 7.58 (1H, t, J =
7.0 Hz, p-Bz), 7.48 (2H, t, J = 7.0 Hz, m-Bz), 7.37 (2H, t, J = 7.5 Hz, Ph ),
7.26-7.30 (3H, m, Ph), 6.49 (1H, s, H-10), 6.31 (1H, t, J = 9.0 Hz, H-13), 5.71
(1H, d, J= 7.5 Hz, H-2), 5.43 (1H, d, J = 8.5 Hz, BocNH), 5.35 (1H, brs, H-3’),
4.96 (1H, d, J= 9.5 Hz, H-5), 4.54 (1H, s, H-2"), 4.49 (1H, dd, J= 7.0, 11.0 Hz,
H-7), 4.31 (1H, d, J= 8.5 Hz, H-20), 4.16 (1H, d, J= 8.0 Hz, H-20), 3.86 (1H, d,
J = 7.2 Hz, H-3), 2.57 (3H, s, OAc-4), 2.38-2.55 (4H, m, H-6 + H-14 +
OCOCH,CH3), 2.13-2.17 (1H, m, H-14), 2.02 (3H, s, Me-18), 1.89-1.93 (1H, m,
H-6), 1.70 (3H, s, Me-19), 1.30 (9H, s, Me-Boc), 1.20-1.24 (9H, m, Me-17 +
Me-16 + OCOCH,CHs), 0.93 (9H, t, J = 7.5 Hz, SiCH,CHs), 0.74 (9H, s,
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SIC(CHa)s), 0.55-0.63 (6H, m, SiCH,CHs), -0.10 (3H, s, SiCHs), -0.32 (3H, s,
SiCHs). *C NMR (125MHz, CDCls):  201.8, 172.6, 171.4, 170.1, 167.1, 162.5,
155.1, 140.5, 138.9, 133.5 (2C), 130.2 (2C), 129.2, 128.6 (2C), 128.5, 127.6,
126.4 (2C), 84.2, 81.1,79.9, 79.0, 76.5, 75.6, 75.0, 74.7, 72.2, 71.2, 58.3, 56.6,
46.6, 43.3, 37.2, 35.4, 28.1 (3C), 27.6, 26.5, 25.4 (3C), 23.0, 21.6, 18.1, 14.1,

10.1, 9.1, 6.7 (3C), 5.3 (3C), -5.4, -6.0. ESI-MS: m/z [M+Na]" 1114.7.

2’-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilyl-10-propionyldocetax
el (19)

2'-O-(tert-butyldimethylsilyl)-7- O-triethylsilyl-10-propionyldocetaxel (18)
(50mg, 0.046mmol) was dissolved in dried CHyCl, (2.4 ml), the solution
obtained was cooled to -28°C in ice-methanol bath, then the
benzyltrimethylammonium hydroxide (45ul, 40% w/w in methanol) was added
to the solution, the mixture was stirred for 15 min at -28°C. 10 ml precooled
saturated aq NH4CI solution was added, the aqueous layer was extracted with
EtOAc (3x30mL), the organic layer was combined, then dried over anhydrous
Na, S04, and filtered, the filtrate was concentrated to dryness in vacuo, The
residue was purified on silica gel by column chromatography (Petroleum
ether/EtOAc/acetone = 8/3/1) to afford white solid 2’-O-(tert-butyldimethyl-
silyl)-2-debenzoyl-7-O-triethylsilyl-10-propionyldocetaxel (19) (24mg, 53.1%)
and recover the starting material (18) (12mg, 24%)

'HNMR (400MHz, CDCl3): 7.34 (2H, t, J= 7.2 Hz, m-Ph), 7.28 (1H, t, J= 6.8
Hz, p-Ph), 7.20 (2H, t, J=7.2 Hz, 0-Ph), 6.41 (1H, s, H-10), 6.23 (1H, t, J= 8.8
Hz, H-13), 5.48 (1H, d, J=10.0 Hz, BocNH), 5.22 (1H, d, J=9.6 Hz, H-3’), 4.97
(1H, d, J= 8.8 Hz, H-5), 4.65 (1H, d, J = 8.2 Hz, H-20), 4.61 (1H, d, J= 8.2 Hz,
H-20), 4.45 (1H, s, H-2), 4.41 (1H, dd, J= 6.8, 10.4 Hz, H-7), 3.94 (1H, d, J =
7.2 Hz, H-3), 3.46 (1H, d, J = 6.8 Hz, H-3), 2.37-2.53 (3H, m, H-6 +

160



OCOCH,CHs), 2.42 (3H, s, OAc-4), 2.17-2.24 (1H, m, H-14), 2.04-2.10 (1H, m,
H-14), 1.96 (3H, s, Me-18), 1.89-1.92 (1H, m, H-6), 1.65 (3H, s, Me-19), 1.42
(9H, s, Me-Boc), 1.22 (3H, s, Me-17), 1.21 (3H, d, J = 8.0 Hz, OCOCH,CHj),
1.12 (3H, s, Me-16), 0.91 (9H, t, J= 8.0 Hz, SICH,CHj), 0.73 (9H, s, SIC(CHa)s),
0.53-0.60 (6H, m, SiCH,CHs), -0.13 (3H, s, SiCHs), -0.34 (3H, s, SiCHs).

ESI-MS: m/z [M+Na]* 1010.7.

2’-O-(tert-butyldimethylsilyl)-2-debenzoyl-2-m-N3-benzoyl-7-O-triethylsilyl-10-p
ropionyldocetaxel (20)

The m-Nsbenzoic acid (20.6mg, 0.16mmol) was dissolved in dried
toluene (0.8 ml), dicyclohexylcarbodiimide (33.0mg, 0.16mmol) and
4-pyrrolidinopyridine (2.4mg, 0.016mmol) was added to the solution, the
obtained mixture was stirred for 5 min at room temperature, then
2’-O-(tert-butyldimethylsilyl)-2-debenzoyl-7- O-triethylsilyl-10-
propionyl-10-deacetyldocetaxel (29) (16mg, 0.016mmol) was added, and the
mixture was stirred for 12 h at 65°C. The reaction mixture was diluted with
EtOAc(10 mL), filtered through a pad of Celite, and the Celite was washed up
with EtOAc (10 mL). The filtrate was concentrated in vacuo to dryness. The
residue was purified with PTLC. Although it was found that the products were
contaminated with N,N-dicyclohexylurea by 'HNMR, they were subjected to

desilylation without further purification.

2-debenzoyl-2-m-N3-benzoyl-10-propionyl-docetaxel (CTX-40)
2'-O-(tert-butyldimethylsilyl)-2-debenzoyl-2-m-Ns-benzoyl-7- O-triethylsilyl-

10-propionyldocetaxel (20) obtained in the above step was dissolved in

acetonitrile (1 ml), then pyridine (0.533ml, 6.60mmol) and HF (0.293ml,

6.60mmol) was added to the solution in turn, the mixture was reacted 15 min at
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room temperature until the protecting groups were removed completely. 50 ml
EtOAc was added, the organic layer was washed with saturated ag NaHCO3;
solution(2x20mL), the aqueous layer was extracted with EtOAc (3x50mL), the
organic layer was combined, then dried over anhydrous Na,SQ,, and filtered,
the filtrate was concentrated in vacuo, and the residual pyridine was removed
by forming azeotropic mixture with cyclohexane. The residue was purified on
silica gel by column chromatography (n-hexane/acetone = 2/1) to afford white
solids CTX-40 (7.6mg, 51%, two steps).

'H NMR (300MHz, CDCl3): § 7.89 (1H, d, J = 7.8 Hz, H-6 of m-Ns-Bz), 7.81
(1H, s, H-2 of m-N5-Bz), 7.48 (1H, t, J= 7.8 Hz, H-5 of m-Ns-Bz), 7.22-7.43 (6H,
m, H-4 of m-N5-Bz + Ph), 6.30 (1H, s, H-10), 6.21 (1H, t, J= 8.7 Hz, H-13), 5.66
(1H, d, J=6.9 Hz, H-2), 5.34 (1H, d, J= 9.0 Hz, BocNH), 5.24 (1H, d, J= 8.1 Hz,
H-3%), 4.97 (1H, dd, J= 1.8, 9.3 Hz, H-5), 4.60 (1H, s, H-2"), 4.42 (1H, dd, J= 6.6,
11.1 Hz, H-7),4.32 (1H, d, J= 8.1 Hz, H-20), 4.16 (1H, d, J= 8.4 Hz, H-20), 3.82
(1H, d, J = 6.9 Hz, H-3), 3.32 (1H, brs, OH), 2.46-2.63 (3H, m, H-6 +
OCOCH,CH3), 2.38 (3H, s, OAc-4), 2.30 (2H, d, J=9.0 Hz, H-14), 1.85 (3H, d,
J=1.2 Hz, Me-18), 1.83-1.93 (1H, m, H-6), 1.67 (3H, s, Me-19), 1.33 (9H, s,
Me-Boc), 1.26 (3H,s, Me-17), 1.24 (3H, t, J=7.5 Hz, OCOCH,CHj3), 1.45 (3H, s,
Me-16). "*C NMR (125MHz, CDCls): § 203.7, 174.6, 173.1, 170.2, 166.1, 155.3,
142.3, 140.8, 138.3, 133.0, 131.0, 130.2, 128.9 (2C), 128.1, 126.8 (3C), 124.4,
120.2,84.5,81.1,80.2,79.1,76.4,75.4,75.3,73.5,72.5,72.2,58.6, 56.2, 45.6,
43.2, 35.5, 35.4, 28.1 (3C), 27.5, 26.7, 22.6, 21.9, 14.9, 9.5, 9.0. ESI-MS: m/z
[M+Na]* 927.4, [M+K]* 943.4. HRMS (ESI, [M+Na]*) Found 927.3641 Calc. for
C4eHs6N4O15Na 927.3640.

For the synthesis and characterizations of CTX-1 to -10, -28 to -36, -41,

please refer to (Yang et al. 2007).
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For the synthesis and characterizations of CTX-22, -23, -26 and -27, please

refer to the supplemental materials in (Wang et al. 2007).

Cell Biology Studies

LoVo and P-gp-overexpressing LoVo-Dox (Grandi et al. 1986) cells were
cultured as previously described (Buey et al. 2005, Buey et al. 2007, de Ines et
al. 1994). LoVo-Dox cells were maintained in 1 ug/ml doxorubicin and were

grown in the absence of the drug for a week prior to the experiments.

Molecular Modelling

For the molecular dynamics (MD) simulations of the ligands (TXL, DXL and
CTX-40) each molecule was immersed in a cubic box of ~1350 TIP3P water
molecules under periodic boundary conditions (PBC) for 50 ns. Five structures
representative of the most populated conformations for each ligand were
selected for the automated docking study.

Default settings were used in AutoDock, except for number of runs,
population size, and maximum number of energy evaluations, which were fixed
at 250, 100, and 250000, respectively. Rapid intra- and intermolecular energy
evaluation of each configuration was achieved by having the receptor’s atomic
affinity potentials for aliphatic and aromatic carbon, oxygen, nitrogen, and
hydrogen atoms precalculated in a three-dimensional grid with a spacing of
0.375 A. A distance-dependent dielectric function was employed in the
computation of electrostatic interactions.

For the MD simulations of the complexes, the GDP-bound B-tubulin
molecule from PDB entry 1JFF with the inhibitor (DXL, TXL or CTX40) docked
in the TXL-binding site was neutralized with 8 sodium ions and immersed in a

truncated octahedron of ~8500 TIP3P water molecules under PBC. The
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GDP-tubulin interactions were improved on the basis of the contacts observed
in the crystal structure of human vy-tubulin solved in complex with
5'-guanosine-diphosphate-monothio-phosphate (PDB id. 1Z5V) at 2.71 A
resolution (Aldaz et al. 2005). Solvent molecules and counterions were initially
relaxed by energy minimization and allowed to redistribute around the
positionally restrained solute (105 kJ mol™ A‘z) during 50 ps of MD at constant
temperature (300 K) and pressure (1 atm). These initial harmonic restraints
were gradually reduced in a series of progressive energy minimizations until
they were completely removed. The resulting systems were heated again from
100 to 300 K during 20 ps in the absence of any restraints, using an integration
step of 2 fs and updating the nonbonded pair list every 20 steps. The
simulations then run for 10 ns during which a 21 kJ mol™ A= restraint was
applied on the Ca atoms of residues 1-211, 221-268, 286-353, and 364-426,
which make up the a-helices of B-tubulin. At the end of this period, each system
was gradually cooled down from 300 K to 273 K over a time length of 2 ns and
finally subjected to energy minimization until the root-mean-square deviation of
the energy gradient was less than 4.2 kJ mol™" A™.

The coordinates of the final complex between B-tubulin-GDP and CTX-40
are provided as supplemental data (TUBCTX40.pdb). Intermolecular van der
Waals interaction energies between CTX-40 and individual residues were
calculated with the ANAL module of AMBER, whereas the solvent-corrected
electrostatic interaction was computed using the DelPhi program, as described

in (Perez et al. 1998).

NMR Experiments
TR-NOESY experiments were performed with mixing times of 50 and 200

ms. To fit the experimental TRNOE intensities, off-rate constants between
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10-500 s' were tested. Optimal agreement was achieved for k.« values ranging
from 15 to 150 s™.

The fitting of the theoretical NOE values to the experimental NOE ones was
performed using the CORCEMA programme, which considers a full relaxation
matrix for the ligand protons in the presence of exchange between the free and
bound forms. Thus, different average rotational correlation times (from 10 to
1000 ns) were used to fit the data and 100 ns was found to provide the best
match between the experimental and expected values. It has to be considered
that this value is in fact an "effective" correlation time, which contains

contributions from global and internal motions.
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ARTICULO I
“COMBINE-guided design of new C2- and C3’-

substituted taxanes: tubulin binding affinities and
quantitative structure-activity relationships”

(en preparacion)

Se generaron modelos moleculares de los complejos de f-tubulina con 47
taxanos para los que se habian determinado experimentalmente las energias
libres de union. Para cada complejo se calcularon tanto las interacciones
ligando-receptor descompuestas por residuo como las contribuciones
electrostaticas a las desolvataciones de ligando y receptor. Las afinidades de
union de 44 compuestos se pudieron expresar mediante un sumatorio de términos
energéticos adecuadamente ponderados y seleccionados por un método basado
en la proyeccion a variables latentes y minimos cuadrados parciales (analisis
COMBINE). Los ligandos de los tres complejos que no consiguieron ajustarse a
esta correlacion se caracterizan por presentar una contribucion entropica muy
desfavorable a la energia libre de union. Este comportamiento anomalo puede
reflejar la importancia de la preorganizacion para la union a la tubulina, ya que
la conformacion preferida de estos tres taxanos en disolucion difiere
significativamente de la conformacion unida, como demuestran experimentos de
RMN y calculos de dinamica molecular. Con el fin de validar y ampliar el modelo
COMBINE se sintetizaron y ensayaron nuevos taxanos modificados en C2 y en la
posicion C3’ del sustituyente en CI3. El modelo actualizado para 50 taxanos
conservo su robustez estadistica y las relaciones cuantitativas estructura-
actividad asi derivadas mejoraron nuestra comprension de los factores

determinantes de la afinidad para este tipo de agentes antitumorales.
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Running title: COMBINE-guided design of new taxanes.

ABSTRACT: Molecular models were built for the complexes of p-tubulin with 47 taxanes for which binding free energies have been
experimentally measured. Residue-based ligand-receptor interaction energies were calculated in each complex as well as the electrostatic
contributions to the desolvation of both ligand and receptor. By assigning weights to a selection of these energy terms, a projection to latent
structures regression method (COMBINE) succeeded in providing a good prediction of the binding affinities for all but three compounds.
The fact that these three outliers display large unfavorable entropic contributions to the binding free energies highlights a limitation of this
approximation and may attest to the importance of taxane preorganization for tubulin binding, a possibility that is in good accord with results
from molecular dynamics simulations. Two C2- and three C3’-substituted new analogues were synthesized and tested for external validation
and model updating. The expanded COMBINE model conserved its robustness and yielded receptor-based quantitative structure-activity
relationships that shed additional light on the determinants of tubulin-binding affinity for this class of antitumor agents and pave the way to
further structural modifications.

KEYWORDS: Paclitaxel; taxanes; anticancer agents; tubulin; microtubules; molecular dynamics simulations; structure-activity relationships.

Paclitaxel (PXL, ak.a. Taxol®) was originally discovered in the
bark of the Pacific yew tree (Taxus brevifolia) and found to
promote the assembly of microtubules (MT) and their stabilization
by preventing tubulin depolymerization in dividing mammalian
cells." This increased stability results in the inhibition of the normal
dynamic reorganization of the MT network that is essential for vital
interphase and mitotic cellular functions. In clinical use since 1992,
PXL became a first-in-class anti-mitotic drug that is currently
indicated in the chemotherapy of a variety of human tumors
including ovarian, breast and non-small cell lung carcinomas.
Notwithstanding the remarkable potency of this antineoplastic
agent, its limited availability from its natural source, its poor
aqueous solubility and the emergence of resistance in cancer cells,

partly due to overexpression of multidrug efflux transporters,” made
it desirable from the start to obtain new analogues (taxanes) with
an improved pharmacological profile.*” This goal has been partially
achieved with the clinical development and marketing of the
semisynthetic derivatives docetaxel (DXL, Taxotere®) and, more
recently, cabazitaxel (Jevtana®), both of which partially overcome
some of PXL’s limitations. Nevertheless, structure-based design
efforts in the search for novel taxanes® were hampered for many
years because of difficulties associated with tubulin crystallization,
the low affinity of PXL for unpolymerized tubulin subunits and the
poor aqueous solubility of the drug.’
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Figure 1. Chemical structures of paclitaxel (PXL), docetaxel (DXL) and CTX40.

The first reliable three-dimensional model of tubulin in atomic
detail was reported in 1998." This long sought-after structure,
deposited in the Protein Data Bank (PDB) as entry 1TUB, was
obtained by electron crystallography of zinc-induced sheets of
bovine tubulin bound to PXL. At this point it became clear that
PXL binds to the lumenal side of the p subunit in the a,-tubulin
heterodimer. Subsequent refinement improved the resolution to
3.5 A (PDB entry 1JFF)" but neither the acidic C-terminal tails nor
the N-terminal loop including residues 35-60 in the a-subunit
could still be traced accurately. Moreover, due to the limited
certainty about side-chain orientation for many residues at the
taxane-binding site (and elsewhere), the precise set of interactions
between B-tubulin and bound PXL" (and related taxanes or other
ligands such as the epothilones)" could not be entirely clarified
from this structure.

The initial pharmacophore that was established for taxanes
based on the so-called T-Taxol binding conformation'*"'® has been
the foundation for several structure-guided modifications'” ** and
structure-activity relationship (SAR) studies.” ' ' * Recent
collaborative work from our laboratories resulted in the report of
an extended series of 44 semisynthetic taxanes (CTX), which have
in common the baccatin core present in PXL, DXL and
cephalomannine (CPH) but additionally incorporate a variety of
changes at positions C2, C7, C10 and C13.*' A corollary of this
endeavor was the finding of an optimal combination of substituents
that yielded the high-affinity taxane CTX40 (Figure 1), the
cytotoxicity of which is unaffected by P-glycoprotein (P-gp)
overexpression. Furthermore, the binding of all of these
compounds to glutaraldehyde-stabilized bovine MT was measured
and an energy-refined binding mode for PXL, DXL and CTX40 to
B-tubulin was proposed and then explored using molecular
dynamics (MD) simulations in explicit solvent. Support for the
conformation of bound DXL was provided by the excellent
agreement obtained with data acquired from transfer nuclear
Overhauser effect spectroscopy (TR-NOESY) measurements
using MT-bound DXL.* The thermodynamic characterization of
the binding of these taxanes to MT revealed not only a range of ~10
kcal-mol” in binding free energies (AG) but also distinct enthalpic
(AH) and entropic (-TAS) contributions. The existence of rather
large enthalpy/entropy compensations®*® within this series
(Figure 2)*" attests to the difficulties that can be encountered when
theoretical methods are used to try and rationalize the quantitative
SAR (QSAR) for these ligands.*

In the following we explore the QSAR for the binding to B-
tubulin of these taxanes using a chemometric tool known as
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Figure 2. Thermodynamic parameters (kcal-mol) for the binding
of the taxanes studied to the PXL site in bovine P-tubulin, as
reported in Table 1 of reference 21. Note that actual values
correspond only to the length of the colored block, i.e. are not
cumulative.

Comparative Binding Energy (COMBINE) analysis,”” which was
recently implemented in a user-friendly graphical interface
(gCOMBINE) and released under a scientific/academic nonprofit
and noncommercial license.”® We show that robust cross-validated
models are produced that correlate the AG values within the series
(with only three exceptions) with a set of weighted selected
interactions within the binding site. Additional support is gained
for the proposed protonation state of His229,”" ** a residue that is
shown to play a major role in modulating the affinity differences.
The QSAR model was then externally challenged with several new
C2- and C3-modified taxanes that were synthesized and
experimentally tested.

Methodology

Theoretical Methods. The refined structure of the a,p-tubulin
heterodimer at 3.5 A resolution (Protein Data Bank code 1JFF)
was used for molecular modeling and automated docking of DXL
and CTX40, as already described.” In brief, addition of missing
hydrogen atoms and computation of the protonation state of
ionizable groups in B-tubulin at pH 6.5 were carried out using the
H++ Web server,”® which relies on AMBER force-field

3 32 and finite difference solutions to the Poisson-

parameters
Boltzmann equation. The GDP molecule was conserved and the
protein side-chains in the nucleotide binding site were slightly
reoriented so as to reproduce the same interactions that are
observed in the 2.51 A resolution X-ray crystal structure of y-

tubulin bound to S'-guanosine-diphosphate-monothio-phosphate®



(PDB entry 1ZSV). Following energy minimization, MD
simulations at 300 K were run for these two ligand-protein
complexes during 10 ns under periodic boundary conditions in
truncated octahedra each containing ~10,000 TIP3P water
molecules and 11 randomly placed sodium ions to neutralize the
total charge of the systems. After this time, the temperature was
gradually decreased from 300 K to 273 K over 1200 ps. Energy
minimization of the resulting “cooled” structures employing 5000
cycles of steepest descent followed by 4000 cycles of conjugate
gradient provided the “frozen” templates that were used as
representative structures to build the remaining complexes for all
the CTX derivatives. The need for two templates arose from the
fact that the C2 substituent can be placed slightly differently inside
the hydrophobic binding pocket, depending on the absence or
presence of substituents on the phenyl ring, in such a way that the
stacking interaction of the latter with the side chain of His229 is
also different. Therefore the bound conformation of DXL was used
as the template for model building those taxanes that have no
substituent on this ring whereas those bearing bulky substituents
on this phenyl were modeled from CTX40. Of note, during the
MD simulations we observed the long residence times of two water
molecules that bridged a hydrogen bonding interaction between
the carbonyl oxygen present in the C2 linker and the side-chains of
Asp226 and His229. Consequently, we decided to keep these two
water molecules (WAT1 and WAT?2) as part of the ligand-receptor
complexes (Figure 3). These two extra residues were later shown to
be instrumental for an accurate prediction of taxanes CTX22-27,
which have in common the presence of non-ester C2 linkers.

The remaining taxanes bearing modifications on the C2, C7,
C10 and C13 substituents were built within the molecular graphics
program PyMOL* using as templates the common baccatin cores
of the refined CTX40 and DXL structures in their respective
complexes with B-tubulin. The geometries of the isolated new
analogues were fully optimized at the Hartree-Fock level using the
Gaussian 03 program® and the 3-21G basis set. Charge
distributions for all the ligands were then obtained by fitting the
quantum mechanically calculated (HF/6-31G*//HF/3-21G*)
molecular electrostatic potential (MEP) to a RESP point charge
model.*® Covalent and non-bonded parameters for the inhibitors
were derived, by analogy or through interpolation, from those
already present in the AMBER®" ** database (ff03). The tubulin-
taxane complexes were refined by energy minimization using only
the steepest descent algorithm until the root-mean-square (rms)
value of the potential energy gradient was below 0.1 kcal-mol ™A™

The set of 47 refined ligand-receptor complexes (including
WATI1 and WAT2) was then used as input to the gCOMBINE
program,” which calculates all the van der Waals (AMBER force
field) and electrostatic interaction energies between each ligand
and every protein residue. The electrostatic contributions were
calculated using Goodford’s implementation of the images
method® and a uniform dielectric constant of 4.0 Debye. The
desolvation energies of both the protein and the ligand, which were
used as additional descriptors (ak.a. external variables), were
calculated. To this end the binding process is described as
consisting of first desolvating the apposing surfaces of both ligand
and receptor and then letting the charges of the two molecules
interact.”’ All these calculations were performed by numerically
solving the linear Poisson-Boltzmann equation using the finite
difference method as implemented in program DelPhi.*® Atomic
charges and radii were assigned according to the AMBER force
field (ff03). Each complex was immersed in a cubic box occupying

Figure 3. Superposition of the set of taxanes studied inside the
PXL-binding site of B-tubulin. For simplicity, only the cartoon
representation of the protein (from the DXL-tubulin complex)
enveloped by a semitransparent grey van der Waals surface is
shown.

65% of the total volume, with a grid spacing of 0.5 A. The solute
dielectric constant was set to 4, while the solvent dielectric medium
was set to 80. The dielectric boundary was calculated using a
solvent probe radius of 1.4 A. A minimum separation of 11 A was
allowed between any solute atom and the box walls. The potentials
at the grid points delimiting the box were calculated analytically by
treating each charge atom as a Debye-Hiickel sphere.

The data matrix containing the computed energy components
(X variables) was then subjected to a multivariate statistical
analysis using projection to latent structures (ak.a. partial least
squares, PLS)* in order to find a correlation with the experimental
binding free energies (Y variable). For cross-validation purposes, a
group consisting of 5 randomly chosen complexes was excluded
from the training set and used as a test set, as described,’ and this
procedure was repeated a total of 10 times. This provides a more
rigorous estimation of the robustness of the model than the very
conservative leave-one-out method. The dimensionality of the
model (i.e. the number of extracted latent variables, LV) was
chosen as that corresponding to the peak cross-validated regression
coefficient (q*) value.

To study the conformational preferences of these taxanes in
aqueous solution, CTX40, CTX42, CTX43 and CTX44 were
selected as representative compounds. Each of them was extracted
from its respective complex and immersed in a cubic box of
approximately 1,400 TIP3P water molecules. Following energy
minimization, a 100-ns MD simulation at 300 K was carried out for
each compound. The resulting trajectories were processed with the
ptraj module of AMBER to monitor the rms deviations from the
initial T-taxol geometry. Desolvation energies of representative
structures of each conformation were obtained using the
Generalized Born method that is implemented in the AMBER 10
distribution. The relative energies of each conformer were used to
calculate the probability of the microstates (p) as defined by a
Boltzmann distribution:

p=ne BUKT /5 4 @ BURT
where n is the number of structures belonging to each cluster i, E; is
the energy of the average structure extracted from each cluster, T is
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the temperature in Kelvin, R is the gas constant expressed in
kcal-mol™ and j is the total number of clusters.

The molecular graphics program PyMOL (v. 0.99rc6, DeLano
Scientific, LLC, Palo Alto, CA)*® was employed for molecular
editing, visualization and representation.

NMR experiments. The samples of the MT-bound CTX42 were
prepared using a 300 uM concentration of CTX42 and 20 uM of
tubulin in D>O, 10 mM KPj, 0.1 mM GMPCPP, 6 mM MgCL. pH
6.7. The tubulin samples were prepared by removing sucrose, Mg*,
and H,O from the storage buffer of a 20 mg sample of frozen
tubulin using a two-step procedure by chromatography in a drained
centrifuge column of Sephadex G-25 medium (6 x 1 cm)
equilibrated in DO, 10 mM KPi, 10 uM GTP pH 7.0 in the cold,
followed by a second chromatography using another Sephadex G-
25 medium column (15 x 0.9 cm) equilibrated in D,O, 10 mM
KPi, pH 7.0. Tubulin was centrifuged, and its concentration was
determined spectrophotometrically by employing an extinction
coefficient of 107,000 M"' cm™ in 10 mM phosphate buffer
containing 1% SDS. Tubulin was diluted to 20 yM and GMPCPP
0.1 mM and 6 mM MgCL (final pH 6.7) were added prior to drug
addition. The samples were then incubated at 37 °C for 30 min
prior to measurement.

The increased solubility of CTX42 relative to the other amide-
containing taxanes allowed preparation of a sample of this free
compound in the same buffer described above. TR-NOESY
information was acquired for CTX42 in the presence of MT with a
mixing time of 200 ms at 310 K. 2D NOE in the rotating frame
(ROESY) data were acquired for CTX42 in the free state because
the NOESY cross peaks for the free molecule were essentially zero
at 310 K. All the spectra were obtained in a Bruker 500 MHz
spectrometer.

Synthetic Procedures. For C2 modification, the 2-ethyl
baccatins were prepared from 10-deacetyl baccatin III (10-DAB)
by a procedure similar to that described in the literature,*” in which
the 2-debenzoyl baccatin intermediates were reacted with mesyl
chloride and then transformed into the C2 ethers after treatment
with sodium phenolate. Subsequent reduction of the 13-oxo group,
incorporation of the C13 side chain bearing the 3’N-Boc group,
and further desilylation led to the final products CTXSS and
CTXS56. As it is known that chloroformates derived from tertiary
alcohols bearing electron-donating groups (EDGs) are unstable,
whereas those bearing electron-withdrawn groups (EWGs) are
relatively stable,* p-nitrobenzoyl carbonates were used instead of
chloroformates during the carbamoylation of the 3-NH. for some
taxanes. For the syntheses of EWG-bearing analogs CTX57 and
CTX60, the 3’-debenzoyl PXL was transformed into a carbamate
by reacting with the corresponding chloroformates, whereas for
EDG-bearing 3’N-modified taxanes CTX58 and CTXS9, the 3*-
debenzoyl PXL was transformed into a carbamate by reacting first
with the corresponding p-nitrobenzoyl carbonates *, and then with
the corresponding alcohols. By subsequent desilylation the 3’N-
modified DXL analogues CTXS7 to CTX60 were obtained.

Measurement of the Equilibrium Binding Constants and
Cytotoxicity. Stabilized, moderately crosslinked MT were prepared
from purified calf brain tubulin as reported before.” Binding
constants and thermodynamic parameters were measured by
displacement of the fluorescent taxane derivative Flutax-2 from the
PXL-binding site in these MT.® Wild-type A2780 ovarian
carcinoma cells and their P-gp-overexpressing counterparts
A2780AD were cultured as described previously.* Cell

proliferation was measured using a modified (3-(4,5-
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dimethylthiazol-2-y1)-2,5-diphenyltetrazolium (MTT) bromide
assay, as previously reported.®

Results and Discussion

The 47 taxanes studied in our training set span a range of
binding energies of ~10 kcal-mol" and differ from one another in
the nature of the groups attached to the C2, C7, C10 and C13
positions of the common baccatin scaffold (Figure 3). Earlier
energy decomposition analyses on a limited set of refined taxane-
tubulin complexes highlighted the amino acids that are thought to
be key for binding and helped to understand, albeit in a qualitative
way, the observed SAR”" When the whole set of complexes was
subjected to a COMBINE analysis, the PLS result showed the
clearly outlying behavior of CTX42, CTX43 and CTX44, whose
common characteristic is the presence of an amide linker in the C2
substituent instead of an ester, as in CTX21, CTX11, and CTX6,
which are their most similar counterparts, respectively. That this
sole modification is translated into a largely decreased binding free
energy is in stark contrast with the facts that (i) the binding modes
appear very similar, and (ii) no protein contacts are apparent in this
region that could account for these differences, in contrast to what
has already been described for C2 S-linked taxanes.* However,
when these three grossly overpredicted compounds were removed
from the training set, a robust cross-validated COMBINE model
was obtained (r’=0.94 and q’=0.89 for the best model; average
r’=0.94%0.03 and q°=0.87+0.02 for the 10 runs, using 5+1 LV). To
assess whether the affinity of the most tightly binding compound,
CTX40, could have been predicted using the remaining set of
analogues and/or whether this molecule was having a high leverage
on the model, we left it out and run gCOMBINE with the
remaining 40 complexes. The quality of the resulting PLS equation
(r’=0.94 and q’=0.86 for the best model; average r’=0.94+0.03 and
q’=0.84+0.02 for the 10 runs, using S+1 LV) proved to be similar
to that obtained previously and the binding free energy of CTX40
was predicted with high accuracy (Figure 4). Of note, the
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Figure 4. Correlation between the binding free energies calculated
in the cross-validated COMBINE model and the experimental
values for compounds in the training set (4 ) upon exclusion of the
three outliers (M). This model, with only S LV, accurately predicts
the affinity of CTX40 (4 ), which was not included in model
derivation.



outstanding affinity of CTX40 was also predicted earlier on the
basis of additivity of contributions from optimal substituents.”

The relative importance of the P-tubulin residues that best
explain the differences in binding free energies, as judged from the
assigned PLS pseudocoefficients (Supporting Information, Table
S1), depends on the actual magnitude of the calculated interaction
energies because these signed coefficients are used to properly
weigh these terms.”” ** Since the energy values are usually negative
(i.e. attractive), a positive coefficient will make the calculated
binding free energy more negative, and vice versa. Thus, improved
van der Waals interactions between the C13 moiety and both
Val23 and Asp26, as well as between the baccatin core and the C2
substituent with Asp226, His229, Ala233, Phe272 and Leu27S, are
predicted to result in gains in binding affinity. On the contrary, the
more the ligands interact with other residues, particularly Cys213,
Leu217 and Leu2l19, the lower the affinity, which most likely
reflects the existence of steric clash.*

From the electrostatics point of view, the importance of the
interactions with His229, Arg278 and WAT?2 is reflected in the
positive coefficients assigned to the terms involving these two
protein residues and one of the water molecules. Likewise, the
negative PLS coefficient that modulates the electrostatic
contribution to ligand desolvation strongly suggests that this factor
plays an important role in the binding affinity differences, in
contrast to the small positive coefficient that is assigned to the
desolvation of the binding pocket. Moreover, mutation of this Arg
to Ser confers resistance to PXL.**

These computational studies were undertaken considering a pH
of 6.5 for the calculation of the protonation state of ionizable
groups in B-tubulin to mimic the experimental conditions.” At this
pH the side-chain imidazole of His229 (found in the middle of
helix 7 and positionally equivalent to Arg229 in a-tubulin) is likely
to be protonated on both N& and Ne giving rise to (i) a MEP in the
taxane-binding site that is quite distinct from that obtained with a
neutral imidazole side chain,” and (ii) different hydrogen-bonding
possibilities. For this reason, we also refined the whole set of
complexes with a B-tubulin in which His229 was protonated
exclusively on Ne. The corresponding COMBINE model
(Supporting Information Figure S1) turned out to be of inferior
quality (average r* and q* over 10 runs of 0.75+0.02 and 0.63+0.02,
respectively, using 2+1 LV) and was unable to predict accurately
the binding free energy of CTX40 when this compound was taken
out of the training set. The largest change in the PLS
pseudocoefficients affected precisely the electrostatic interaction
energy with His229 (Supporting Information Table S2).

With a view to expanding the exploration of the taxane-binding
pocket and validating our best COMBINE model with some
external molecules, several modifications were introduced at the
C2 (CTXSS and CTXS6) and C3’ positions (CTXS7-CTX60)
(Figure S). The rationale for synthesizing CTXSS and CTXS6 was
to explore the effect of replacing the 2-OBz bearing the azide at the
meta position” with an extended N-containing aromatic ring
system (i.e. a quinoline or an isoquinoline, respectively) with a view
to further improving the stacking interactions with the imidazole of
His229. On the other hand, the replacement of one of the methyl
groups in the 3’N-Boc tert-butyl moiety with a small substituent, as
in CTXS7 to CTX60, attempted to assess the effect of putatively
filling a protein pocket in the vicinity of the 3’N-Boc group.

The binding affinities of the new C2- and C3’-substituted
analogs (Supporting Information Tables S3 and S$4) were
overpredicted, and CTXS9 clearly behaved as an outlier (Figure 6).

CTXS5 “/\\ S
N0 NF W

CTX56 ‘/\\ ’\\7
\OLJ/\%N

CTX57 CTX58 CTX59 CTX60
R -CH=CH,  -CICH  -CHyNO,  -CH,-CH=CH,

Figure 5. New synthesized taxanes showing the modification
introduced at positions C2 and C13.

This result is likely a consequence of the more thorough
exploration of the C2-binding pocket relative to the site harboring
the C3’ substituents because of the smaller chemical variation at
the latter position within the original series. As discussed before,
lead optimization is a cyclic process involving repeated rounds of
compound design, synthesis and testing, and QSAR models
derived at one stage need to be continually updated incorporating
as much new information as possible.”” Therefore, we added the
new C3’-substituted analogues to the original training set and tried
to predict the affinity of the C2-modified compounds. This
updated model showed good figures of merit (r’=0.93, q>=0.75 for
the best model and average r’=0.94+0.1, q’=0.73+0.1 over 10 runs
using 641 LV) and was able to predict the binding free energies of
CTXSS and CTXS6 remarkably well (Figure 7). The PLS
coefficients in this new model barely differed from those in the
original one except for those assigned to Lys19 and Glu22 that
became larger than before and of opposite signs for the van der
Waals and electrostatic terms (Tablel). Finally, when the set was
expanded to contain all 53 taxanes and subjected to COMBINE
analysis using random groups for cross-validation, a very similar
high-quality model was obtained (1’=0.93, q’=0.80 for the best
model and average r’=0.92+0.1, q*=0.77£0.1 over 10 runs using
S+1LV).

Perhaps the most striking feature of our overall results is the
outlying behavior (Figure 4) of taxanes CTX42, CTX43, and
CTX44, which have in common not only an amide linker between
the C2-substituent and the baccatin core, instead of an ester, but
also a thermodynamic binding profile that is characterized by a
large unfavorable entropic contribution to the Gibbs free energy of
binding (Figure 2). It is usually agreed that solvation entropy
changes originating from the release of water molecules brought
about by the burial of a significant hydrophobic surface are
favorable for binding*® whereas the loss of conformational degrees
of freedom by the inhibitor and/or some residues in the protein is
unfavorable.*” ** Thus, a common goal in molecular design is to
minimize ligand entropy loss by restraining conformational
flexibility and promoting a configuration in the unbound state that
optimally matches the binding site,” even though doubts have been
cast on this assertion.” This “preorganization” may lead to ligands
with affinities in the nanomolar range even in the presence of
unfavorable binding enthalpies.*> Conversely, favorable binding
enthalpies can be largely offset by unfavorable entropic
contributions, as clearly seen in the series presented here. In this
case, although we have tried to take into account, at least in part,
the cost of ligand and binding-site desolvation as well as some
water-mediated interactions, we have neglected the configurational
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entropies of the ligands, the water molecules and the protein.”*

Therefore, we speculated that CTX42, CTX43, and CTX44 might
be stabilized in aqueous solution in a conformation that is not
compatible with binding to the site. To test this hypothesis, NMR
experiments were carried out in order to characterize the
conformation of these derivatives both in the free and in the bound
states (Supplementary Information Figure S2). In addition, we also
performed MD simulations in explicit water to sample the
conformational space of these amide-containing taxanes and also
CTX40 as a representative example of an ester-containing taxane.

The conformation of MT-bound CTX42 was deduced by
analysis of TR-NOESY cross peaks. The strong negative cross
peaks observed for CTX42 in the presence of MT indicate binding
of the taxane to the tubulin preparation (NOESY cross peaks were
essentially zero for the free ligand). The fact that the TR-NOESY
spectrum of CTX42 in the presence of MT shows an NOE pattern
similar to that described for DXL* points to a similar conformation
for both molecules in the bound state. Clear NOEs are observed
between the C13 tert-butoxy and C2 aromatic ring protons. The 4-
OAc group also gives NOEs with both aromatic rings, and they are
stronger with the protons of the phenyl ring on the C13 substituent
which also gives an NOE contact with the methyl group at C12.

In contrast, no ROE contacts were detected between the C3’
tert-butoxy protons and those of the C2 aromatic ring in the
ROESY of free CTX42. On the contrary, weak ROEs were
observed between the 4-OAc group and the C13 phenyl ring
protons whereas no ROEs were observed between this latter
moiety and the C12 methyl group. All these data support the
hypothesis of different conformations for CTX42 in the free and
MT-bound states.

To compare with the NMR data obtained for the more water-
soluble CTX42, MD simulations were carried out with CTX42,
CTX43 and CTX44. For comparison, the most potent analog from
the series (CTX40), whose binding is both enthalpically and
entropically favored, was also simulated under the same conditions.
The MD trajectories showed that the probabilities of the
microstate corresponding to the bound conformation were 0.78 for
CTX40 but only 0.000S, 0.0001, and 0.03, respectively, for CTX42,
CTX43 and CTX44. These amide derivatives appeared to be
locked in a hydrophobically collapsed conformation that was
energetically more favorable by ~4.0 kcal-mol for the first two and
~6.0 kcalmol” for the third one (Supplementary Information
Figure S3). This conformation is in agreement with the ROESY
spectrum of free CTX42. Collectively, these results support the
view that the entropic penalty associated to tubulin binding (Figure
2) may arise from an energetically unfavorable conformational
change. On the contrary, for taxanes that are preorganized for
binding to the site, e.g. CTX40, the ligand-dependent entropic
component is likely to be favorable.

Conclusions

Robust QSAR models have been derived using the COMBINE
methodology that support a well-defined orientation for a large
series of taxanes in the PXL-binding site of B-tubulin and highlight
the relative importance for binding affinity of a number of protein
residues as well as the electrostatic contribution to ligand
desolvation. Our results favor the view that His229 is doubly
protonated on the imidazole ring and also that some water
molecules get trapped in the binding process. When new molecules
were synthesized and tested to enrich the chemical diversity of the
series and to challenge the model we found it necessary to expand
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the training set to strengthen the predictive ability of the PLS
model. A serious limitation was found when it was realized that the
affinities of a few analogues whose binding is characterized by a
large unfavorable entropic component could not be correlated with
the calculated interaction and desolvation energies. To account for
this anomalous behavior we hypothesized, on the basis of results
from MD simulations in aqueous solution, that the most populated
conformation in the free state is unsuitable for binding and is



Table 1. Selected PLS pseudocoefficients (absolute value > [0.1]) for the amino acid residues that contribute the most to explaining the

predicted binding free energy differences.

Residue vdW Ele Residue vdW Ele

Lys19 -0.70 -0.68 Phe272 0.94

Glu22 -0.97 0.28 Pro274 0.18

Val23 0.45 Leu275 0.45

Glu27 0.22 0.12 Thr276 0.20

Cys213 -0.18 Ser277 0.19 0.16

Leu217 -0.41 Arg278 -0.23 0.36

Leu219 -0.31 GIn282 -0.20 0.20

Asp226 0.20 -0.46 Arg320 -0.23

Leu227 0.20 Pro360 0.1

Hip229 0.43 0.61 Arg369 -0.10 0.36

Leu230 0.12 Gly370 -0.49 -0.25

Ala233 0.55 -0.14 WAT1 0.19

Gly237 -0.14 WAT2 -0.27 0.38
DesolvL -0.17

stabilized by hydrophobic collapse. NMR data obtained for the
only representative taxane that could be studied tubulin-free in a
water-DMSO mixture provided qualitative support to this
hypothesis. Attempts are being made to use this recently acquired
information to further expand the series and synthesize more
analogues that, for example, incorporate the bridging water’s
hydrogen-bonding functionality into their own structure.
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Table S1. Selected PLS pseudocoefficients (absolute value > |0.1]) for the energy terms that

contribute the most to explaining the predicted binding free energy differences.

Residue vdW Ele Residue vdW Ele
Lys19 0.11 Pro274 0.1
Glu22 0.16 Leu275 0.24
Val23 0.15 Thr276 -0.1 0.1
Asp26 0.30 Ser277
Glu27 0.14 Arg278 0.31
Cys213 -0.21 GIn282 -0.1 0.1
Leu217 -0.33 Arg320
Leu219 -0.26 Pro360 0.1 -0.1
Asp226 025  -049 Arg369 0.1
Hip229 0.55 0.50 Gly370 -0.23 -0.15
Leu230 0.14 WAT1
Ala233 0.48 WAT2 -0.52 0.62
Gly237 DesolvR
Phe272 0.60 DesolvL -0.19
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Table S2. Selected PLS pseudocoefficients (absolute value > |0.1|) for the energy terms that
contribute the most to explaining the predicted binding free energy differences.

Residue vdW Ele Residue vdW Ele
Lys19 Pro274
Glu22 -0.1 Leu275 0.19
Val23 -0.1 Thr276
Asp26 0.1 -0.16 Ser277
Glu27 0.1 Arg278 0.1
Cys213 GIn282
Leu217 -0.12 Arg320
Leu219 -0.1 Pro360
Asp226 0.1 -0.39 Arg369 0.12
Hip229  0.64 Gly370
Leu230 0.27 WAT1
Ala233 0.1 WAT2 -0.15 0.13
Gly237 DesolvR 0.13
Phe272 0.23 DesolvL
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Table S3. Binding constants measured at different temperatures of the newly synthesized
taxanes.

(x107 26°C 27°C 30°C 32°C 35°C 37°C 40°C 42°C
M)

CTX55 0.018+0.007  0.018+£0.006  0.019+0.003  0.018+0.005  0.015+£0.003  0.015+0.002  0.015+0.004  0.014+0.003
CTX56  0.036+0.012  0.035£0.009  0.036%0.005S  0.035£0.012  0.029£0.005  0.026+0.004  0.024+0.006  0.029+0.007
CTXS7 0.751+0.161  0.661£0.128  0.630+0.135  0.674%0.131  0.595+0.042  0.571+0.081  0.561+£0.068  0.569+0.081
CTX58  2.11+0.39 1.80+0.35 1.84£0.61 1.67£0.47 1.87£0.09 1.61+0.30 1.69+0.28 1.60+0.33

CTXS9  0.02240.003  0.019£0.004  0.021+0.001  0.019£0.002  0.017+£0.002  0.017+0.004  0.015+£0.003  0.013+0.003

CTX60  1.03+0.09 0.90+0.20 0.90+0.12 0.98+0.10 0.85+0.15 0.71+0.1S 0.77+0.07 0.82+0.16
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Table S4. Cytotoxicity of known and new Taxanes against nonresistant and resistant ovarian

carcinoma cells.

Taxane A2780 (nM) A2780AD (nM) R/S
PXL 0.6£0.2 955 + 356 1516
CTX1 20+1.8 767 £508 383
CTXSS 2920 +£323 6918 £ 958 2.4
CTXS56 2507 £ 107 10250 £218S 4.1
CTXS7 1.3£0.6 5.8+0.8 4.5
CTXS8 0.7+0.1 0.3+0.1 0.4
CTXS9 3297 +200 5632 +£914 1.7
CTX60 1.6 £0.5 5+3 3.1

183



CTX38’
2= 0.74 2= 0.66

|, mol!
(o]

gy / kcal

ee ener
S}

g fr

Predicted bindin
N

-14

N

@ Training Set HOQutliers ATest Set

-16 -14 -12 -10 -8 -6 -4
Experimental binding free energy / kcal mol-!

Figure S1. Correlation between the binding free energies calculated in the cross-validated
COMBINE model and the experimental values for compounds in the training set (4) upon
exclusion of the three outliers (M). This model, with only S LV, accurately predicts the affinity
of CTX40 (A ), which was not included in model derivation.

184



CTX42 ROESY 10

20

3.0

4.0

L L B e e e

T
o
o

CTX42/microtubules TR-NOESY

0 ee0 0

4

6.0

7.0

[Trrr [ rrrrprorrr

' .
W ArNHCO/t-Bu

r~— T 1 1 1 [ T T 1 T [ T T T T [ T T T T [ T T T T [ T T T T ] 1T

70 6.0 5.0 4.0 3.0 20 1.0

Figure $2. ROESY and TR-NOESY spectra acquired for free and microtubule bound CTX42,
respectively.
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CHITAX40

E/P=0/0.78 E/P=1.66/6.710% E/P=1.92/0.21 E/P=3.1/3.9 103

CHITAX42

E/P;= 0/0.99 E/P=24/15103 EJ/P=29/4210%  E/P=3.1/4.810%

CHITAX43

E/P;=0/0.96 E/P;=1.6/0.04 E/P=3.4/1.4 108 E/P=3.9/1.4 104

CHITAX44

E/P= 0/0.53 E,/P=2.0/0.38 E/P=2.2/0.05 E,P= 6.5/0.03

Figure S3. PyMOL stick representation of the superimposition of the four different
conformations of CTX40 and CTX42-44 found by free MD simulation in water solvent with
the bound conformation as found in the COMBINE model (pale sticks). The free conformers
that correspond to the bound one are colored in green, and the most populated ones that have
the highest microstate probability and contribute most to the free conformation are

highlighted with a black frame.
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ARTICULO III

“Comparative Binding Energy (COMBINE) analysis
supports a proposal for the binding mode of epothilones

to p-tubulin.”

ChemMedChem 2012 May,7(5):836-43.
doi:10.1002/cmdc.201200065.[PMID:22431398]

Se exploraron las preferencias conformacionales de la Epotilona A (EPA)
v de un andalogo epimerizado en C12 con un ciclopropilo en 12,13, empleando
simulaciones de dinamica molecular en agua, y se seleccionaron los conformeros
que presentaban un acoplamiento optimo en el sitio de union de Paclitaxel en la
[-tubulina. Los complejos resultantes se refinaron, tras una reconstruccion del
M-loop, para comprobar su estabilidad y optimizar la complementariedad. La
conformacion de la EPA unida a tubulina resulto ser diferente a la previamente
propuesta en un modelo construido sobre la base de datos cristalograficos, de
espectroscopia de RMN y modelado molecular pero estaba en concordancia con
una propuesta basada en datos de RMN en disolucion y en el estado solido,
aunque la pose adoptada en el sitio de union era diferente. Usando estos dos
complejos como moldes, se construyeron modelos moleculares para los complejos
entre B-tubulina y otros 14 derivados de epotilonas para los que se contaba con
datos termodinamicos de afinidad.. A continuacion el método de proyeccion a
estructuras latentes (PLS) implementado en COMBINE consiguio obtener una
buena correlacion entre las entalpias de union experimentales y una seleccion de
términos de energia de interaccion adecuadamente ponderados. Esta relacion
estructura-actividad cuantitativa apoya el modelo de union propuesto, contribuye
a arrojar luz sobre el efecto de diversas mutaciones en la f-tubulina y puede

potencialmente dirigir nuevos estudios experimentales.
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Comparative Binding Energy (COMBINE) Analysis Supports
a Proposal for the Binding Mode of Epothilones to

B-Tubulin

Claire Coderch,” Javier Klett,” Antonio Morreale,” J. Fernando Diaz,"” and Federico Gago*™

The conformational preferences of epothilone A (EPA) and
a 12,13-cyclopropyl C12-epimerized analogue were explored in
aqueous solution using molecular dynamics simulations. The
simulated conformers that provided an optimal fit in the pacli-
taxel binding site of mammalian B-tubulin were then selected.
The resulting modeled complexes were simulated before and
after refinement of the M-loop to improve the fitting and
assess ligand stability within the binding pocket. The tubulin-
bound conformation of EPA was found to be unlike a previous-
ly reported solution obtained through mixed crystallographic/
NMR/modeling studies. However, our conformation was in
agreement with an NMR-based proposal although the exact

Introduction

Epothilones A (EPA) and B (EPB, patupilone) were discovered as
secondary metabolites in a strain of the soil myxobacterium
Sorangium cellulosum."’ They were shown first to have antifun-
gal properties and then to be able to induce cell cycle arrest in
the G,/M transition in mammalian cells.” Indeed, EPs bind to
polymerized microtubules (MT), the intrinsic dynamics of
which are disrupted in a manner similar to that observed with
paclitaxel (Taxol), a clinically used antitumor agent that also
targets MT"! Although many different semisynthetic and syn-
thetic EP analogues have been prepared and tested,® so far
only the EPB lactam derivative ixabepilone (Ixempra)”® has
been approved for use in human cancer chemotherapy.”’ The
early finding that EPs can displace tubulin-bound paclitaxel™
suggested a common or overlapping binding site in the § sub-
unit of this heterodimeric protein target. Furthermore, the exis-
tence of some similar chemical moieties in both types of natu-
ral product was taken as an indication that taxanes and EPs
could also share a common pharmacophore,'®' a hypothesis
that is still supported by some recent studies.'>'*) Nonetheless,
EPs promote the assembly and stabilization of purified MT
from Saccharomyces cerevisiae,™ whereas paclitaxel does not,
although a number of mutations have been identified that can
effectively create a paclitaxel binding site on yeast B-tubulin
that also accepts EPs as ligands.">'®

Establishing the precise binding mode in mammalian (3-tu-
bulin of these MT-stabilizing drugs has been hampered by
many failed crystallization attempts"” and by the limited reso-
lution of available two-dimensional crystal structures contain-
ing ligand-bound tubulin heterodimers that form Zn?*-stabi-
lized sheets."® One of these is the structure deposited in the
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binding pose within the site was different. Molecular models
were built for the complexes of 14 epothilone derivatives with
B-tubulin. A projection to latent structures regression method
succeeded in providing a good prediction of the experimental-
ly measured binding enthalpies for the whole set of ligands by
assigning weights to a selection of interaction energy terms.
These receptor-based, quantitative structure-activity relation-
ships support the proposed binding mode, help confirm and
interpret previously acquired experimental data, shed addition-
al light on the effect of several B-tubulin mutations on ligand
binding, and can potentially direct further experimental stud-
ies.

Protein Data Bank (PDB) with code 1TVK,® which does un-
equivocally display an EPA molecule in the same binding site
of B-tubulin that paclitaxel occupies in PDB entry 1JFF.% How-
ever, whereas independent evidence has supported the bind-
ing pose proposed for paclitaxel,”"! doubts have arisen over
the bound conformation and orientation of EPA,%? firstly be-
cause of the unlikely endo configuration of its epoxide ring,
and secondly because it could not account for some known
structure-activity relationships (SAR) elucidated for EPs,?¥ in-
cluding the effect of several point mutations on B-tubulin from
EP-resistant cancer cells.**?% In fact, the unique conformation
proposed in the joint crystallographicc, NMR and modeling
work that led to the EPA-B-tubulin cocrystal structure (PDB:
1TVK) is unlike any other described for 1) free EPs (be it in solu-

[a] C. Coderch, Prof. F. Gago
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Edificio Medicina, Campus Universitario, 28871 Alcald de Henares, Madrid
(Spain)
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Supporting information for this article is available on the WWW under
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27,28] [29]

tion," solvent-derived crystals,”® an amorphous powder,”
or a polycrystalline state);*" 2) EPA bound to nonpolymerized
tubulin;"**? 3) MT-bound EPB;®” or 4) EPB and EPD within the
substrate (EPD) binding site of a cytochrome P450 enzyme.®?
Furthermore, C6—C8-bridged EP derivatives designed to mimic
this binding pose through conformational restriction were re-
cently shown to be devoid of any significant ability to stabilize
MT_BA]

NMR spectroscopy stands out as a very useful alternative to
electron crystallography but its applicability to EP-tubulin
complexes is also limited mostly due to the large size of these
systems.'*'¥ Despite this caveat, elegant experiments both in
solution**? and in the solid state® using different prepara-
tions of nonpolymerized and polymerized tubulin have been
instrumental to unraveling the bound conformation of EPA
and EPB. Unfortunately, these state of the art techniques can
identify the ligand atoms that undergo chemical shifts upon
complex formation but not the interacting protein residues so
that the proposed binding poses arise from theoretical dock-
ing solutions that best fulfill a number of experimental re-
straints. Therefore, despite intense experimental efforts, the
precise orientation of EPs within the binding site of B-tubulin
and the conformation of the residues making up this site in
both the o/p-tubulin heterodimer and MT are still a matter of
debate.

On the other hand, attempts to derive quantitative SAR
(QSAR) for the EPs have been hampered by the lack of reliable
structures for the complexes, hence the use of receptorless,
ligand-based comparative molecular field analysis (CoMFA),=*
as well as by the nature and quality of available experimental
binding data, which most often relied on tubulin depolymeri-
zation and/or cytotoxicity assays rather than on direct determi-
nation of the true ligand binding affinities. A few years ago,
however, the expedient setup of a competition method that
measures the displacement of fluorescent paclitaxel analogues,
such as Flutax-2,%%37 from stabilized assembled MT in solution
allowed the measurement of equilibrium binding constants at
different temperatures and the calculation of incremental
changes in Gibbs free energy not only for taxanes®” but also
for a series of chemically modified EPs.”® A word of caution
was then issued in view of the observed enthalpy-entropy
compensations throughout the series, in good accord with
previous experience in other medicinal chemistry proj-
ects.?"3840 This observation was not entirely unexpected given
the conformational degrees of freedom of these molecules
and the solvent accessibility of their binding pocket in B-tubu-
lin. Since complex formation was shown to be dominated by
entropy for some compounds and by enthalpy for others, de-
riving SAR using binding free energies (AG) and traditional
forcefield methods is likely to be unsuccessful because the
configurational entropies (—TAS) of the ligand and the water
molecules*” are not taken into account. In this regard, it has
recently been proposed that changes in enthalpy (AH) could
provide a valuable, complementary addition to established
tools for selecting compounds in lead discovery and as an aid
in lead optimization.*?

ChemMedChem 2012, 7, 836 -843
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Following this reasoning, our “first-principles” approach to
the biologically active conformation and orientation of EPs in
the paclitaxel binding site in B-tubulin was 1) to sample the
conformations available to EPA and a 12,13-cyclopropyl C12-
epimerized analogue (EP5) in aqueous solution using molecu-
lar dynamics (MD) simulations; 2) to choose the EPA and EP5
conformers that provide optimal fits in the binding site; 3) to
refine the M-loop™® and equilibrate the resulting solvated EP-
B-tubulin complexes in aqueous solution by means of MD;
4) to compare our results with those obtained by NMR for tu-
bulin-bound EPA and MT-bound EPB; and 5) to build the com-
plexes of a series of 16 EPs with B-tubulin with the aim of
using receptor-based comparative binding energy (COMBINE)
analysis“*** to correlate, by means of the projection to latent
structures (PLS) regression method,“® the experimentally mea-
sured binding enthalpies”® to a combination of weighted in-
teraction energies between the ligands and selected protein
residues.””’ We believed that if a robust high-quality QSAR
model can be derived, indirect support for the proposed bind-
ing modes will be obtained, and this knowledge could be of
help to improve our understanding of some of the determi-
nants of binding affinity and possibly guide further chemical
modifications in the future.

Results and Discussion

The EP analogues studied in our training set (Table 1) span
a range of binding enthalpies of approximately 14 kcalmol™'
and differ from one another in the nature of the aromatic
group attached to the substituent present at the C15 position,
in the conformation of the macrolide ring through S to R epi-
merization at C12, and in the nature of the atoms bonded to
C12 and C13.” A 100 ns MD simulation in water carried out
for EPA, as a representative EP containing the native macrolide
ring, predicted four major conformations that had a similar
outward orientation of the C3 hydroxy group but only occa-
sionally gave a predicted conformation that adopts the inward
conformation determined by NMR in aqueous solution for tu-
bulin-bound EPA or that found in the X-ray crystal structure of
cytochrome P450-bound EPB." On the contrary, this latter
conformation was predicted for the C12-epimerized analogue
EP5 during most of the simulation under identical conditions
(Figure S1 in the Supporting Information). This proposed preor-
ganization of the C3 region of the macrolide could presumably
account for the less unfavorable entropic contribution mea-
sured for EP5 relative to EPA.*

From the poses provided by the automated docking pro-
gram for EPA and EP5, we prioritized a common solution in
which the macrolide ring interacts with the M-loop while the
thiazole substituent at C15 is placed inside the hydrophobic
pocket lined by the side chains of helices H6 and H7. It is
worth noting that in our f-tubulin model, the imidazole ring
of His229 in H7 is protonated on both Nd and Ng, as proposed
previously for the binding of taxanes to the same site”?” at the
experimental pH value of 6.5 used in both studies and also in
accordance with previous independent work."? This modeled
binding mode was stable for both EPA and EP5 throughout
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Table 1. Structures and tubulin binding enthalpies of the epothilones that provided His 229), C3 (close to Thr276 in the M-loop), C9 (close
the training set used for the COMBINE study.? to Leu371), and C22 (close to Thr276, Ser277 and
GIn281 in the M-loop).?” Therefore, we built and re-
Rl = \s»/ \SW/S\ = S AN 00 fin.ed the remaining set of EP—tubu.Iin complexes
N N ﬁ){@ ﬁ ~ | _ using these two templates (incorporating WAT1) and
N N N NS subjected them to a COMBINE analysis (Figure 2). A
A B c D E F cross-validated PLS model with just four latent varia-
Compd R R X AH [kealmol ™) bles (LV) revealed that the experimental binding en-
EPA A H o] —155 thalpies could indeed be expressed as a function of
EPB A Me O —167 a weighted subset of ligand-residue interactions (=
Egi ? MHe C?h _71;3:2 0.94, ¢*=0.77 for the best model and an average of
EP14 A H CH, _136 r’=0.93403, ¢?=0.65+0.1 and 441 LV for the re-

EP19 B Me CH, nd. maining nine runs) (Figure 3).
EP20 ¢ Me CH -0 The B-tubulin residues that are assigned the largest
Eps A H CH, 137 PLS pseudo-coefficients for the van der Waals and
EP6 A Me 0 _84 electrostatic blocks are shown in Table 2. Their rela-
EP7 C H o) —122 tive importance for explaining the differences in bind-
EP8 ¢ Me CH, —48 ing enthalpies depends on the actual magnitude of
EP9 FoMe  CH, -1o3 the calculated interaction energies, because these

EP10 B H CH, -5.0

EP11 B Me CH, 29 signed coefficients are used to properly weigh these
EP12 D Me CH, -86 terms.***" Since the energy values are usually nega-
EP13 E Me CH —55 tive (i.e., attractive), a positive coefficient will make
EP15 AHCH -n7 the calculated binding enthalpy more negative, and
EP16 A H CH, 74 vice versa. Thus, the importance of the direct hydro-
EP17 C H CH, n.d. gen bonds established between the hydroxy groups
EP18 ¢ H CH; nd. of EPs and the carbonyl groups of Thr276 and
Gly370 is reflected in the positive coefficients as-
signed to the electrostatic terms involving these two
residues. Likewise, an improved steric interaction be-
n.d.: not determined. tween the macrocycle and Pro274 and Pro 360 results

the initial 10 ns MD simulation. To enhance the fitting and to
take into account the presence of a neighboring subunit, each
EP-tubulin complex was simulated again upon remodeling™*®
of the M-loop so as to improve the lateral interactions taking
place in MT" The new conformation chosen had a defined
helical structure from Arg278 to Tyr283 that orientates the
latter residue, which is highly conserved in eukaryotes, towards
the adjacent protofilament (Figure 1). This putative nucleation
of a short a-helix is reminiscent of that recently published for
the Ser174(B)-Ser178(B) stretch in the vicinity of the vinca
domain at the interdimer (§,-a,) interface in the apo form of
a guanosine triphosphate (GTP)-tubulin complex at 2.1 A reso-
lution."

Following cooling and energy minimization, the resulting
predicted structure for the EPA-tubulin complex revealed
a water molecule located inside the binding pocket (WAT1)
that bridged a hydrogen-bonding interaction between the ep-
oxide oxygen and the side chain hydroxy of Ser374. Of note,
in the EP5-tubulin complex, this water molecule cannot form
a hydrogen bond with the ligand because this oxygen in the
drug is replaced with a methylene group (Table 1). Our pro-
posed binding mode for EPA is qualitatively compatible with
recent solid-state NMR results showing that the largest chemi-
cal shifts upon binding of EPB to (-tubulin are experienced by
C1, C15, C17 and C18 (in our model all of them close to
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Table 2. Selected projection to latent structure (PLS) pseudo-coefficients
for the amino acids that contribute the most to explaining the predicted
binding enthalpy differences.”

Residue vdW Ele Residue vdW Ele
Leu209 —0.49 - Leu275 0.21 -
lle212 —0.26 - Thr276 —0.40 0.12
Cys213 0.36 0.66 Ser277 —047 —0.12
Leu217 —0.38 - GIn281 - 0.12
Leu219 —-1.77 - Arg 284 0.60 -
Leu227 —2.82 - Pro 360 1.39 -
His 229 2.16 —0.86 Arg 369 —-0.71 -
Leu230 —3.07 - Gly370 0.88 0.94
Ala233 0.76 - Leu371 —0.41 -
Phe272 -1.18 - Ser374 —0.53 -
Pro274 274 - WAT1 - 0.63
[a] Only PLS pseudo-coefficients with absolute values > |0.1| for the van
der Waals (vdW) and electrostatic (Ele) interactions are shown.

in a gain in binding enthalpy. The substituents on the thiazole
ring, on the other hand, modulate the affinity through favora-
ble van der Waals interactions with Cys213 and His229, but
the electrostatic term only favors the former residue and not
the latter, which is positively charged. Conversely, increased
ligand interactions with other residues, particularly Leu219,
Leu227 and Leu230, leads to a loss of binding efficiency,
which most likely reflects the existence of steric clash."

ChemMedChem 2012, 7, 836 - 843
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Figure 1. a) EPA and b) EP5 docked in the taxane binding site of a B-tubulin
model in which the M-loop (Pro 274-Pro 289) has been remodeled to im-
prove drug fitting and better account for the lateral interactions present in
the MT. Dotted lines represent hydrogen bonds. Note the water molecule
(WAT1) adjacent to the hydroxy of Ser374. Some relevant residues have
been numbered according to PDB entry 1JFF and label size is inversely pro-
portional to distance from the viewer.

To further validate this COMBINE model, we chose three EPA
analogues that were not part of the training set and for which
the binding enthalpies have been recently determined:*? two
of them are the 3-deoxy (EPKT2) and 3-deoxy-2,3-didehydro
(EPKT3) derivatives of EPA for which only minor conformational
differences in aqueous solution have been previously report-
ed,?® whereas the other one (EPKT6) bears an n-propyl group
on the thiazole ring in place of the methyl (Table 3). The de-
creased binding enthalpies of EPKT2 and EPKT6 relative to EPA
were reasonably well estimated but the binding enthalpy for

ChemMedChem 2012, 7, 836 - 843
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Figure 2. Superposition of the set of EPs studied in the paclitaxel binding
site of B-tubulin. For simplicity, only a cartoon representation of the protein
enveloped by a semitransparent grey van der Waals surface is shown.

Predicted binding enthalpy / kcal mol™

-22 : : :
-22 -18 -14 -10 -6 -2

Experimental binding enthalpy / kcal mol-*

Figure 3. Correlation between experimental binding enthalpies and those
calculated using the COMBINE model: training set (#); prediction set (H).
For simplicity, error bars are shown only for the prediction set.

EPKT3 was underpredicted. This analogue reportedly displays
an affinity similar to that of EPA (although the experimental
standard error is much larger), despite the absence of the hy-
droxy group at C3, and adopts a planar arrangement of its C1,
C2 and C3 carbon atoms due to the conjugation of the C2—C3
double bond with the C1 carbonyl. As a consequence, in the
complex, the carbonyl oxygen appears slightly reoriented to-
wards the imidazole ring of His229. This finding made us think
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Table 3. Structures and tubulin binding enthalpies of the epothilone pre-
diction set.*?

Compd AH [kcalmol™"]
EPKT2 Me CH,—CH, _93+24
EPKT3 Me CH=CH —15.8+6.0
EPKT6 Pr CH,—CHOH —10.0+£45

of the possibility of a hydrogen bond being established be-
tween this oxygen and Ne of His229, provided the imidazole
ring of this amino acid side chain is rotated 180° about the
CR—Cy bond. Accordingly, a new set of complexes was built,
refined, and used to generate an alternative COMBINE model,
the quality of which was only slightly worse than that of the
preceding model (*=0.86, ¢°=0.68, 3LV and an average of
r’=0.8540.03, ¢?=0.6040.07 and 341 LV for the remaining
nine runs). This second model predicted EPKT3 more accurate-
ly, provided a similar value for the binding enthalpy of EPKT6,
but failed to predict the binding enthalpy of EPKT2. The major
difference in the weights assigned to the ligand-residue inter-
actions affected His229 (Figure S2 in the Supporting Informa-
tion). Nonetheless, since the rotameric state of the imidazole
ring reversed to the original one when MD simulations were
run to test this alternative (data not shown), we do not favor
this second binding mode and suggest that the loss of binding
enthalpy caused by the lack of the hydroxy group at C3 is
partly compensated by improved van der Waals interactions
within the binding pocket.

The side chain of His229 divides the ligand binding cavity
into two major pockets, both of which are occupied in the
case of taxanes (Figure 4)2" In contrast, in our proposal, EPs
fill only one half-site and establish interactions with the amino
acids present in helices H7 and H6 (lle212, Cys213, Leu217,
Leu219, His 229, Leu230), part of the M-loop (Phe 272, Pro274,
Leu275, Thr276, Ser277, GIn281), and the loop linking strands
S9 and S10 (Gly370, Leu371, Ser374) (Figure 1). Consequently,
the reported existence of a “common pharmacophore”%-'32!
appears to be limited to a good general overlap of both types
of compounds in the commonly filled half-site and the pres-
ence of two similar anchoring moieties, namely the C3-OH/ox-
etane and the C15-thiazole/C2-benzoyl pairs in EPs and pacli-
taxel, respectively. Thus, we also favor the view that the thi-
azole side chain of EPs corresponds to the C-2 side chain of
taxanes.""

When the three-dimensional coordinates of the NMR-based
model of the EPA-tubulin complex were used as the template
for model building the whole set of complexes, the COMBINE
method could not find a correlation between the calculated
binding energies and the experimental binding enthalpies (Fig-
ure S3 in the Supporting Information). This means that the cal-
culated ligand-tubulin interactions are either not sufficiently
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Figure 4. Taxane binding site in B-tubulin enveloped by a semitransparent
grey van der Waals surface displaying bound EPA (carbon atoms in cyan)
and a superimposed paclitaxel (carbon atoms in yellow) for reference (as
found in PDB entry 1JFF). Shaded regions correspond to residues that
confer resistance to epothilones (blue) or taxanes (pink) upon mutation.

different among the series of analogues or do not correlate
with the observed changes in AH values. We take this result as
an indication that this binding pose might be a snapshot rep-
resenting an intermediate state between the free and bound
forms for this ligand and/or that the non-microtubular form of
tubulin that was employed in these experiments differs from
that found in MT.

The orientation that we suggest for EP binding to -tubulin
on mammalian MT also rationalizes the observation that this
association process is hampered in the presence of Thr276lle,
Arg 284 GIn, and GIn294Glu point mutations to the extent that
they cause drug resistance.”** The increase in bulk and hy-
drophobicity brought about by the former substitution
(Thr274 in the original publication™) should be detrimental
for affinity, in good accord with the negative PLS coefficient
calculated for this residue, while the reverse is true for Arg 284
(published as Arg 282®) (Table 2). The latter residue (GIn292 in
the original publication") does not appear to interact with EP
directly but its mutation is likely to affect the conformation of
the M-loop. The proposed binding pose also accounts for the
fact that EPs bind to yeast tubulin without requiring any of the
mutations that have to be introduced into this orthologous
protein to generate a taxane binding site," particularly Val23
and Asp 26"% (Figure S4 in the Supporting Information).

Conclusions

A robust target-based QSAR model has been derived using the
COMBINE method on a set of modeled complexes that sup-
ports a well-defined orientation for EP in the taxane binding
site of B-tubulin that is in good agreement with the qualitative

ChemMedChem 2012, 7, 836 - 843
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data obtained from solid-state NMR experiments on MT-bound
EPB.®” This was achieved by leaving aside the yet computa-
tionally elusive entropic component (—TAS) from the Gibbs
free energies (AG) and focusing on the experimental enthalpic
contributions (AH). The fact that incorporation of ligand and
receptor desolvation terms“ neither improved the quality of
the models nor was sufficient in this case to provide a correla-
tion with AG values could indicate that most of the entropic
component arises from the configurational entropy of the li-
gands and/or from the water molecules that are released/rear-
ranged upon complex formation. In this respect, it is also likely
that, in the chemically heterogeneous environment of this
binding pocket, different water molecules might have distinct
thermodynamic signatures, as recently described for the bind-
ing of a series of arylsulfonamides to human carbonic anhy-
drase.™

Further support to the binding mode proposed herein—or
any other—will undoubtedly require more experimental evi-
dence including further refinement of the M-loop and addi-
tional data obtained with new analogues. Work in this latter di-
rection is already underway in collaboration with a synthetic
chemistry group, but we believe that sharing our findings at
the present time might also help other researchers in their
own endeavors.

Experimental Section

The starting geometry for EPA was taken from the X-ray crystal
structure deposited in the Cambridge Structural Database (CSD)
with reference code XAPDIC.?? The models of the remaining EPs
published in Ref. [23] for which AH values are available were built
using EPA as a template, with the exception of EP16, EP17 and
EP18 that were not considered because the change in geometry at
C15 from S to R results in a complete loss of binding affinity.”®
EP19 could not be used either because its high affinity prevented
the accurate determination of its binding enthalpy.” The charge
distribution for all the ligands was obtained by fitting the quantum
mechanically calculated (HF/6-31G*//HF/3-21G*) molecular electro-
static potential (MEP), as implemented in Gaussian 03,°” to a re-
strained electrostatic potential (RESP) point-charge model.*® The
general AMBER (http://ambermd.org/) force field (GAFF) was used
to assign bonded and nonbonded parameters (parm03) to EP
atoms. EPA and EP5 were immersed in a cubic box of ~1000 TIP3P
water molecules®” and subjected to molecular dynamics (MD) sim-
ulations at 300 K for 100 ns to assess their conformational variabili-
ty.

The three-dimensional structure of p-tubulin as found in the a,p-
tubulin dimer in complex with EPA at 2.9/4.2 A resolution (PDB:
1TVK)" was used as the receptor upon removal of EPA. The gua-
nosine diphosphate (GDP) molecule was conserved, and the pro-
tein side chains in the nucleotide binding site were slightly reor-
iented so that they established the same interactions that are ob-
served in the 2.51 A resolution X-ray crystal structure of y-tubulin
bound to 5’-guanosine-diphosphate-monothiophosphate (PDB:
1Z5V). Addition of missing hydrogen atoms and computation of
the protonation state of ionizable groups at pH 6.5 were carried
out using the H™* Web server,”® which relies on AMBER parame-
ters and finite difference solutions to the Poisson-Boltzmann equa-
tion. Automated docking of EPA and EP5 was performed using the
Lamarckian genetic algorithm, implemented in AutoDock 3.0.5,°
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by allowing random changes of overall orientation within the
taxane binding site of all the different conformers identified in the
MD ensembles as well as torsional freedom about the C15-C16
and C17—C18 bonds. The complexes with the most plausible poses
were then simulated under periodic boundary conditions for 10 ns
at 300K in explicit solvent (a truncated octahedron containing
~12000 TIP3P water molecules plus 11 randomly placed Na* ions
to achieve electroneutrality) using a harmonic restraint of 5 kcal
mol~'A~2? on the protein Co. atoms. Electrostatic interactions were
treated using the smooth particle mesh Ewald method,*” with
a grid spacing of 1 A; the cutoff distance for the nonbonded inter-
actions was 9 A; the SHAKE algorithm®®"” was applied to all bonds;
and an integration step of 2.0 fs was used throughout. Subsequent
gradual cooling followed by energy minimization provided repre-
sentative structures for the EPA- and EP5-tubulin complexes.

At this point, we found it necessary to optimize the conformation
of the M-loop as this stretch is known to be involved not only in
lateral interactions between MT protofilaments,*” but also in EP
binding. To achieve this goal, the Robetta web server*® was used
to provide different conformations for the M-loop (from Pro274 to
Pro289), and one was selected that placed Tyr283 in an outward
orientation suitable for interaction with the neighboring monomer
and maintained Thr276, the NH of which is known to form a hydro-
gen bond with the oxetane oxygen of taxanes,”" roughly in the
same position as in PDB codes 1TVK and 1JFF. After an initial
energy minimization of the water molecules and counter ions, the
system was heated to 300 K in 25 ps after which the solvent was
allowed to redistribute around the position-restrained solute for
220 ps. After this time, only the protein Co atoms were restrained
with a harmonic force constant of 5 kcalmol~'A=2 during the sub-
sequent 10 ns MD simulation that explored the mutual adaptation
between ligand and amino acid side chains without altering the
overall conformation of the M-loop. In polymerized tubulin, the
conformation of this loop is stabilized by the presence of a neigh-
bor subunit that is absent in our calculations for computational ef-
ficiency. The systems were then gradually cooled from 300K to
273 K over 1200 ps, as reported previously for several taxane-tubu-
lin complexes.*” Energy minimization of the resulting “cooled”
EPA-tubulin and EP5-tubulin complexes employing 5000 cycles of
steepest descent followed by 4000 cycles of conjugate gradient
provided the representative templates for the rest of the com-
plexes.

The remaining EP in the training set?” were modeled inside the
binding pocket of f-tubulin using either EPA (EPB, EP3, EP4 and
EP14) or EP5 (EP6-EP13 and EP15) for molecular editing. All the
complexes were refined by energy minimization using the steepest
descent algorithm until the root-mean-square of the potential
energy gradient was below 0.1 kcalmol™'A~". The set of refined
ligand-receptor complexes (including one water molecule, as ex-
plained below) was then used as input to the gCOMBINE pro-
gram,*! which automatically calculated all the van der Waals
(AMBER force field) and electrostatic interaction energies (Good-
ford’s implementation of the images method®” and a uniform die-
lectric constant of 4.0 Debye) between each ligand and every pro-
tein residue. The data matrix containing the computed energy
components (x variables) was then subjected to multivariate statis-
tical analysis using partial least squares (PLS) in order to find a cor-
relation with the experimental binding enthalpies (y variable). For
cross-validation purposes and to assess the robustness of the
model, instead of the very conservative leave-one-out method,
random groups of five elements per group were excluded from
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the training set each time, as previously described,*” and the pro-
cedure was repeated ten times.

The molecular graphics program PyMOL (v. 0.99rc6, Delano Scien-
tific, LLC, Palo Alto, CA) was employed for molecular editing, visual-
ization and representation.
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Figure S1. A. Best-fit superimposition of the C1-C6 region of both EPA (/éff) and EP5 (right), as found
in their complexes with tubulin (solid cyan and magenta sticks, respectively), onto the structure of
CytP450-bound EPB (yellow, PDB code 1Q5D) and the different conformers (semitransparent sticks)
identified during the MD simulations. The most populated conformers of EPA oriented their C3 hydroxyl
moiety outwards whereas only one minor conformation (the one used for modelling the complex)
oriented it inwards in the same manner as the CytP450-bound EPB. On the other hand, the epimerization
of the C12 in EP5 favored that the most populated conformers had an inward orientation of the C3
hydroxyl while the largest fluctuations were observed from C6 to C12 and the thiazole side chain at C15.
B. Left: EPA conformation in Cambridge Structural Database entry XAPDIC and also found during most
of the molecular dynamics simulation in water. Midd/e: conformation of EPA that was only rarely seen
during the molecular dynamics simulation in water but was selected for model building the complex with
tubulin. Right: NMR-derived conformation of tubulin-bound EPA as reported in ref. 12.
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Figure S2. A. Alternative COMBINE model generated from the complexes in which the imidazole ring
of His229 was rotated 180° about the CP—Cy bond. Grey diamonds and filled squares stand for
compounds in the training and prediction set, respectively.
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Figure S2. B. PLS coefficients for the two COMBINE models discussed in the main text, i.e. the original
one (fop) and that corresponding to complexes in which the imidazole ring of His229 has been rotated
180° about the Cp—Cy bond (bottom). Van der Waals and electrostatic interactions are colored pink and
blue, respectively. The amino acids lining the binding pocket that contribute the most to explaining the
differences in binding enthalpies have been labeled.
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Figure S3. Plot of calculated binding enthalpies in the COMBINE model (1 LV, * = 0.422, ¢* = 0.371;
average r’=0.422+0, q*=0.198::0.08 and 10 LV for the remaining 9 runs) obtained using the complex
reported in ref. 12 as the template vs. experimental values.
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Figure S4. Cartoon representation of mammalian B-tubulin (green) as found in our modeled complex

with EPA (C atoms in cyan). Labeled side chains correspond to amino acids that have been mutated in
yeast tubulin (brown) to their counterparts in mammalian tubulin to make binding of taxanes possible. On
the one hand, mutations located on H1 (i.e. Lys19<—Ala, Val23<«-Thr and Asp26<Gly) do not affect EP
binding because none of these residues directly participates in ligand stabilization. On the other hand, the
His229«—Asn and Phe272«Tyr mutations are either neutral or they could help stabilize the binding mode
by means of hydrogen bonding interactions with the thiazole and the epoxide oxygen, respectively. In fact,
the N& atoms of His229 and its Asn counterpart nicely superimpose, as do the aromatic rings of Phe272
and Tyr.
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ARTICULO IV

“Tubulin-based Structure-affinity Relationships for

Antimitotic Vinca Alkaloids.”

Anticancer Agents Med Chem. 2012 Mar 1;12(3):219-25.
[PMID: 22044006]

Los alcaloides de la Vinca, originalmente extraidos de la Vinca de
Madagascar, son un grupo de agentes antitumorales ampliamente empleados que
alteran la dindamica de los microtubulos en células de mamifero al interferir en el
ensamblado de los heterodimeros de a,f-tubulina. Estos alcaloides promueven la
formacion de tubulina curvada que desestabiliza los microtubulos e induce la
aparicion de agregados en forma de espiral. Sus perfiles de energia de union han
sido caracterizados mediante ensayos de velocidad de sedimentacion y el sitio de
union de Vinblastina en la interfaz entre dos dimeros de tubulina (o5;-a>) se ha
determinado mediante cristalografia de rayos X en complejos de tubulina unido a
un dominio similar a estathmina de la proteina RB3, aunque a baja resolucion.
Hemos utilizado técnicas de modelado molecular y simulacion para construir,
refinar y analizar comparativamente las estructuras tridimensionales de los
complejos de Vinblastina, Vincristina, Vinorelbina y Vinflunina con la interfaz
Sios-tubulina en disolucion acuosa para intentar racionalizar las diferencias en
afinidad de union en términos tanto estructurales como energéticos. Nuestros
resultados arrojan algo de luz adicional sobre los factores determinantes de la

union y la relacion estructura-actividad de estos agentes de gran utilidad clinica.
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Tubulin-based Structure-affinity Relationships for Antimitotic Vinca Alkaloids

Claire Coderch', Antonio Morreale and Federico Gago'™

lDepartmento de Farmacologia, Universidad de Alcala, 28871 Alcala de Henares, Madrid, Spain; ?Unidad de Bioin-
formatica, Centro de Biologia Molecular Severo Ochoa, 28049 Tres Cantos, Madrid, Spain

Abstract: The Vinca alkaloids are a group of widely used anticancer drugs, originally extracted from the Madagascar
periwinkle, that disrupt microtubule dynamics in mammalian cells by interfering with proper assembly of o,3-tubulin het-
erodimers. They favor curved tubulin assemblies that destabilize microtubules and induce formation of spiral aggregates.
Their binding energy profiles have been characterized by means of sedimentation velocity assays and the binding site of
vinblastine at the interface between two tubulin dimers (o f31—a2f,) has been ascertained by X-ray crystallographic studies |
on a complex of tubulin with the stathmin-like domain of protein RB3, albeit at relatively low resolution. Here we use
molecular modeling and simulation techniques to build, refine and perform a comparative analysis of the three-
dimensional complexes of vinblastine, vincristine, vinorelbine and vinflunine with a B,0,-tubulin interface in explicit wa-
ter to rationalize the binding affinity differences in structural and energetic terms. Our results shed some more light into

the binding determinants and the structure-activity relationships of these clinically useful agents.
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INTRODUCTION

Microtubules (MT) are key cell structures found in eukaryotes
that play a vital role in the organization of the spatial distribution of
organelles throughout interphase and of chromosomes during cell
division. MT assemble from protofilaments built through longitudi-
nal head-to-tail juxtaposition of o,p-tubulin heterodimers. o- and
B-tubulin are the most conserved proteins in eukaryotes and
they belong, along with their prokaryotic ancestors, to the distinct
tubulin superfamily of GTPases, whose common structure is an
N-terminal, or nucleotide binding domain, connected by a core
helix (H7) to a C-terminal domain [1]. Each monomer binds a GTP
molecule [2] but, whereas the nucleotide bound to the o subunit is
nonhydrolysable and nonexchangeable, that bound to the B subunit
is hydrolysable and exchangeable in unassembled tubulin heterodi-
mers. This is so because, upon head-to-tail assembly of two het-
erodimers, residues from the o subunit complete the functional
architecture of the GTP hydrolysis site in the B subunit. Subse-
quently, once the y-phosphate group has been cleaved, GDP is
sequestered at the nucleotide exchangeable site and MT disassem-
ble by peeling outwards. Catastrophe ensues when the disassembly
rate dominates over assembly formation and this occurs because the
once straight GTP-bound tubulin heterodimers curve following
hydrolysis of the GTP nucleotide [3]. Since GTP hydrolysis ac-
companies MT assembly, and GDP-tubulin is released upon de-
polymerization, tubulin has to exchange its bound GDP with GTP
in order to assemble again. These two properties, GTP hydrolysis
and nucleotide exchange, are therefore intrinsic to tubulin. MT
dynamics is also affected by the presence of the cell-cycle regulat-
ing protein stathmin, which interacts with two o.B-tubulin het-
erodimers to form a tight ternary complex, the so-called T2S com-
plex, that is unsuitable for MT formation. Stathmin phosphorylation
on Serl6, Ser25, Ser38 and Ser63 by cell cycle kinases at the onset
of mitosis weakens this association and the increased concentration
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of tubulin available in the cytoplasm allows the assembly of the
mitotic spindle [4]. Another regulatory mechanism in cell prolifera-
tion is the alteration of the rate of catastrophe brought about by the
existence of different B-tubulin isotypes [5, 6]. Moreover, recent
evidence has demonstrated the presence of unhydrolysed GTP-
bound tubulin not only at the growing end of MT but also in
older parts where it could play a role in the rescue events that
recover these structures from catastrophe [7].

MT dynamics, and therefore cell division, can also be perturbed
by small molecules, and this interference can lead to cell death [8].
This antimitotic property is, in fact, exploited by a number of potent
anticancer chemotherapeutic drugs, which are usually divided into
two groups: (i) MT-stabilizing agents that prevent depolymeriza-
tion, and (ii) MT-depolymerizing agents that inhibit MT formation.
The former bind to polymerized MT, stabilize the M-loop that is
responsible for lateral interactions between neighboring protofila-
ments, and prevent depolymerization even after GTP hydrolysis
[9]. A common characteristic of these drugs is that they have
two binding sites: an external site of lower affinity located at the
MT pore to which they bind before being internalized to the lumen,
and a higher-affinity luminal site located inside the MT [10-12].
The best known MT-stabilizing drugs are the clinically used
taxanes, paclitaxel (Taxol®) and docetaxel (Taxplere®) [13], and the
epothilone B analogue ixabepilone (IXEMPRA") [14].

MT-destabilizing agents bind to unpolymerized tubulin and
block MT formation. Two distinct binding sites were early
recognized, with affinities for colchicine and the so-called Vinca
alkaloids, respectively. Colchicine is a secondary metabolite
produced by plants of the genus Colchicum that has been known for
centuries for its pain-relieving effects in acute gout flares and has
also been used to induce polyploidy in plant cells because it inhibits
chromosome segregation during meiosis. Vinblastine (a.k.a.
vincaleukoblastine, VLB) and vincristine (VNC), on the other
hand, were originally isolated from the Madagascar periwinkle
(Catharanthus roseus, basionym Vinca rosea) and have been in
clinical use for the chemotherapy of a number of hematological and
solid tumors for many years [15]. The capacity of these alkaloids to
arrest cells in metaphase is due to the fact that they inhibit the
assembly and dynamics of MT.

© 2012 Bentham Science Publishers
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The colchicine-binding site is a pocket located within B-tubulin
at the interface with the a-subunit of the same heterodimer [16].
Addition of colchicine to steady-state MT inhibits their growth and
induces their disassembly into heterodimers [17]. Several crystal
structures (Protein Data Bank [PDB] entries 1SA0, 1SA1, 3HKC,
3HKD, 3HKE, 3N2K, and 3N2G) have been solved of protein
complexes comprising the stathmin-like domain of protein RB3
(RB-SLD) and two tubulin heterodimers with ligands bound at the
colchicine-binding site. These complexes show a curved arrange-
ment of tubulin that prevents it from adopting the straight confor-
mation needed for MT formation [18]. Soaking of some of these
crystals with VLB [19] and use of synchroton radiation allowed
Knossow et al. to determine the binding site for this alkaloid at 4.1
A resolution: VLB is located at the longitudinal interface between
two tubulin heterodimers next to the exchangeable GTP-binding
site (E-site) [20]. This location explains why the Vinca alkaloids
inhibit GTP hydrolysis [21], a bimolecular process in which resi-
dues from the o-tubulin subunit are used to catalyze the cleavage of
the B-y phosphodiester linkage of the GTP molecule bound to the
neighboring B-tubulin subunit. The observed bent structure also
accounts for the tendency of these drugs to induce self-association
of tubulin into spiral aggregates at the expense of MT growth [22].
Interestingly, a bent conformation of free tubulin dimers has re-
cently been demonstrated, which suggests that stathmin evolved to
recognize curved structures in unassembled and disassembling
tubulin [23].

Since the binding of natural Vinca alkaloids, as well as that of
their semi-synthetic analogs vinorelbine (VNR) and vinflunine
(VFN)[24], is linked to tubulin self-association, their affinities have
been determined by sedimentation velocity experiments at different
temperatures. These studies have concluded that their binding
is entropically driven and that the overall affinities decrease in
the order VNC > VLB > VNR > VFN, with the latter inducing
the shortest spirals [25-27]. However, the affinity of the four
compounds for tubulin heterodimers appears to be almost identical,
the major differences among them being due to the distinct
affinities of the resulting liganded heterodimers for polymerized
spirals. Likewise, no preference for binding to certain tubulin
isotypes over others has been observed although the binding was
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reported to be enhanced by the presence of GDP rather that GTP
in the nucleotide binding site [28]. On the other hand, the origin
of the positive binding enthalpy (AH) and/or the contributions to
the observed enthalpy-entropy (AS) compensations [29, 30] remain
to be established.

The binding of VLB to tubulin can be inhibited non-
competitively by yet another class of compounds represented by
halichondrin B, which was first extracted from a marine Japanese
sponge, Halichondria okadai [31], and by its synthetic analogue,
eribulin, which is approved for the treatment of metastatic breast
cancer [32]. These agents bind to B-tubulin near the exchangeable
GTP-binding site [33] but do not affect the binding of colchicine
[34]. They suppress MT growth and sequester tubulin into nonfunc-
tional aggregates [35] but, unlike the Vinca alkaloids, they have no
effect on MT shortening.

In this study we have tried to shed some more light into the
binding of VLB, VNC, VNR and VFN (Fig. 1) to tubulin heterodi-
mers using molecular modeling techniques, molecular dynamics
(MD) simulations, continuum electrostatics calculations and energy
decomposition analysis.

METHODOLOGY

The crystal structure of the VLB-colchicine-tubulin-RB-SLD
assembly at 4.1 A resolution (PDB entry 1Z2B) was used as a
template to build molecular models of the whole set of complexes.
For computational limitations, our systems comprised the GDP-
bound B-tubulin subunit of the “bottom™ heterodimer (B,), the GTP-
Mg*"-bound o-tubulin subunit of the “top” heterodimer (a,) and
the respective Vinca alkaloid bound at the interface between them
(Fig. 2). VNC, VNR and VFN were modeled inside the binding
site by editing and refining the three-dimensional structure of VLB.
The molecular graphics program PyMOL version 0.99 (DeLano
Scientific, LLC, Palo Alto, CA) was employed for visualization and
model building.

Addition of missing hydrogen atoms and computation of the
protonation state of titratable groups in o and B-tubulin at pH 6.5
were carried out using the H++ Web server [36], which relies on
AMBER [37] force-field parameters and finite difference solutions
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Fig. (1). Chemical formulae of the four Vinca alkaloids studied: vinblastine (VLB), vincristine (VNC), vinorelbine (VNR) and vinflunine (VFN).
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Fig. (2). PyMOL representation of the two of-tubulin heterodimers (a-tubulin in green, B-tubulin in cyan, and GTP and GDP nucleotides in magenta) stabilized by
colchicine (represented in grey sticks) and bound to VLB (represented as orange sticks) and the stathmin-like domain of protein RB3 (pink helix), as found in PDB
entry 1Z2B. The central figure represents the system that was extracted and solvated for our simulations.

to the Poisson-Boltzmann equation [38]. The charge distribution for
the ligands studied was obtained by fitting the quantum mechani-
cally calculated (RHF/6-31G*//RHF/3-21G*) molecular electro-
static potential (MEP) of the geometry-optimized molecule to a
point charge model, as implemented in Gaussian 03 (Gaussian, Inc.,
Wallingford, CT). Consistent bonded and non-bonded AMBER
parameters for the Vinca alkaloids were assigned by analogy or
through interpolation from those already present in the AMBER
database (ff03). Each molecular system was immersed in a
truncated octahedron containing ~32,300 TIP3P water molecules
[39] and 23 Na" ions [40] to achieve system electroneutrality. The
sander and pmemd modules from the AMBERIO suite (http://
ambermd.org/) were used for the restrained and unrestrained MD
simulations, respectively. Periodic boundary conditions were
applied and electrostatic interactions were treated using the smooth
particle mesh Ewald method [41] with a grid spacing of 1 A. The
cutoff distance for the non-bonded interactions was 9 A, the
SHAKE [42] algorithm was applied to all bonds, and an integration
step of 2.0 fs was used throughout. After an initial energy minimi-
zation of the water molecules and counterions, the system was
heated to 300 K in 25 ps after which the solvent was allowed to
redistribute around the positionally restrained solute for 220 ps.
After this time, only the protein Ca atoms were restrained with
a harmonic force constant of 10 kcal/mol-‘A? so as to explore
the mutual adaptation between ligand and amino acid side chains
without altering the overall conformation of the dimer. Snapshots
from each 10-ns MD trajectory were collected every 20 ps
for further analysis. For visualization purposes, a representative
average structure for each complex was calculated and refined
using energy minimization.

To get an estimate of the free energy change that describes
tubulin-ligand binding we calculated the difference between the
free energy of the complex and that of the respective binding part-
ners using a hybrid molecular mechanics (MM)/generalized Born-
surface area (GBSA) approach, as implemented in AMBER 10 [43,
44]. Energy values were calculated as the averages over 200 snap-
shots from the middle part of the production phase of the MD tra-
jectory for each complex. The van der Waals contribution to the
binding energy was represented as the sum of the total AGqw cal-

culated in the gas phase and the total AGg,s calculated from the
solvent-accessible surface area (SASA) [45], which was determined
using a water probe of radius 1.4 A. The electrostatic contribution
to the binding energy was estimated as the sum of the total AGg,
calculated in the gas phase and the total AGgg calculated by solving
the generalized Born equation [46] using dielectric constants of 1
and 78.5 for solute and solvent, respectively.

To study the conformational space of free VLB in aqueous
solution, the drug was extracted from the complex and, in its bound
conformation, immersed in a cubic box containing ~1,400 TIP3P
water molecules and a chloride ion to achieve electroneutrality. The
energy of this system was minimized in the AMBER force field
prior to running unrestrained MD simulations for 100 ns using the
same conditions as for the complexes. The trajectories were then
processed with the pfraj module in the AMBER 11 suite to estimate
the root-mean-square deviation (RMSD) from the bound initial
geometry and to cluster the resulting conformers of the drug in bulk
solvent. The relative energies of each conformer were extracted and
used to calculate the probability of the microstates as defined by the
Boltzmann distribution formula:

p=ne 7F.i’RT/2j ne ~Ei/RT
where # is the number of structures belonging to each cluster i, E;
is the energy of the average structure extracted from 7, T is the
temperature in Kelvin, R is the gas constant expressed in kcal/mol,
and j is the total number of clusters.

RESULTS AND DISCUSSION

The 100-ns MD simulation of VLB in aqueous solution pro-
vided conformations that did not differ from the initial structure by
more than 1.5 A of RMSD. The clustering analysis identified three
main conformers differing in just the value of the torsional angle
relating the catharanthine and vindoline domains. The most popu-
lated one, by far, was precisely that found in the complex with
tubulin in the crystal structure. Thus, we can state that the VLB
structure, and by extension that of the other Vinca alkaloids, is quite
rigid and that the conformation of the ligand in aqueous solution is
likely to be the same as that present in the VLB-tubulin complex
(Fig. 3). Therefore we can safely assume that these compounds are
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E/p=0/1

E/p=9.25/1.1-10°"7

E/p=9.58/2.1-101

Fig. (3). Best-fit superposition of the three conformers of VLB extracted from the MD simulation in aqueous solution over the initial tubulin-bound structure
(light gray). The ratio between relative energy of the conformer (E;) and the probability of the microstate according to the Boltzmann distribution (p;) is shown.

Fig. (4). Detail of the drug-binding site at the B;a-tubulin (cyan/green) interface in each of the complexes studied after the MD simulation and subsequent
energy refinement of the average structure. VNC (yellow), VLB (pink), VNR (white), VFN (blue), and GDP (magenta) are shown as sticks as well as the
amino acids charted in the energy decomposition analyses. Only polar hydrogens are displayed and hydrogen-bonding interactions are depicted as broken

lines. For clarity only the main drug-interacting amino acids have been labeled.

highly preorganized for binding to curved tubulin at the p,a, inter-
face between heterodimers.

In their respective complexes with a,f;-tubulin, mutual adapta-
tion during the MD simulations between the drugs and the side
chains of the amino acids making up the binding site improved the
intermolecular interactions and provided distinct details for each
complex. The four Vinca alkaloids studied (Fig. 1) exhibit overall
similar van der Waals and electrostatic interaction energy terms
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(Fig. 4) thereby defining a common pharmacophore. Their binding
site is lined by the side chains of a number of mostly non-polar
amino acids from both tubulin monomers. Thus, in the B subunit,
Valg; 177, Tyrp 210, Thrg 221, Prog 222, Thry 223, Tyrg 224 and
Leug;227 are in close contact with the catharanthine domain
whereas Prog;175 and Lysp; 176 provide an interacting surface for
the vindoline domain. In the o subunit, the side chains of Leuy,248
and Pro,325 establish contacts mainly with the indole ring in
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the catharanthine domain while Val,;328, Asng329, Ile,p332,
Alayp333, and Val,»353 interact with both drug domains. There are
two common intermolecular hydrogen bonding interactions: one
between the carboxamide of Asny;329 and the methyl-ester in the
catharanthine domain, and another between the charged amino
group in the catharanthine domain and the backbone carbonyl of
Valg,177. But while this latter interaction is a direct hydrogen bond
in the complexes with VNC and VLB, the slight change of geome-
try induced by the shortening by one carbon of the seven-member
ring in the catharanthine domain of VNR and VFN causes this
interaction to be water-mediated, which could be translated into a
lower affinity. Importantly, the formyl group on the indole ring of
VNC that replaces the methyl in VLB is able to engage in a hydro-
gen-bonding interaction with the positively charged amino group of
Lysp;176. This must be relevant for the in vivo action of these two
drugs because VNC and VLB, despite this minor structural varia-
tion, are endowed with distinct spectra of pharmacological activity
and dose-related toxicities, as well as differential cellular uptake
and retention characteristics [47, 48].

The binding features of the four structurally similar analogs can
be compared pairwise because the differences among them are
mostly confined to the number of carbon atoms in the central satu-
rated ring of the catharanthine domain and the presence or absence
of a hydroxyl group in the common six-membered ring of this same
domain. Thus, VNR and VFN lack the hydroxyl in their six-
membered ring (Fig. 1) whereas VNC and VLB have a seven-
membered ring with an attached hydroxyl that acts as a hydrogen
bond donor to the carbonyl oxygen of Prog;222. On the other hand,
the saturated double bond and the two fluorine atoms that differen-
tiate VFN from VNR provide only a marginally improved electro-
static interaction with Valg177 and Tyrg 224 (Fig. 5). Taken
together, our results are therefore in overall semiquantitative
agreement with the binding affinities measured experimentally
(VNC> VLB > VNR > VFN).

It must be realized that in curved tubulin the binding site we
have studied is exposed to the solvent and displacement of any
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bound water molecules by drug binding must be accompanied by
the release of these water molecules into the bulk solvent, which is
thought to result in a significant entropic contribution to the binding
energy. The same can be said about the water molecules in contact
with the hydrophobic surfaces of the drugs that are released upon
complex formation. These two processes are likely to underlie the
experimental observation that binding of these drugs to tubulin is an
entropically driven process [25, 26, 49]. For the better studied HIV
protease, it was concluded for some ligands that the origin of an
unfavorable enthalpy, despite the fact that intrinsic interactions
were favorable, was the energy cost of rearranging the flap region
in the enzyme and that the dominant binding force was the increase
in solvent entropy that accompanies the burial of a significant hy-
drophobic surface [30].

One limitation of our first approximation to the binding of these
agents to tubulin is, of course, the restraints that we imposed on the
Co trace of the protein. This was done to prevent any major artifac-
tual distortions on tubulin in the absence of protein RB3, which was
not included in our simulations for computational efficiency. This
limitation may have prevented a deeper burial of both VNR and
VFN in the binding site so as to establish a direct hydrogen bond
between the charged amino group in the catharanthine domain and
the backbone carbonyl of Valg 177. If this were the case, the wedge
effect at the Bap-tubulin interface upon drug binding would be
greater for VNR and VEN than that observed for VLB and VNC,
and this may well account for the finding that the spiraling potential
of VFN, a property that happens to be inversely related to the clini-
cally used dosage, is the lowest of all [25, 50].

Since it is well known that MT’s behavior depends on B-tubulin
isotype composition [5], one could have expected differential inter-
actions between these drugs and tubulins of diverse amino acid
composition at both the inter-dimer and intra-dimer interfaces [6].
However, when we performed a multiple sequence alignment (Fig.
6) and mapped the drug pharmacophoric region onto it no differ-
ences were found. Therefore, and taking into account that these
alkaloids bind to unpolymerized curved tubulin, their different

LR
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Fig. (5). Residue-based free energy decomposition for the binding of the four Vinca alkaloids to the B0o-tubulin interface. The filled bars represent van der
Waals energy + hydrophobicity (SASA) while the empty bars stand for the sum of electrostatic (AG.. in the gas phase) and desolvation (total AGgg) energies.
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Fig. (6). Multiple sequence alignment of the B-tubulin isotypes B (QOH4B7), Bia (Q13885), Bus (QIBVAL), Buc (P68371), B (Q13509) and BIV (P04350).
The shaded boxes highlight the B-tubulin regions that interact with the Vinca alkaloids, which happen to be of identical sequence in all isotypes. Asterisks,
colons, dots and blanks indicate, respectively, identical residues and conservative, semi-conservative, or non-conservative mutations.

binding affinities must surely arise from distinct kinetics of MT
formation and catastrophe being exhibited by the tubulin isotypes
and their mixtures rather than from changes in drug-protein interac-
tion patterns.

CONCLUSIONS

An MD simulation of VLB in aqueous solution showed a con-
formational rigidity in this alkaloid that is translated into a high
degree of preorganization for tubulin binding and can be safely
assumed for the remaining members of the Vinca family of drugs.
By extracting the relevant interdimer interface from the only avail-
able crystal structure of VLB-bound tubulin and using model build-
ing and simulation techniques, we explored the conformational
behavior of the drug-binding site in the presence of VLB, VNC,
VNR and VFN. The resulting complexes showed a distinct and
consistent pattern of intermolecular interactions that were analyzed
using the MM/GBSA approach. An extensive number of van der
Waals contacts and a number of hydrogen-bonding interactions
were apparent that nevertheless could not account for the entropy-
driven free energy changes measured experimentally [25, 26]. This
is probably due to enthalpy-entropy compensations arising from
polar group desolvation, structural rearrangement of the binding
site, and the burial of hydrophobic surfaces upon ligand binding.
Nonetheless, we detected the possibility of an extra hydrogen bond-
ing interaction between VNC and Lysg; 176 that is not possible for
VLB and could account for the improved binding energy of the
former over the latter and for the distinct biological profiles of these
otherwise almost identical drugs [25]. Likewise, the absence in
VNR of the interaction involving the hydroxyl group in the ca-
tharanthine domain that is present in the other alkaloids might well
be responsible for the loss of binding free energy in this derivative
compared to VLB [25]. Lastly, it seems that the introduction of the
two fluorine atoms in VFN is not translated into an improved ther-
modynamic profile, in agreement with experimental data showing a
worse binding enthalpy for this derivative relative to VNR and
consequently to VNC and VLB [26]. The resulting pharmacophore
for drug binding cannot explain any differences regarding p-tubulin
isotypes, given the fact that the residues in contact with the drugs
are highly conserved in the tubulin family. Hence, it is more likely
that any differences observed result from variations in the kinetics
of MT formation and catastrophe rather than from a distinct set of
drug-protein interactions.
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TRABAJO EN PREPARACION
“Molecular modeling of the interaction of PM060327 with

tubulin”

(trabajo no concluido)

PM050489 y PMO060184 son miembros de una nueva familia de
compuestos antimitoticos aislados de la esponja marina Lithoplocamia
lithistoides, y PM060327 es un andlogo mds soluble sintetizado por PharmaMar
S.A.U. (Colmenar Viejo, Madrid, Spain). PM050489 y PMO060184 inducen
disrupcion del ciclo celular en la fase Go/M con valores de ICsy en el rango de
subnanomolar, y su dominio de union solapa con el de los alcaloides de la Vinca.
Se han establecido modelos moleculares plausibles para los complejos de
PM060327 con tubulina mediante estudios de acoplamiento y simulacion por

dinamica molecular.
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Molecular modeling of the interaction of PM060327 with tubulin.

Introduction

PM050489 and PM060184 (Figure 1) are members of a new family of antimitotic
compounds originally isolated from the marine sponge Lithoplocamia lithistoides.
PMO060327 (Figure 1) is a more water-soluble analog that has been synthesized at
PharmaMar S.A.U. (Colmenar Viejo, Madrid, Spain).

PMO050489 and PM060184 induce disruption of the microtubule (MT) network
and arrest cells at the G,/M phase of the cell cycle with ICsy values in the subnanomolar
range.' The binding site for these drugs was previously shown to overlap with that used
by vinblastine (VLB)." Molecular models for the complex of tubulin with PM060327

were derived using docking tools and molecular dynamics simulations.

Methods.

Modeling of the binding mode to the B,:0;-tubulin interdimer interface. Our computer
modeling and simulation studies started with the high-affinity analogue PM050489.
Atomic point charge calculations and geometry optimizations for all ligands were carried
out as previously described.”” The conformational space available to PM050489 in
aqueous solution was studied by means of a 50-ns molecular dynamics (MD) simulation
at 300 K. The resulting conformations were automatically docked at the Pi:a,-tubulin
interdimer interface using the Lamarckian genetic algorithm implemented in AutoDock
3.0.5 * by allowing random changes of overall orientation. This interface was generated
from the phomopsin A-colchicine-tubulin-RB-SLD assembly solved at 4.1 A resolution
(PDB entry 3DU7) upon removal of colchicine and phomopsin A. The latter drug shares
the binding site with the vinca alkaloids.” The GDP molecule was conserved and the
protein side-chains in the nucleotide-binding site were slightly reoriented so that they
established the same interactions that are observed in the 2.1 A resolution X-ray crystal

structure of tubulin-RB3-SLD complex (PDB entry 3RYC). To explore the mutual
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adaptation between ligand and amino acid side-chains without altering the overall
conformation of the dimer, to improve the intermolecular interactions and to provide
distinct details for the binding of PM050489, 20-ns MD simulations were carried out for
several docking solutions. At the beginning protein C, atoms were restrained with a
harmonic force constant of 5 kcal-mol™-A™. Thereafter all of the restraints were removed
and 80-ns MD simulations were carried out under the same conditions reported for
several vinca alkaloid-tubulin complexes.’ The binding mode for one of the complexes
remained stable after a total of 100 ns of simulation, and this system was gradually cooled
down from 300K to 273K over 1.2 ns, as reported previously for several taxane-tubulin
complexes.” Energy minimization of the resulting cooled complex employing 10000
cycles of steepest descent followed by 40,000 cycles of conjugate gradient provided the
representative structure that was then used as template to model the complex of
PM060327 with tubulin. This new system was simulated for 50 ns and cooled under the
same conditions of free MD simulation as the previous to provide representative
structures. The molecular graphics program PyMOL (v. 0.99rc6, DeLano Scientific, LLC,

Palo Alto, CA) was used for visualization and molecular editing.

Modeling of the binding mode to o,-tubulin. Removal of the solvent, counterions and the
Bi-tubulin subunit from the previous refined complex provided the starting structure for
the a,-tubulin-PM050489 model, which was immersed in a truncated octahedron of water
molecules, neutralized and equilibrated. The system was first simulated for 10 ns during
which the protein C, atoms were restrained with a harmonic force constant of 5 kcal-mol
'.A” 50 as to reproduce the conformational constraints brought about by the presence of
the upper B,-tubulin monomer that was not included in the simulations for computational
efficiency. After this time the restraints were removed only in the protein segments that
were in direct contact with the ligand so as to study the mutual adaptation without altering
the overall conformation of the o,-tubulin monomer. Once the binding mode remained
stable, the same procedure as the one used for the dimer was carried out to produce the
template to model the complex of PM060327 with a,-tubulin. This new system was

simulated for 50 ns and cooled as before to provide representative structures.
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Modeling of the binding mode to f;-tubulin. Removal of the solvent, counterions and the
ap-tubulin subunit from the previously refined PM060327-f,:0,-tubulin complex provided
the starting structure, which was immersed in a truncated octahedron of water molecules
and neutralized. The complex was then refined and equilibrated using the procedures

described above.

Results

To account for the fact that binding of PM060327 and its analogues to tubulin
displaces bound VLB,' we built three different complexes: (1) an o,f;:a,p, dimer of
dimers (tetramer) with the ligand bound at the B;:a, interface (Figure 2A), (2) an off dimer
with the ligand bound to the a-subunit (Figure 2B), and (3) an aff dimer with the ligand
bound to the B-subunit (Figure 3).

(1) PM060327 is proposed to adopt an extended conformation at the [;:a,-
interdimer interface and to occupy most of the VLB-binding site™ in such a way that the
tert-butyl moiety interacts mainly with the o, subunit, the free hydroxyl with the B,
subunit, and only the lactone end interacts with both a, and [, subunits. This binding site
is mainly made up of the side chains of non-polar amino acids from both tubulin
monomers. Thus, Leuy;248, Proy,;325, Val»328, 1le,;332, Asng329, Lys,336, Phe351,
Val353 and Ile,;355 from a,-tubulin line the hydrophobic binding pocket in which the
tert-butyl group is lodged. In B;-tubulin, Prog,175, Lysp 176, Valg 177 and Serg; 178
provide an interacting surface for the terminal lactone whereas Tyrp 210, Pheg,214,
Prog;222, Thrp,223, Tyrp 224 and Leuy,227 make up a hydrophobic pocket where the
terminal Cl-butenyl moiety is buried. The two central amide bonds play a key role in the
stabilization of this binding pose because the NH at position 15 and the carbonyl oxygen
at position 14 establish hydrogen bonds, respectively, with the Asn,329 carboxamide
oxygen and the backbone NH of Serp178. In addition, both ends of the ligand are
stabilized by electrostatic interactions: the lactone carbonyl oxygen acts as a hydrogen
bond acceptor for the side-chain amino group of Lys,336, and the hydroxyl at position

22 establishes transient hydrogen bonding interactions with the backbone carbonyl
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oxygen of Prog 222 and the NH of Thry223. This binding mode we propose for
PM060327 shares some features with that of VLB insofar as it involves similar
electrostatic interactions with Asn,;329 and Prog;222 and also van der Waals interactions
with the side chains lining the hydrophobic pockets that lodge both the tert-butyl group
(in op-tubulin) and the terminal Cl-butenyl (in B;-tubulin).’ This docking pose accounts
for the structure-activity relationship for PM060327, PM060184 and PM050489. The
change from a hydroxyl at position 22 in PM060327 to a carbamate in PM050489 and
PM060184 increases the affinity because the NH of this group establishes an additional
hydrogen bond with the backbone carbonyl oxygen of Prog;222, while its carbonyl
oxygen interacts with Tyr,357 through a bridging water molecule that is always present
during the simulations of the B;:a,-tubulin—-PM050489 complex. Likewise, the loss of
binding affinity of PM060184 compared to PM050489 is probably due to the presence of
a hydrogen atom instead of a chlorine at position 25, which reduces the van der Waals
interactions with the hydrophobic pocket in the B, subunit. When this model was
compared with the high-resolution tubulin-RB3-SDL complex at 2.10 A resolution (PDB
entry 3RYC),” no gross structural changes were found except for small mutual
adaptations. The main differences are due to the lodging of the Cl-butenyl moiety
between helix H6 and the N-terminus of H7 in [;-tubulin, and the burial of the ferz-butyl
group into the cavity present between S9 and H10 in ap-tubulin. This pocket is occupied
by similar hydrophobic groups present in VLB, phomopsin A and soblidotin in their
respective complexes with colchicin-tubulin-RB3-SLD (Figure 4).”

(2) In the absence of the interdimer [;-subunit, the PMO060327-a,-tubulin
complex evolved in such a way that the Cl-butenyl moiety of the ligand induced a slight
rearrangement of helix H8 that led to the creation and occupancy of a hydrophobic pocket
made up of the side chains of Leuy248, Val»250, Glu,;254 (the residue responsible for
GTP hydrolysis in polymerized MT),&9 Phe»255, Cysy316 and Lys,,352 (Figure 5). On
the other hand, the lactone end and the fert-butyl group remained lodged in the
hydrophobic cleft between S9 and H10, and the two hydrogen-bonding interactions
involving Asn,329 and Lys,»336 were maintained. In addition, reorientation of the Cl-
butenyl group favored the formation of three additional hydrogen bonds between: (i) the

carbonyl oxygen at position 14 and the backbone NH of Val,;353 in strand S9 through a
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bridging water molecule, (ii) the NH at position 18 and the backbone carbonyl oxygen of
this same valine, and (iii) the hydroxyl at position 22 and the side chains of Lys,;352 and
Glu,254 although solvation makes these latter interactions quite transient. In this
proposed binding mode, PM060327 then mimics the N-terminal B-hairpin of RB3-SLD
protein by occupying the shallow groove lined by strand S9 and helix H10 in o,-tubulin
in such a way that the fert-butyl moiety nicely superimposes with the side chains of either

Phe20 or Trp20. >*'*1

(3) In the absence of the interdimer o,-subunit, the PM060327-f;-tubulin
complex did not display any stable intermolecular hydrogen bonds that act as ligand-
anchoring points and the hydrophobic interactions were limited to the burial of the Cl-

butenyl into the vinca alkaloid-binding subsite (Figure 3).

Conclusions

From the molecular modeling point of view, we favor models (1) and (2) in
preference to model (3). Significantly, the indole ring of Trp20 from RB3-SDL occupies
the same hydrophobic pocket as the indole ring present on the catharantine domain of
VLB and the 3,4-didehydrovaline and isoleucine moieties of phomopsin A and soblidotin,
respectively’ (Figure 6). This structural evidence persuades us to favor a unique binding
site for PM060327 and related analogues in o-tubulin rather than an alternative, low-
affinity binding subsite in p-tubulin, as defined for phomopsin A by Krebs et al.” and also
proposed for halichondrin A and ERI by Hamel et al. '*

*Disclaimer: The project has been partially funded by PharmaMar, which has

commercial interests in these compounds.
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Figure 1- PMO050489 is a potent microtubule depolymerizing agent. Chemical
structures of PM05489 and the employed analogs.
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Figure 2.- High resolution molecular model of the two possible interactions of PM060327 with tubulin.
A. Bj:0,-interdimer interface model. AA. PyMOL representation of the two af-tubulin heterodimers (a-
tubulin in green, B-tubulin in cyan, and GTP and GDP nucleotides in magenta) stabilized by colchicine
(represented in grey sticks) and bound to phomopsin A (represented as blue sticks) and the stathmin-like
domain of protein RB3 (pink helix), as found in PDB entry 3DU7. AB. The central segment of the previous
structure was extracted and, upon removal of phomopsin A, used to build and simulate the complex with
PMO060327. AC. Detail of the B;:a, interface showing stably bound PM060327 (yellow sticks). Tubulin
residues relevant for binding are displayed as sticks and dashed lines represent hydrogen bonds. B. Single site
model. BA. PyMOL representation of the f;:a,-interdimer interface model out of which the a,-tubulin (in
green with the GTP nucleotide represented in magenta sticks) subunit in complex with PM060327
(represented as yellow sticks) was extracted. BB. A 90° rotated image of a-tubulin showing stably bound
PM600327. Important amino acids for drug binding are displayed in sticks and dashed lines represent
hydrogen bonds.
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Figure 3. PyMOL representation of PM060327 (yellow sticks) bound to B;-tubulin (cyan
cartoons), with the important amino acids for drug stabilization displayed as sticks. For

reference, the GDP molecule is shown as sticks colored in magenta.
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Figure 4. Superimposition of the Bi:op-interdimer interfaces of the X-ray crystal
structures (1Z22B, 3DU7 and 3E22) containing VLB (grey sticks), phomopsin A (blue
sticks) and soblidotin (orange sticks), respectively. The B;- and a,-subunits are
represented as cyan and green cartoons, and the S9 B-sheet and H8 and H10 a-helices

have been labeled.
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Figure 5. A. PM060327 (yellow sticks) bound at the B:ap-interdimer interface model as
seen from the B subunit (semitransparent cartoon in cyan); for reference, the bound GDP
nucleotide is also shown as magenta sticks. B. PM060327 (yellow sticks) docked with the
same orientation in the single site model in a-tubulin. The red circle indicates the location
of the cryptic pocket that opens up during the simulation of the a-tubulin-PM060327

complex.
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Figure 6. Molecular surface representation (green) of the hydrophobic cleft in a-tubulin
in the complexes with A) PM060327 (yellow sticks) in our single site model; B)
phomopsin A (blue sticks) in the 4.10 A resolution structure in PDB code 3DU7; C) VLB
(grey sticks) in the 4.10 A resolution structure in PDB code 1Z2B; D) RB3-SLD (pink
cartoons and sticks) protein in the 3.65 A resolution structure in PDB code 3HKB; and E)
RB3-SLD protein (pink cartoons and sticks) in the 2.10 A resolution structure in PDB
code 3RYC.
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“L’expérience est une lanterne que [’on porte sur le dos

et qui n’éclaire jamais que le chemin parcouru”

Confucius
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CONCLUSIONS

5.1 Optimization of Taxane Binding to Microtubules: Binding

Affinity Dissection and Incremental Construction of a High-Affinity

Analog of Paclitaxel.

1.

Mutual adaptation of both ligand and protein during refinement of the
crystallographic structure supports a different rotameric state for the
imidazole side chain of His229 in the PXL-B-tubulin complex relative to
the reported X-ray crystal structure.

The PXL-binding site in B-tubulin is divided into two sub-pockets by the
side chain of His229 that is exposed to bulk solvent and for which a
double protonation state with a formal positive charge is proposed.

The proposed bound conformation for PXL corresponds to that described
as the T-taxol geometry.

Common hydrogen bonds that stabilize the binding mode of PXL, DXL
and CTX40 are established between (i) the oxetane oxygen of the
baccatine ring and the backbone NH of Thr276, and (ii) the carbonyl
oxygen of the CI13 substituent and Ne in the imidazole side chain of
His229.

The main van der Waals interactions that stabilize taxane binding are due

to the burial of the C2 benzoyl moiety within the hydrophobic pocket next
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to His229 and of the common phenyl ring in C13 inside the hydrophobic
pocket located at the base of the binding site.

5.2 COMBINE-guided design of new C2- and C(3’-substituted

taxanes: tubulin binding affinities and quantitative structure-activity

relationships.

1.

A robust quantitative structure-activity relationship has been established
for a group of semisynthetic taxanes for which the thermodynamic
contribution to stabilized microtubules had already been measured.

A COMBINE chemometric model able to correlate experimental AG
values with a series of weighted interaction energy terms has been built.
The improved predictive ability of the COMBINE model built from
complexes that incorporate a doubly protonated imidazole side chain at
His229 support the proposed protonation state for this crucial tubulin
residue.

In order to validate the model externally new taxanes with modified
moieties at the C2 and C3’ substituents were designed, synthesized and
tested by our collaborators in this project.

The outlying behaviour of the three taxanes that largely deviated from the
regression line could be accounted for by an exceedingly unfavourable
entropic component that is not currently incorporated into the COMBINE
methodology.

Incorporation of the new modified taxanes into the training series updated
the COMBINE model and provided more accurate guidelines for further

modifications.
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5.3 Comparative Binding Energy (COMBINE) analysis supports a

proposal for the binding mode of epothilones to f-tubulin.

1.

Molecular dynamics simulations in aqueous solvent were used to sample
the conformational space of free epothilone A (EPA) and captured, albeit
in a very low percentage, the B-tubulin-bound conformation as determined
by NMR-determined.

The proposed binding mode for EPA to [-tubulin obtained by an
automated ligand-receptor docking program remained stable during the
molecular dynamics simulations and proved to be totally different from
that reported in the crystallographic structure deposited in the PDB under
the code 1TVK.

The bound conformation obtained in our model is in consonance with a
previously reported NMR-derived conformation although the proposed
orientation within the binding site is different.

The common pharmacophore for taxanes and epothilones appears to be
limited to a good general overlap of both types of compounds in the
commonly filled half-site and the presence of two similar anchoring
moieties, namely the C3-OH/oxetane and the C15-thiazole/C2-benzoyl
pairs in epothilones and taxanes, respectively.

The proposed binding mode accounts for the importance of the hydroxyl
group at position 3 of the epothilone macrocycle and explains the effect
that some tubulin mutations have on the binding affinity of this family of
antitumor drugs.

Extension of the proposed binding mode for EPA to a series of synthetic
analogues and use of the COMBINE method using the whole set of
complexes allowed us to derive a quantitative QSAR model that correlated
the experimentally measured binding enthalpies with a selection of

weighted interaction energy terms.
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7.

The derived COMBINE model was able to predict reasonably well the
binding enthalpies of three synthetic epothilones that were not part of the
training set.

The fact that binding enthalpies but not binding free energies could be
accurately predicted highlights the need to improve the description of

entropy and its incorporation into the chemometric model.

5.4 Tubulin-based Structure-affinity Relationships for Antimitotic
Vinca Alkaloids.

1.

Molecular dynamics (MD) simulations of vinblastine (VLB) in water
revealed a conformation identical to that reported for the tubulin-bound
VLB during almost the whole trajectory.

The refined binding mode for tubulin-bound VLB after MD simulations of
the complex shows improved mutual adaptation and optimization of the
specific interactions of the ligand with the amino acids that line the
binding pocket.

The other three Vinca alkaloids studied bind to the o,f; interdimer
interface in a very similar way and therefore share a common
pharmacophore.

The small structural differences among the four alkaloids studied translate
into very subtle variations in the binding mode that, once studied by per-
residue energy decomposition, could be qualitatively related to differences
in experimentally measured binding energies.

Given that the amino acid composition of the Vinca-binding domain is the
same in all tubulin isotypes, the reported different affinities of the Vinca
alkaloids for these isotypes is possibly due to distinct MT kinetics

depending on tubulin isotype content.

240



5.5 Molecular modeling of the interaction of PM060327 with

tubulin.

1.

PM060327, the more water-soluble analogue of PM050489, is proposed to
bind at the VLB-binding site at the P;:op-interdimer interface in an
extended conformation.

The proposed binding mode for PM060327 shares some features with that
of VLB as it involves similar electrostatic interactions with Asny»329 and
Prog;222 and also van der Waals contacts with the side chains lining the
hydrophobic pockets that lodge both the fert-butyl group (in ap-tubulin)
and the terminal Cl-butenyl (in B;-tubulin).

The hydrophobic pocket in a,-tubulin is also occupied by a hydrophobic
ligand group in the complexes of phomopsin A and soblidotin with
colchicin-tubulin-RB3-SLD.

This docking pose at the Pi:0p-interdimer interface was extended to
analogues PM060184 and PM050489 and satisfactorily accounts for the
structure-activity relationship.

Of the two possible single-site models only that between PM060327 and
ap-tubulin proved to show distinct anchoring points and to be stable over
the molecular dynamics trajectory.

Upon rearrangement of helix H8 in the PM060327-a,-tubulin complex, a
cryptic hydrophobic pocket was revealed into which the Cl-butenyl end of

the molecule was finally lodged.
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“I not only use all the brains that I have,

but all that I can borrow”

Woodrow Wilson, 28th president of US (1856-1924)
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