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p300/CBP
RBBP
RBP2
RIZ
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RNAPII
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SFMBT
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La nomenclatura comun para las modificaciones de las histonas es:
a) Elnombre de la histona (H1, H2A, H2B, H3, H4, y variantes)
b) Abreviatura del aminoacido modificado siguiendo el codigo IUPAC de una letra.
¢) La posicion en la que se produce la modificacion desde el extremo N-terminal.
d) Eltipo de modificacion (me: metil, ph: Fosfato, ac: Acetil, ub: Ubiquitina)
e) En el caso de las metilaciones, representa el nimero de grupos metilo afiadidos (1:

monometilacidn, 2: dimetilacion, 3: trimetilacion)

Por ejemplo:
H3 (a)K(b)4(0)me(d) 1 (e)

H3K4mel denota una monometilacion de la cuarta lisina de la histona H3.
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Andlisis bioinformatico de los reguladores epigenéticos

INTRODUCCION

“No encontraras trabas en el camino
si se mantiene elevado tu pensamiento y es exquisita

la emocion que toca el espiritu y el cuerpo”.

1. Base molecular de las diferencias fenotipicas

En Febrero de 2001, el International Human Genome Sequencing Consortium
(IHGSC) publicaba los primeros resultados generales del proyecto de secuenciacion
masiva del genoma humano en la revista Nature’. Los datos presentados recogian
casi 3.000 millones de pares de bases de ADN que cubrian mas del 90% del genoma
humano. Dos afios mas tarde, el IHGSC anunciaba la consecucion del Proyecto
Genoma Humano y publicaba una secuencia que alcanzaba una cobertura del 99%
del genoma humano con un 99.99% de exactitud’. Comenzaba asi, de forma “oficial”,
la denominada era post-gendmica, cuyo objetivo declarado era obtener los frutos de
los proyectos genoma desarrollados hasta el momento. A la luz de este objetivo surgié
la gendmica comparativa, una estrategia poderosa en la que la bioinformatica jugaba
un papel vital. Dicha estrategia se basa en el analisis y la comparacién de genomas de
diferentes organismos, con el objetivo de conocer los fundamentos moleculares de la
evolucién de las especies y determinar asi la funcidon de los genes y regiones no

codificantes que integran los genomas.

En aquel momento, autores como Chris P. Ponting creian que la creciente
disponibilidad de genomas daria lugar a una nueva disciplina conocida como zoologia
gendémica®, en la cual las diferencias entre genomas explicarian la aparente distincion
tanto fisiologica como morfolégica entre especies, especialmente si estas diferencias
eran el resultado de una adaptacion evolutiva. Sus estudios comparativos de los
genomas de humano y raton proporcionaron informacién sobre la evolucién adaptativa
de algunos grupos de genes involucrados en placentacion, sistema inmunitario, olfato
y reproducciéon. Aunque estos grupos de genes permiten explicar diferencias obvias en
la fisiologia humana y la del roedor, no explican las grandes diferencias fenotipicas

entre ambas especies.
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INTRODUCCION

Durante los siguientes afos se publicaron diferentes estudios comparativos entre el
genoma humano y el de diferentes organismos modelo que han divergido
notablemente respecto al linaje humano como: ratén?, rata®, gallina® y pez’. El acceso
a los diferentes genomas revolucioné nuestra comprensién de como se organiza la
informacién genética, y como ésta ha evolucionado con el paso del tiempo, y mejord
sustancialmente la anotaciéon funcional de los diferentes genomas. Globalmente, la
mayoria de estos estudios reflejan que mas del 95 % del genoma evoluciona de forma
neutra, y que so6lo un 5 % parece estar bajo presion selectiva, lo que indica que
existen otros elementos gendmicos (como regiones no traducidas, elementos
reguladores, elementos estructurales cromosémicos, etc.) que podrian desempenar
una funcién bioldégica. La comparacion entre el genoma humano y el de los
organismos modelo citados anteriormente refleja que comparten la mayoria de sus
genes, e incluso estos se encuentran en el mismo orden que en su ancestro comun.
Las diferencias mas notables observadas entre genomas se deben a la expansién de
ciertas familias de genes que afectan sistemas fisiologicos que han sido objeto de

innovacion en un determinado linaje*”.

En Julio de 2005 The Chimpanzee Sequencing and Analysis Consortium public en la
revista Nature una secuencia preliminar del genoma del chimpancé comun®. Este
hecho marcé un hito en los estudios comparativos entre especies, ya que permitia
cotejar el genoma humano con el de su pariente vivo mas cercano. A pesar de las
diferencias acumuladas desde que humanos y chimpancés divergimos de nuestro
ancestro comun (unos treinta y cinco millones de cambios puntuales en nucleétidos,
cinco millones de eventos de insercidon/delecidbn y varios reordenamientos
cromosOmicos) los patrones evolutivos de los genes codificantes en humano y
chimpancé estan fuertemente correlacionados y dominados por la fijacion de alelos
neutros o ligeramente deletéreos®. Es decir, la mayoria de cambios evolutivos se
deben a la deriva neutra, y s6lo una pequefia porcién de la variacion interespecifica
total esta causada por cambios adaptativos. Estos datos, junto con los estudios
comparativos mencionados anteriormente, sugieren que no toda la variacioén fenotipica
observada entre especies puede explicarse por la informacién contenida en el ADN.
Ello nos lleva de forma natural a preguntarnos: ¢qué otros factores participan en las

diferencias fenotipicas observadas entre el ser humano y los organismos modelo?
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Andlisis bioinformatico de los reguladores epigenéticos

1.1. Estudios con gemelos monocigéticos. El papel del entorno.

Diferentes estudios muestran que ademas del mensaje contenido en el ADN, existen
otras fuentes de regulacién de la expresién génica que contribuyen a la variabilidad
fenotipica®. Los estudios comparativos de gemelos monocigéticos son un ejemplo
clasico en genética, ya que al tratarse de individuos genéticamente idénticos han sido
utilizados frecuentemente para demostrar el papel que desempefan los factores
ambientales (como por ejemplo, la nutricibn o agentes quimicos/fisicos) en la

determinacion del fenotipo'®"

. Aunque la herencia genética influye claramente en el
riesgo de padecer una determinada enfermedad o en la adquisicion de un determinado
fenotipo, importantes discordancias entre gemelos monocigéticos reflejan que la
secuencia de ADN por si sola no puede determinar completamente el fenotipo'. Por
ejemplo, la mitad de gemelos monocigéticos, en el caso de la esquizofrenia, no

comparten la enfermedad™.

Sin embargo, incluso las variaciones de entorno muestran limitaciones a la hora de
explicar ciertas diferencias entre individuos genéticamente idénticos. Por ejemplo, en
un estudio pionero realizado con 100 parejas de gemelos monocigéticos vy
dicigoticos'®, se compararon las evaluaciones fisicas y psicolégicas de gemelos que
habian crecido compartiendo el mismo entorno con aquellos que habian sido
separados desde la infancia, con el objetivo de aislar la contribucién del entorno en el
fenotipo. Las correlaciones entre ambos tipos de gemelos monocigéticos para la
mayoria de  variables observadas fueron casi idénticas  (patrones
electroencefalograficos, presién  sistélica, frecuencia cardiaca, respuesta
electrodérmica, cuestionarios de personalidad, etc.). El hallazgo de dicho estudio es,
en general, consistente con otros estudios en gemelos monocigo6ticos. Por ejemplo, la
Ulcera péptica, una enfermedad con un claro componente ambiental (exposicion a
Helicobacter pylori) ha sido objeto de estudio basado en gemelos monocigéticos. Los
resultados reflejan que los factores genéticos son realmente importantes en la
vulnerabilidad, sin embargo, la comparaciéon de gemelos que han crecido separados
con aquellos que han compartido el mismo entorno, sugiere que compartir el mismo

entorno tienen un efecto leve en la susceptibilidad a sufrir tlcera péptica™.
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1.2. Estudios con animales genéticamente idénticos. El tercer

componente

En una serie de experimentos disefiados para explorar la contribucion relativa de los
genes, el ambiente y otros factores en la adquisicién de un determinado fenotipo™, se
pudo demostrar que la mayoria de variabilidad no genética no era debida al entorno.
Las fuentes de variacibn genética fueron minimizadas utilizando animales
consanguineos, pero la reduccion de la variabilidad genética no redujo la cantidad de
variacion observada en los fenotipos. El entorno controlado del laboratorio no tuvo
mayor efecto en la variabilidad interindividual al compararlo con la variabilidad del
entorno natural. Solo un 20-30% de la variabilidad podria atribuirse a factores
ambientales, y el 70 — 80% restante de variacién no genética se adjudicé a un “tercer

componente” cuya base molecular se desconocia™.

El clonaje de mamiferos se ha podido llevar a cabo recientemente en varias

especies'®®

, 'y también supone una oportunidad para diferenciar los efectos genéticos
del resto de factores que pueden influir en la adquisicién de un determinado fenotipo.
Los clones fruto de estos experimentos, a pesar de tener el mismo genoma que el
donador, exhiben una amplia variedad de anomalias fenotipicas que, obviamente, no
pueden atribuirse a causas genéticas y tampoco pueden atribuirse al entorno en el que
viven, ya que estos primeros ejemplares de animales clonados son supervisados en

entornos estrictamente controlados?.

Normalmente, cuando se descartan las fuentes de variacién genética, se considera
que los factores ambientales son la fuente del resto de la variacion. Sin embargo, en
los ejemplos antes mencionados, la variacion persiste a pesar de tratarse de
ambientes invariantes. Entre el componente ambiental y el componente genético,
existe un “tercer componente” epigenético, que explicaria cdmo los factores
ambientales pueden dar lugar a multiples fenotipos partiendo de la misma base
genética. Los estudios de Fraga y colaboradores’' sugieren que los factores externos
y/o internos pueden tener un impacto notable en el fenotipo al alterar la expresion

génica mediante cambios en los perfiles epigenéticos.
Los mecanismos moleculares encargados de esta regulacion epigenética de la

expresién génica podrian ser uno de los factores que contribuyen a las diferencias

fenotipicas entre especies, particularmente en aquellos casos en los que ambas
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especies comparten una base genética muy similar, como en el caso del hombre y el
chimpancé. A lo largo de esta introduccidén profundizaremos con algo mas de detalle

en las bases moleculares del control epigenético de la expresidn génica.

2. ; Qué entendemos por epigenética?

Aunque el término “epigenética” se ha utilizado mucho durante los ultimos afios,
Conrad Hal Waddington introdujo el término a principios de los afios 40'. El definié
epigenética como: “the branch of biology which studies the causal interactions between
genes and their products which bring the phenotype into being”. En el sentido original
de esta definicion, la epigenética se refiere a todas las vias moleculares que modulan
la expresion del genotipo dando lugar a un determinado fenotipo. Con el paso de los
afos, y el rapido crecimiento de la genética, el significado de la palabra se ha ido

restringiendo.

El uso contemporaneo mas extendido del término epigenética, y el que se empleara a
lo largo de la presente tesis, hace referencia al estudio de los cambios heredables y
transitorios en la expresion génica que no implican un cambio en la secuencia
primaria de ADN?. Debido a la similitud con el término “genética’, se han generado
algunos paralelismos muy extendidos y que con mayor o menor frecuencia también se
emplearan a lo largo del texto. Por ejemplo, en relacién al concepto de “genoma”, el
epigenoma se refiere al estado epigenético global de una célula. Por otro lado, la frase
“codigo genético” ha sido adaptada a “coédigo epigenético”, y se emplea para referirse
al conjunto de caracteristicas epigenéticas que, en su combinacién, generan diferentes

fenotipos en diferentes células'®.

2.1. Mecanismos epigenéticos de control de la expresion
génica

Existen distintos mecanismos que, bien de forma individual, bien en combinacién,
generan distintos niveles de regulacién de la expresion génica. Por ejemplo, los
factores de represion que reconocen y se unen a motivos de secuencia en cis, como
es el caso de la proteina TBP que inhibe componentes de la maquinaria de
transcripcion®’; o bien, los tiempos de replicacion del ADN, que permiten distinguir
entre regiones de replicacion tardia, que correlacionan con la represién génica a nivel
de genes individuales; o regiones de replicacion temprana, donde se agrupan los

genes housekeeping®®. Desde el punto de vista epigenético, los principales
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mecanismos de regulacién de la actividad transcripcional de los genes son®: (i)
remodelacién dependientes de ATP de la estructura de la cromatina, (ii) introduccién
de las variantes de histonas, (iii) metilacion del ADN, y (iv) modificaciones covalentes

de las histonas (Figura 1).

Figura 1 | Capas de organizacion de la cromatina en el nucleo de las células de mamifero
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2.1.1. Remodelacion dependiente de ATP

Algunos complejos, como el conocido SWI/SNF ATP-dependent remodelling complex,
facilitan el movimiento de las histonas a lo largo de la molécula de ADN, lo que
conlleva la compactacion o descompactacién de la cromatina. Estudios in vitro han
demostrado que los complejos SWI/SNF producen un desensamblaje de la estructura
del nucleosoma dependiente de ATP*. La principal funcién de estos complejos es
regular la transcripcion génica, activandola o reprimiéndola dependiendo del grado de
compactacion de la cromatina; sin embargo, también estan implicados en el

ensamblaje de la cromatina®.

2.1.2. Variantes de histonas

Hace anos que se sabe de la existencia de las variantes de histonas H2A y H3. Sin
embargo, ha sido durante los ultimos afos cuando se han relacionado con estados
alternativos de la cromatina. Estas variantes se depositan durante la replicacion y

sustituyen a las histonas candnicas, distinguiendo diferentes estados de la cromatina
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en los centromeros, en el cromosoma X inactivo en mamiferos y en Joci
transcripcionalmente activos®. Recientemente, se ha observado que la cromatina
activa esta enriquecida en ciertas variantes de histonas. Por ejemplo, la variante de
histona H3.3 es un marcador de cromatina activa, y el desplazamiento de la histona
H3 por la variante H3.3 proporciona un mecanismo dinamico para la rapida activaciéon
de la cromatina, por ejemplo, cuando ha sido previamente inactivada por metilacién de

la lisina 9%,

2.1.3. Metilacion del ADN

La metilacion del ADN es una de las modificaciones epigenéticas mejor caracterizada,

que desempefia un papel critico en el control de la actividad génica y en la
arquitectura del nucleo de la célula. La metilacion del ADN se establece y se mantiene
mediante la familia de las metiltransferasas de histona (DNMTs). En humanos, se
produce en las citosinas que preceden a guaninas -el comunmente denominado
dinucleotido CpG-, se establece durante las primeras etapas del desarrollo y es una
marca epigenética heredable®. Dicho dinucleétido no esta distribuido de forma
aleatoria en el genoma, sino que existen regiones ricas en él, conocidas como islas
CpG. Aproximadamente el 60% de los genes tienen su regidon promotora ubicada en
estas islas®® que normalmente estan desmetiladas, excepto en subgrupos particulares

3031 La metilacion

de genes cuyas islas CpG aparecen metiladas en células tumorales
del ADN esté relacionada con el silenciamiento génico e introduce un control adicional
de ciertos genes especificos de tejido, inhibiendo su expresién de forma diferencial,
dependiendo del tipo celular o tejido®. Por ejemplo, los genes SERPIN, miembros de
la familia de inhibidores de proteasas, o los genes MAGE de la linea germinal, estan
silenciados en la mayoria de tejidos excepto en tumores malignos®. La impronta
gendbmica asegura la expresion monoalélica de un gen o dominio gendmico
determinado mediante metilacion del ADN*, y una reduccion de dosis génica similar
se produce en la inactivacion del cromosoma X en hembras®. La hipermetilacion de
secuencias repetitivas del genoma probablemente previene la inestabilidad
cromosOmica, limitando las translocaciones y disrupciones génicas originadas por la
reactivacion de secuencias de ADN transponibles®. Células con defectos espontaneos
en las DNMTs* o disrupciones experimentales de dichas enzimas presentan

anomalias nucleares®.
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La relacion entre la metilacién del ADN y la estructura de la cromatina se establece a
través de determinadas modificaciones covalentes de las histonas, concretamente
mediante la deacetilacion de las histonas y la metilacién de H3K9. Existen evidencias
de que la metilacién del ADN influye en el patron de modificaciones de las histonas.
Por ejemplo, los componentes de la maquinaria de la metilacién del ADN reclutan

complejos represores que contienen deacetilasas de histonas®.

Figura 2 | Estructura cristalografica del nucleosoma

B/ W

A. OCTAMERO DE HISTONAS + 146 bp DE ADN. La estructura cristalogréfica del nucleosoma determinada mediante
rayos X (codigo PDB: 1AQ!) muestra como se ensambla el octamero de histonas y como la superhélice de 146 bases de
ADN se organizan alrededor de este. Un tetramero de histonas formado por dos histonas H3 (azul) y dos histonas H4
(naranja), junto dos dimeros de las histonas H2A (rojo) y las histona H2B (verde) integran el octamero de histonas. B.
OCTAMERO DE HISTONAS. En esta figura se ha retirado la superhélice de ADN para facilitar la visualizacion de las
colas de las histonas, y como su estructura desordenada pasa sobre y entre los giros de ADN para quedar expuestas a

las diferentes maquinarias bioldgicas

2.1.4. Modificaciones covalentes de las histonas

Las histonas estan sujetas a una amplia variedad de modificaciones del extremo N-
terminal y, con menor frecuencia, del extremo C-terminal y el dominio globular. La
presente tesis se centra exclusivamente en el estudio de diferentes aspectos de este
mecanismo epigenético, y por lo tanto se dedicara un mayor esfuerzo a su
descripcion. Para ello primero repasaremos los aspectos estructurales y funcionales
de las histonas, para después describir los diferentes tipos de modificaciones que

pueden experimentar.
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3. Cromatina y procesos epigenéticos: el rol de las

histonas y sus modificaciones.

El nucleo de la célula eucariota, de apenas 10 um de didmetro, contiene genomas
cuyo tamano puede ir de los 12 millones de pares de bases en Saccharomyces
cerevisiae hasta los 6.000 millones de pares de bases en Homo sapiens (cuya fibra de
ADN se extiende mas alla de los 2 metros®). Ello es posible debido a que los genomas
eucariotas estdn compactados y organizados en el interior del nucleo celular, en una
estructura nucleoproteica estable conocida como cromatina, cuya unidad basica es el

nucleosoma (Figura 2).

El nucleosoma esta formado por un octamero de histonas (un tetrdmero de histonas
H3 y H4, flanqueado por dos dimeros de histonas H2A y H2B) sobre el cual se
enrollan 146 pares de bases de ADN* (Figura 2A). Las histonas son pequefias
proteinas basicas que se encuentran en el nucleo de la célula eucariota, con una
region central altamente estructurada que forma el corazén del nucleosoma, conocida
como dominio de plegamiento de la histona; sus extremos N y C terminales
sobresalen de la superficie del nucleosoma, tal y como muestra la estructura
cristalografica del nucleosoma®*' (Figura 2B) y no adoptan una estructura definida. La
principal funcién de las histonas es estructural ya que permiten reducir el volumen que
ocupa el ADN para poderlo ubicar en el interior del nucleo celular, ademas de reforzar

y aumentar su manejabilidad durante la metafase.

El nucleosoma es el primer nivel de compactacién de la cromatina; en presencia de
histonas H1, o linker, u otras proteinas asociadas a la cromatina, los nucleosomas
pueden condensarse en fibras de 30 nm de diametro*’. El sistema mediante el cual la
fibora de 30 nm se empaqueta hasta llegar al nivel maximo de compactacion, el
cromosoma, es aun poco conocido® (Figura 3). Dependiendo del grado de
compactaciéon, podemos distinguir varios tipos de cromatina que se corresponden con
diferentes niveles de actividad transcripcional**: (i) eucromatina, o también
denominada cromatina activa, que coincide con regiones menos compactadas del
genoma y que son, por lo tanto, transcripcionalmente activas, y (ii) heterocromatina,
que debido a su elevada compactacién corresponde a regiones transcripcionalmente

inactivas, por lo que también recibe el nombre de cromatina inactiva.
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Desde el punto de vista de la funcién génica, una consecuencia muy importante de la
compactacion de la cromatina es que impide el acceso de las maquinarias biolégicas
encargadas de procesos tales como la replicacion, la transcripcion, la reparacion y la
recombinacién del ADN***®. Por lo tanto, para que todos estos procesos ocurran en el
lugar y momento adecuados, se han desarrollado una serie de mecanismos
moleculares que actuan sobre la estructura de la cromatina, regulando su grado de

compactacion.

Figura 3 | Organizacion del ADN en la estructura de la cromatina

5 La subunidad fundamental de /a cromatina es

el nucleosoma. que consiste en 147 pares de
1 bases de ADN enrolladas alrededor del

octamero de histonas. Cada nucleosoma esta
L] conectado con su veciro a través de un
pequeno fragmento de ADN (10-80 bp) y esta
cadena de polinucleosomas se pliega
formando una fibra de 30 nm de diametro
Esta fibra queda estabiizada mediante la
unién de la histona H1 a cada nucleosoma y
al ADN linker. Finalmente, el nivel superor de
compactacién del ADN es el cromosoma
mitético. Los mecanismos que permiten que
estas fibras alcancen niveles mayores de
compactacion en el interior del nucleo celular

son desconocidos

3.1. Regulacidn de la estructura de la cromatina

Son varios los mecanismos centrados en las histonas que inducen cambios locales y
transitorios en la compactacion de la cromatina, facilitando asi el acceso al ADN, y
contrarrestan el efecto represivo que ejerce la cromatina: (i) modificaciones covalentes

de la region amino terminal de las histonas*"™

, (i) alteraciéon de la estructura
nucleosomal mediante enzimas capaces de utilizar la energia obtenida de la hidrdlisis
del ATP* e (iii) incorporacion de variantes de histonas®'. La presente tesis se centra
en el primero de ellos, sobre el que a continuacién proporcionamos informacién mas

detallada.
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3.1.1. Modificaciones covalentes de las histonas

Estas modificaciones se concentran principalmente en el dominio N-terminal de las
histonas H2A, H2B, H3 y H4, también conocido como cola de la histona. Este dominio
es un fragmento de secuencia de unos 40 aminoacidos que sobresale
considerablemente de la superficie del nucleosoma (Figura 2B). A diferencia del
dominio globular, no adopta una estructura tridimensional definida*', y por ello, a pesar
de comprender aproximadamente el 25% de la masa de la histona® no es visible en la
estructura cristalografica del nucleosoma®. Por este motivo, el dominio N-terminal de
la histona no parece contribuir a la formacién del nucleo del nucleosoma®', pero si
proporciona una superficie expuesta que facilita la interacciéon con otras proteinas*'*.
Todo ello le convierte en una diana ideal para el almacenamiento de la informacién
epigenética. Esta importancia funcional viene confirmada indirectamente por la
elevada conservacion de su secuencia aminoacida entre diferentes especies™ vy,
directamente, por estudios en los que se muestra que la delecion del extremo N-

terminal en las histonas H3 y H4 resulta letal®®.

Tabla 1 | Modificaciones covalentes de las colas de las histonas y su funcion asociada

FUNCION ASOCIADA

Modificacion Residuo Transcripcion Reparacion Replicacion Condensacion
Acetilacion K-ac X X X X
K-me1
Metilacion K-me2 X X
K-me3
R-me1
Metilacion R-me2a X
Rme2s
Fosforilacion S-ph, T-ph X X X
Ubiquitinacion K-Ub X X
Sumoilacién K-Su X
Ribosilacién de
ADP E-Ar X
Deiminacion R -> Cit X

Isomerizacion de P-cis -> P-
Prolinas trans

Hasta el momento se han identificado 8 tipos de modificaciones covalentes de las
histonas (Tabla 1), entre las que acetilacion, metilaciéon y fosforilacion son las mas
estudiadas y mejor caracterizadas. Tales modificaciones se han correlacionado con

varias actividades nucleares, incluyendo replicacion, ensamblaje de la cromatina y
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transcripcion®”*°.

Pueden darse en multitud de lugares, existiendo un total de 60
residuos diferentes de la histona en los que se han detectado modificaciones,

mediante anticuerpos especificos o espectrometria de masas® (Figura 4).

Figura 4 | Modificaciones covalentes de las colas de las histonas

Esquema del nucleosoma que recoge las principales modificaciones covalentes
identificadas en el extremo N-ferminal de las histonas candnicas (H2A, H2B, H3
y H4). Cada modificacion se representa mediante un color segun el grupo

quimico anadido.

Un nivel adicional de complejidad lo introduce el hecho de que la metilacion en lisinas
o0 argininas puede presentar diferentes grados: monometilacion, dimetilacion y
trimetilacion en el caso de las lisinas, y monometilacién y dimetilacién en el caso de
las argininas®. Todas estas posibilidades de modificacion (tipo, localizaciéon en
secuencia y grado de modificacion) no aparecen simultdneamente, sino que dependen
de las condiciones de sefalizacién de la célula, existiendo diferentes poblaciones de

histonas modificadas que estan asociadas a diferentes respuestas funcionales®.

3.1.2. Efectos de las modificaciones de las histonas sobre la

estructura de la cromatina

El conocimiento parcial que todavia tenemos de los mecanismos de accién de las
modificaciones de las histonas, ha dado lugar a que se propusiesen dos alternativas

para describir sus efectos sobre la cromatina: directos o mediados por efectores®"®.
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3.1.2.1. Efectos directos

Los efectos directos de las modificaciones se refieren a aquellos que alteran las
propiedades fisicas del nucleosoma, como podrian ser los contactos con el ADN, la
movilidad, el tamafio, la conformacién o la estabilidad, o bien, alteran la capacidad del
nucleosoma para formar estructuras de orden superior, a través de la modulacién de
los contactos internucleosomales®. Mas concretamente, se cree que determinadas
modificaciones de los residuos de la histona podrian afectar al grado de compactacién

6466 mediante su efecto sobre las interacciones electrostaticas entre la

de la cromatina
cola de la histona y el ADN***"®_ Estas interacciones son debidas a la basicidad de la
cola de la histona, que permite una estrecha asociacion al esqueleto acido del ADN.
Pero ciertas modificaciones, como por ejemplo la acetilacion de las lisinas, reducirian
la carga global del extremo N-terminal de la histona, debilitando su interaccién con el
ADN. A su vez, este cambio de afinidad entre el ADN vy las histonas se traduciria en un
cambio en la conformaciéon del nucleosoma que facilitaria el paso a las diferentes
maquinarias moleculares. El modelo alternativo’® postula que la acetilacion de la
histona podria modificar la conformacion de la cromatina, al aumentar el contenido de
a-hélices del extremo N-terminal. Ello permitiria que esta modificacion regulase el

estado conformacional de la cromatina.

Hay que senalar que los mecanismos directos no gozan de una aceptacion total, ya
que estudios biofisicos de nucleosomas completos indican que estos mecanismos
producen efectos minimos en la conformacién de la cromatina’””"®. Ademas, algunos
estudios indican que la acetilacion de la histona no tiene un efecto inhibidor en la
interaccion histona-ADN’ ni un efecto estimulante en el acceso de los factores de

transcripcion’’.

3.1.2.2. Efectos indirectos: el codigo de histonas

Las evidencias sefialadas al final de la seccion anterior, junto con un namero creciente
de estudios publicados en los ultimos afios, sugieren que la cola de las histonas
funcionaria como plataforma de sefalizacidon para el reclutamiento de otros

reguladores de la cromatina involucrados en diferentes eventos celulares.
A principios de la década de los noventa se propuso que las modificaciones

covalentes de las histonas podian actuar como lugares de union, capaces de reclutar

ciertas proteinas involucradas en definir la eucromatina o la heterocromatina™’’. Este
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modelo defiende que las modificaciones de las histonas son “leidas” por una serie de
modulos proteicos denominados efectores, que facilitan una serie de eventos celulares

mediante el reclutamiento de la maquinaria biolégica a la cromatina’®"®

(Figura 5).
Diferentes estudios apoyan este modelo, al desvelar la existencia de una gran
diversidad de modulos proteicos con la capacidad de reconocer diferentes

60,71,79

modificaciones post-traduccionales Procesos celulares tan variados como

transcripcion®, replicacion®’, pluripotencia de las células madre®, silenciamiento

80,83 86,87

génico®®, inactivacion del cromosoma X%, reparacién del ADN®’, apoptosis®®¥,

carcinogénesis®?®°, herencia epigenética® y programas de expresion génica durante el

91,92

desarrollo® ™, requieren la interaccion de un determinado moédulo efector con la

correspondiente modificacién de la cromatina.

Bryan Turner fue el primero en postular que la acetilacién de la cola de las histonas,
podria actuar como una marca epigenética mediante la cual el grado de actividad
génica se mantiene entre divisiones celulares®. Posteriormente, Strahl & Allis llevaron
dicha hipo6tesis un paso mas alla, sugiriendo que distintos patrones de modificaciones
actuan secuencialmente, o en combinacién para formar un “cédigo de histonas” leido
por otras proteinas encargadas de desencadenar distintos eventos celulares®. La
interpretacion de dicho codigo permitiria la remodelaciéon del nucleosoma o de las
fibras de cromatina, bien directamente, o a través del reclutamiento de otras proteinas.
Estos cambios en la estructura de la cromatina o en la accién de los complejos
multiproteicos reclutados acabarian determinando el estado transcripcional de los

geneSG‘l ,62,94 (

Figura 5).

En los ultimos afios, un numero creciente de datos experimentales han contribuido a
comprobar y mejorar diferentes aspectos de la hipotesis del codigo de histonas®*. Se
ha confirmado que el coédigo de histonas involucra tanto modificaciones
independientes, como combinaciones de ellas. Por ejemplo, la modificacion H3K9me

produciria silenciamiento®®?’

, mientras que la misma modificacibn acompafada de
H3K4me y H3K20me actuaria como una sefial de activacion®. Otro aspecto que ha
cobrado importancia seria la idea de que las modificaciones tanto en una como en
diferentes histonas pueden ser interdependientes. Dicho de otra forma, modificaciones
en un residuo pueden ocasionar la modificacion de otro residuo en cis o0, mas

sorprendentemente, en trans. Por ejemplo, se ha demostrado que la metilacién en
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H3K4 impide el anclaje del NURD e inhibe la metilacion de H3K9, impidiendo la

incorporacién de sefiales de silenciamiento®.

Figura 5 | Modelo de cooperacion de las enzimas modificadoras de la cromatina y los
dominios de reconocimiento (ilustrado en el caso del bromodominio)

M4 Tail / W3 Tall

@ Acetylation

HA Taill e Tall

‘ Bromodomain

“ Histone core

Trans. Factor

La acetitransferasa de histona GCN5 es
reclutada a la region promofora de un gen
mediante la interaccién con un factor de
transcripcion (recuadro amarillo). Una vez
reclutado GCNS acetila diferentes residuos de
histona H3KS, H3K14 y H4K8. La acetilacion de
estos residuos permite el reclutamiento de
diferentes complejos activadores de la
transcripcién  gracias al  bromodominio
(pentagono lila). Finalmente, la accién de estos

complejos permiten descompactar la cromatina

localmente y promover la transcripcion

3.1.3. Funcion de las modificaciones covalentes de las histonas

Actualmente, existe un vacio en la comprensién mecanistica de cémo las diferentes
modificaciones de las histonas se traducen en una determinada funcion biolégica
como la transcripcién por ejemplo, o como pueden ser utilizadas para propagar la
informacién contenida en el genoma de una generacién a la siguiente, como en el
caso de la herencia epigenética. Sin embargo, estudios a nivel del genoma

completo'®

, combinando ensayos de inmunoprecipitacién de la cromatina con analisis
de microarrays (ChlP-chip) o secuenciacion (ChlP-seq), han permitido observar que
las diferentes modificaciones de las histonas no se distribuyen de forma aleatoria a lo
largo del genoma, sino que existen diferentes elementos funcionales enriquecidos en

estas marcas covalentes. Estos se enumeran a continuacion.
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3.1.3.1. Promotores

Los promotores de los mamiferos pueden ser clasificados en base a caracteristicas de
su secuencia. La mayoria de ellos coinciden con regiones con un alto contenido CG y
del dinucledtido CpG, las denominadas islas CpG. Estos han sido denominados
promotores con un alto contenido CpG (HCPs), en contraste con los promotores con
un bajo contenido en CpG (LCPs). Estas dos clases de promotores presentan
diferentes patrones de modificaciones covalentes y diferentes modos de regulacion'".
Estudios iniciales de ChIP-chip en células de mamiferos asociaron la modificacion de
histona H3K4me3 con el inicio de transcripcion de genes activos®*'%2. Sin embargo,
otros estudios revelaron que H3K4me3 es una modificacién que se localiza en todos
los promotores HCP, independientemente de su estado transcripcional’®"'®. Los loci
que presentan la modificacion H3K4me3 estan acompafiados de otras caracteristicas
que definen un estado mas accesible de la cromatina como: (i) la presencia de marcas
de acetilacion en las histonas, (ii) incorporacion de las variantes de histona H3.3 y (iii)
H2A.Z e hipometilacion del ADN*"'%'% (Figura 6A). Algunos investigadores han
explicado la relacién entre la modificacion H3K4me3 y los promotores HCP mediante
el reconocimiento fisico de dinucle6tidos CpG demetilados por el dominio CXXC en

complejos metiltransferasa H3K4'%, por ejemplo el complejo SET1.

A diferencia de los promotores HCP, los LCP parecen inactivos por defecto y, la
mayoria de ellos, carecen de las marcas H3K4me3 (0 H3K4me2) en células madre
embrionarias y en varias lineas celulares diferenciadas®"'°". Algunos estudios sugieren
que algunos promotores LCP, portadores de H3K4me2, permanecen generalmente
inactivos pero son inducidos durante la diferenciacion celular, cuando se produce un
cambio en el estado de metilacion de H3K4me2 a H3K4me3''’. Los promotores
reprimidos muestran patrones unicos de modificaciones epigenéticas que reflejan
diferentes modos de silenciamiento génico: H3K27me3, la modificacién asociada a los
represores Polycomb; H3K9me3, asociada a heterocromatina constitutiva; y metilacién
del ADN (Figura 6A). En células madre embrionarias, aproximadamente un 20% de
promotores HCP presentan la modificacion H3K27me3. Estos promotores, que
también son portadores de la modificacion H3K4me3, han sido denominados
bivalentes ya que muestran propiedades de cromatina activa e inactiva''". Estos
promotores controlan genes que permanecen silenciados en células pluripotentes,
pero que pueden inducirse rapidamente o quedar silenciados de forma estable,

dependiendo de la fase de desarrollo.
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Figura 6 | Distribucion de las modificaciones covalentes de las histonas en diferentes
elementos funcionales del genoma
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3.1.3.2. Genes

Estudios recientes han puesto de manifiesto que los patrones de la cromatina pueden
distinguir entre exones e intrones, e incluso desempefiar un papel en determinar los
patrones de splicing. Las principales modificaciones observadas en regiones
transcritas son H3K36me3'?"""? y H3K79me2%°. También se ha puesto de manifiesto
que exones expresados tienen un fuerte enriquecimiento en H3K36me3''®"*
comparado con los intrones, ademas de H2BK5me1, H4K20me1 y H3K79me1'®
(Figura 6C). Han sido propuestos diferentes mecanismos que relacionan estas
modificaciones de las histonas con diferentes patrones de splicing alternativo. Algunos
autores han especulado que los nucleosomas posicionados sobre exones podrian

facilitar los eventos de splicing al ralentizar el avance de la RNAPII'"®

o incluso que
existe una relacién directa entre las modificaciones de las histonas y la maquinaria de

splicing""®

Este ultimo estudio muestra que las modificaciones de histonas H3K36me3,
H3K4me3, H3K4me1 y H3K27me3 varian a lo largo del gen FGFR2 en células
epiteliales y mesenquimales. Los autores de dicho estudio han sugerido un modelo en
el que las modificaciones de las histonas son interpretadas por la maquinaria de
splicing mediante la proteina MORF4L1 y el regulador de splicing PTBP1. Hay que

indicar, sin embargo, que estudios recientes de regulacion génica en células uUnicas
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muestran que el splicing alternativo no es forzosamente co-transcripcional'"’, en cuyo

caso el papel de las histonas y sus modificaciones quedaria un tanto en entredicho.

3.1.3.3. Enhancers

Los enhancers son elementos de ADN que reclutan factores de transcripcion, RNAPII
y reguladores de la cromatina que estimulan la transcripcion en promotores distales'®.
Los perfiles de modificaciones de las histonas parecen jugar un papel relevante en la
identificacion de dichos elementos. Ademas de modificaciones especificas, los
enhancers estan ocupados preferentemente por proteinas de union a secuencias
especificas de ADN®' y coactivadores como p300'"?. Heintzman y colaboradores ha
identificado un enriquecimiento de H3K4me y la eliminacién de H3K4me3 como una
marca para la sefializacion de enhancers en células humanas'® (Figura 6B). Los
enhancers también parecen estar relacionados con enriquecimiento en H3K27ac,
H2BK5me1, H3K4me2, H3K9me1, H3K27me1 y H3K36me1'®. Estos perfiles de
modificaciones de las histonas podrian contribuir a proporcionar accesibilidad al
genoma o reflejarian la proximidad fisica de los enhancers con la maquinaria que

mantiene la cromatina activa en zonas promotoras''®.

4. Reconocimiento de las modificaciones de las

histonas

Como hemos visto en secciones anteriores, la hipétesis del coédigo de histonas
proporciona una visiobn mecanistica del rol funcional de las modificaciones de las
histonas®. Las responsables de realizar estas modificaciones son unas enzimas
(también conocidas como reguladores epigenéticos) con la capacidad de introducir o

eliminar modificaciones covalentes en el extremo N-terminal de las histonas'?".

Tabla 2 | Familias de enzimas modificadoras de la cromatina y residuos modificados relacionados

Familia Enzima Residuo Modificado
Acetiltransferasas HATA1 H4K5, H4K12
(HAT) CBP/P300 H3K14, H3K18, H4K5, H4K8, H2AK5, H2BK12,
H2BK15
PCAF/GCN5 H3K9, H3K14, H3K18
TIP60 H4K5, H4K8, H4K12, H4K16, H3K14
HBO1 (ScESAT1,
SpMSTA) H4K5, H4K8, H4K12
ScSAS3 H3K14, H3K23
ScSAS2
(SPMST2) H4K16
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ScRTT109
Deacetilasas (HDAC) SirT2 (ScSir2)
SUV39H1
SUV39H2
G9a
ESET/SETDB1
EuHMTasa/GLP
CLLS8
SpCir4
MLLA1
MLL2
MLL3
MLL4
MLL5
SET1A
Metiltransferasas SET1B
(HMT) ASH1
Sc/Sp SET1
SET2 (Sc/Sp
SET2)
NSD1
SYMD2
DOT1
Sc/Sp DOT1
Pr-SET 7/8
SUV420H1
SUV420H2
SpSet9
EZH2
RIZ1
LSD1/BHC110
JHDM1a
JHDM1b
JHDM2a
Desmetilasas lisina JHDM2b

JMJD2A/JHDM3A

JMJD2B
JMJD2C/GASC1
JMJD2D
CARM1
PRMT4
PRMT5
Haspin
MSK1
Kinasas (Ser/Thr) MSK2
CKII
Mst1
Bmi/Ring1A
RNF20/RNF40
Isomerasas de Prolinas ScFPR4

Metiltransferasas
Arginina

Ubiquitinasas

H3K56

H4K16
H3K9
H3K9
H3K9
H3K9
H3K9
H3K9
H3K9
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4

H3K36

H3K36
H3K36
H3K79
H3K79
H4K20
H4K20
H4K20
H4K20
H3K27
H3K9
H3K4
H3K36
H3K36
H3K9
H3K9
H3K9, H3K36
H3K9
H3K9, H3K36
H3K9
H3R2, H3R17, H3R26
H4R3
H3R8, H4R3
H3T3
H3S28
H3S28
H4S1
H2BS14
H2AK119
H2BK120
H3P30, H3P38

En 1996, dos grupos descubrieron enzimas modificadoras de la cromatina

relacionadas por homologia de secuencia con reguladores transcripcionales. Uno de

ellos aislé una deacetilasa de histonas (HDAC) de mamifero que compartia un 60% de
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identidad de secuencia con Rpd3, un represor transcripcional de levadura'®.
Simultdneamente, el otro grupo purificdé una acetiltransferasa de histona (HAT) de
Tetrahymena thermophila con una elevada homologia con el adaptador transcripcional
de levadura, Gen5'®. La identificacion de estas enzimas supuso un hito en la
comprension de las funciones biolégicas asociadas a las modificaciones de las
histonas, ya que fue la primera evidencia directa de una relacién entre éstas y la
regulacioén transcripcional. El descubrimiento de Gen5 y Rpd3 fue el punto de partida
para la posterior identificacion y caracterizacion de otras familias de HATs y HDACs,
asi como otras clases de enzimas modificadoras de la cromatina, incluyendo

124,125

quinasas , metiltransferasas especificas de lisinas y argininas*®'®"?" (HMTs),

arginina deaminasas'®®'®, ubiquitinasas', deubiquitinasas™''®*, desmetilasas
especificas de lisinas y argininas (HDMs)"**'*® (Tabla 2). Estudios previos habian
implicado a algunas de estas proteinas en la regulacién de la transcripcion, o de otras
funciones biologicas, resaltando aun mas la correlacion existente entre las

modificaciones de las histonas y los procesos dependientes de la cromatina.

La identificacion de enzimas modificadoras de la cromatina ha centrado mucho interés
cientifico durante la pasada década. La mayoria de las modificaciones que éstas
introducen son dinamicas, y se ha identificado la correspondiente enzima que elimina
la modificacion introducida. De esta forma, podemos distinguir dos tipos de enzimas
modificadoras de la cromatina: (i) las encargadas de afiadir modificaciones covalentes,
los denominados escritores del cédigo de histonas (writers), y (ii) las encargadas de
retirar dichas modificaciones, los denominados borradores del cédigo de histonas

(erasers).

La mayoria de estas actividades reguladoras de la cromatina estan integradas por
subunidades proteicas que presentan modulos enzimaticos y no-enzimaticos®. Estos
dominios participan en la incorporacién, eliminacibn o reconocimiento de las
modificaciones covalentes®™. El resto de esta seccién se dedicara a la descripcion de

los modulos no enzimaticos en torno a los que gira principalmente esta tesis.

Los dominios de interaccién con la cromatina desempefian un importante papel en la
interpretacion biolégica de las modificaciones de las histonas, al permitir el
reclutamiento selectivo de las proteinas efectoras a determinados /oci. En los ultimos

afios, muchas lineas de investigacion se han centrado en el estudio de la interaccién
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histona-dominio efector’’ por lo que actualmente tenemos a nuestra disposiciéon un
numero apreciable de estructuras de dominios en sus formas apo y/o holo, en las que
los ligandos son normalmente péptidos de histona portadoras de diferentes

modificaciones covalentes. Los resultados de estos estudios han vertido luz en

diferentes aspectos de la interaccion histona-dominio efector'” ',
Tabla 3 | Dominios de reconocimiento de modificaciones de histonas
Dominio Modificacion
Bromodominio LYS acetiladas (H3 y H4)
Cromodominio H3K9me2/3, H3K27me2/3
; Barril Cromo H3K36me2/3
% Tudor Rme2s
< D°b'$$ir;dem H3K4me3, H4K20me1/2/3, Kme2
-
8 MBT H4K20me1/2, H1K26me1/2, H3K4me1, H3K9me1/2
PWWP H4K20me
PHD finger H3K4me2/3, H3K9me3, H3K36me3, H3K14Ac
WD40 H3R2/K4me2, (R, Sph, Tph)
14-3-3 H3S10ph, H3S28ph (Sph, Tph)
BRCT H2AX S139ph (Sph, Tph)
SANT Colas de histona sin modificar
SWIRM ADN

Como hemos visto anteriormente, las modificaciones mas estudiadas de las histonas
son la acetilacion y la metilacion, por lo que las familias de dominios mejor
caracterizadas y que suelen encontrarse en proteinas asociadas a la cromatina son la
familia de los bromodominios™ y la de los cromodominios®, involucradas,
respectivamente, en el reconocimiento de lisinas acetiladas y metiladas. Sin embargo,
la capacidad de reconocer residuos de histona modificados no es exclusiva de estos
dominios. Existen otros dominios comunes en factores asociados a la cromatina con
dicha propiedad: Tudor™', PHD'*#, SANT™®, SWIRM'*, MBT'*, WD40'*°, PWWP'¥,
14-3-3 y BRCT'* (Tabla 3).

Una de las publicaciones de esta tesis (publicacion 1) revisa de forma exclusiva los
bromodominios, cromodominios y dominios SANT. Debido a la fecha de su publicacién
y al rapido crecimiento de la investigacion en este area, sentimos la necesidad de

actualizar su contenido. Asi, los siguientes apartados contienen material
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complementario a dicha publicacion, actualizando la informacién sobre los dominios
descritos en ella, y anadiendo aquellos nuevos dominios descritos desde la fecha de

su aparicion y mas relevantes para la comprension del resto de la presente tesis.

En las siguientes secciones se describen los diferentes dominios, agrupados de
acuerdo con el residuo modificado que reconocen, distinguiendo basicamente entre
acetilacion y metilacion. Al final se afade un grupo heterogéneo de dominios que
reconocen diferentes modificaciones, y que estan peor caracterizados. A fin de reducir
la numeracién de los epigrafes o secciones, la descripcidon de los dominios seguira
(cuando sea posible) una estructura comun no numerada para todos ellos: una
introduccion con datos sobre su descubrimiento/caracterizacion/extension, y otro sobre

su estructura y mecanismos de reconocimiento de la histona.

4.1. Dominios que reconocen marcas de acetilacion

Hasta hace poco se pensaba que los dominios encargados del reconocimiento de
lisinas acetiladas eran unicamente los bromodominios. Sin embargo, recientemente se
ha sugerido que el doble dominio PHD finger (PHD12) de la proteina DPF3b tiene la

capacidad de unirse a histonas H3 y H4 acetiladas™.

4.1.1. Bromodominio

El bromodominio fue el primer mddulo proteico identificado que mostraba selectividad
por lisinas acetiladas en el extremo amino terminal de las histonas H3 y H4'™. Fue
identificado inicialmente en la proteina Brahma en Drosophila melanogaster'™'. Dicho
dominio esta presente en algunos reguladores transcripcionales asociados a la
cromatina, incluyendo HATs nucleares como Gcnbp, p300/CBP y SAGA; complejos
remodelantes de la cromatina como SWI/SNF y RSC; y algunos factores de

transcripcion como TAF11250"%.

Actualmente, se conocen cuatro versiones de la estructura del bromodominio: el
bromodominio del coactivador transcripcional PCAF determinado mediante RMN (el
homologo de Saccharomyces cerevisiae Gen5p)'™
humana GCN5 determinado mediante RMN'™®, el doble bromodominio de TAF,;250

resuelto mediante cristalografia de rayos X'* y el bromodominio de la proteina Gen5

, €l bromodominio de la proteina
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de levadura en complejo con la histona H4 acetilada determinada mediante

cristalografia de rayos X'* (Figura 7).

Figura 7 | Bromodominio de GCN5 en complejo con un péptido de histona H4 acetilado
(H4K16ac)

Giro BC N
Giro ZA

aC N

A La estructura del bromodominio consiste en un haz de cuatro hélices a (aZ, aA, aB, aC) conectados por dos giros (giro
ZA y BC) que conforman un canal estrecho, profundo, de naturaleza hidrofébica y revestido de residuos aromaticos muy
conservados. Ahi el grupo acetilo de la histona H4 (H4K16Ac) es anclado mediante un puente de hidrégeno al grupo amida
de una asparagina que esta al final del canal. B. Vista superior del canal formado por las cuatro hélices « del bromodominio.
Cadigo PDB: 1E6I

Estudios de la estructura cristalografica del bromodominio han sugerido que dos
residuos de tirosina conservados (uno en el giro ZA y el otro en el extremo C-terminal
de la hélice ag) contribuyen a la cavidad hidrofébica encontrada en la mayoria de los
bromodominios155, aunque no son necesariamente los determinantes del

reconocimiento de las lisinas acetiladas.

4.1.1.1. Doble bromodominio

Como ocurre con otros dominios encargados del reconocimiento de modificaciones de
histonas, pueden encontrarse proteinas con multiples copias del bromodominio. Por
ejemplo, la estructura de TAF1 (TAF;250) muestra dos bromodominios dispuestos en
forma de U'. El plegamiento de los dominios se produce de forma independiente, y
las cavidades que unen la lisina acetiladas quedan separadas por 25A, lo que equivale
a una distancia de 7-8 residuos en el péptido de histona. Estudios realizados con

péptidos de histona H4 con diferentes residuos acetiladas revelan que el doble
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bromodominio de TAF1 se une con mayor afinidad a péptidos di- o tetra- acetilados en
K5/K12, K8/K16, K5/K8/K12/K16 que al péptido de histona H4 monoacetilado.

Otro ejemplo de multiples copias del bromodominios Io encontramos en la proteina
remodelante de la cromatina PB1 que contiene 6 copias en tandem en su extremo N-
terminal'®. La presencia de multiples copias del bromodominio permitiria reconocer

patrones de acetilacion especificos reclutando a PB1 en la cromatina'®.

Figura 8 | Doble PHD finger de la proteina humana DPF3 unido a un péptido de
histona acetilado (H3K14ac)

La estructura del complejo muestra que cada uno de los médulos PHD presentan el plegamiento tipico
del dominio PHD finger: una lamina B formada por dos hebras [ antiparalelas seguida por una pequefa
hélice a en el extremo C-terminal. Este plegamiento queda estabilizado mediante dos dtomos de zinc
coordinados por el motive Cys4-His-Cys3. En amanlio y cian se muestran las dos hebras B
antiparalelas, y en naranja y verde las dos hélices a. Las esferas representan los dtomos de zinc. En la
imagen se muestra el reconocimiento del péptido de histona modificado (en rojo) por parte de uno de

los dominios PHD. Cédigo PDB: 2KWJ

4.1.2. PHD — Doble dominio PHD de la proteina DPF3b

Segun los recientes analisis estructurales de Zeng y colaboradores™®, el dominio PHD

finger en tandem descubierto en la proteina humana DPF3b se convierte en la primera
alternativa al bromodominio en el reconocimiento de lisinas acetiladas.
Concretamente, el dominio PHD1-PHD2 reconoce H3K14ac, aunque también
reconoce preferentemente péptidos acetilados de la histona H4'*°. La proteina DPF3b
actua asociada con el complejo remodelante de la cromatina BAF en el inicio de la

transcripcion durante el desarrollo muscular y del tejido cardiaco.

Segun Zeng y colaboradores, el dominio en tandem PHD1-2 usa un mecanismo

conservado como alternativa al reconocimiento de los grupos acetil por los
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bromodominios. ElI PHD1-2 finger utiliza el motivo Asp263-Phe264 para el
reconocimiento del grupo N-acetil de H3K14ac, mientras el bromodominio utiliza el
motivo conservado Tyr-Asn para interaccionar con H4K20Ac, por ejemplo, el
bromodominio de CBP utiliza Tyr1167-Asn1168.

4.2. Dominios que reconocen marcas de metilaciéon

Desde el descubrimiento de la primera metiltransferasa de histona (Suv39h) en el afio
2000, la metilacion de las histonas se ha transformado en una de las areas de
investigacién mas activa en la biologia de la cromatina'’. A pesar de que tanto los
residuos de arginina como los de lisina pueden ser metilados, poco se sabe acerca del
reconocimiento de residuos de arginina metilados. Sin embargo, existe un gran
numero de publicaciones que describen modulos proteicos con capacidad de unirse a

lisinas metiladas, entre los que el mejor caracterizado es el cromodominio.

Figura 9 | Reconocimiento de la modificacion H3K14ac mediante el dominio

PHD1
LEU-296 >
I
TRP-311 % PHE-264
©
%, ‘e
3o °
©
o
ILE-314 H3K14ac

La modificacién (K14Ac) asi como algunos residuos colindantes, quedan intercalados a lo largo de un
surco hidrofébico sifuado en Ja lamina B de PHD1, donde la modificacion queda envuelta por los
residuos Phe264, Leu296, Trp311 y le314, una caracteristica estructural comun entre los dominios que
reconocen lisinas metiladas. Los colores de los residuos implicados en el reconocimiento de K14Ac, se

corresponden con las estructuras representadas en la figura anterior.

Basicamente, existen dos grandes grupos estructurales que han convergido
evolutivamente hacia la unioén de lisinas metiladas: la superfamilia denominada Royal

158

Family™ (que comprende los dominios Cromo, Tudor, MBT y PWWP) y los dominios
PHD finger'™®'®. Los distintos plegamientos de las proteinas que pertenecen a la
Royal Family descienden de un ancestro comun con la capacidad conservada de

unirse a sustratos metilados'®®. Estudios estructurales del reconocimiento de lisinas
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metiladas sugieren que los mobdulos encargados del reconocimiento de esta
modificaciéon (Cromodominio, Tudor, MBT, PHD, etc.) utilizan mecanismos generales
que les confieren especificidad hacia distintos niveles de metilacion. A continuacion, se
describen dichos dominios, y posteriormente se enumeran brevemente Ilas

caracteristicas comunes entre ellos.

4.2.1. Cromodominio

En 1991, Paro y colaboradores, identificaron una pequefia region comun entre la
proteina HP1 y PC de Drosophila melanogaster. Ambas proteinas juegan un papel
importante en la modificacion de la estructura de la cromatina y, por este motivo, a la
region identificada se la denominé chromatin organization modifier domain

(chromodomain)'®'.

Figura 10 | Familias de enzimas involucradas en la metilacion de determinados residuos
de la histona H3
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MID20 DEMETILASAS

Aclividades enzimaticas involucradas en la metilacion y desmetilacion de los pnncipales residuos modificados de la
histona H3 (K4, K9, K27, K36 y K79). En color verde se representan las marcas de histonas activadoras mientras que los
residuos de color rojo representan marcas represivas. En la parte supenior se muestran las metiltransferasas de histona y

en la parte inferior las demetilasas de histona.

En la figura 10, se muestran las principales familias de enzimas que participan en la
metilacion y desmetilaciéon de determinados residuos de la histona H3. La metilacién
de las lisinas 9 y 27 de la histona H3 genera lugares de union para los cromodominios
de las proteinas HP1 y Polycomb, respectivamente. Por ejemplo, en la célula
eucariota, la metilasa de histona SUV39H1 y la proteina HP1 interaccionan
funcionalmente para reprimir la transcripcion en regiones heterocromaticas'®. H3K9 es

metilada por SUV39H1 y sus homélogos*, creando asi un lugar de unién para el
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cromodominio de HP1%**, que muestra una gran especificidad por esta modificacion®.

Experimentos de inmunofluorescencia in situ muestran la co-localizacién de H3K9me y

HP1 en regiones de heterocromatina de Drosophila melanogaster'®. De forma

analoga, H3K27 es metilada por un complejo multiproteico integrado por Enhancer of

Zeste y Extra Sex Combs (ESC) en Drosophila melanogaster, o EZH2 y EED en

humano. Dicha modificacién es reconocida por el cromodominio de PC y parece estar

involucrada en la represidén de genes homedticos

cromosoma X'68.1°,

. . .17
Tabla 4 | Proteinas humanas que presentan cromodominios en su secuencia

Chromodomain-Helicase-
DNA-Binding Family
(CHD)

Histone Methyltransferase
Family
(HMT)

Heterochromatin protein 1
Family (HP1)

Polycomb family (PC)

Homélogos Msl-3

Histone Acetyltransferase

Retinoblastoma Binding
Protein-1 (RBBP1)

164-167

3

Reguladores positivos y negativos de la
transcripcion

Remodelamiento del nucleosoma dependiente de
ATP
Regulador negativo de la transcripcion
Autoantigeno para dermatomiositis (CHD4)

Podria regular genes involucrados en desarrollo

Regula el silenciamiento génico mediado por el
establecimiento de la heterocromatina constitutiva
en pericentro y teldbmero

Represion de la transcripcién en regiones de
heterocromatina
Represion de la transcripcién en heterocromatina y
eucromatina

Represion de la transcripcién en eucromatina

Forman parte de complejos multiproteicos y
mantienen la represion epigenética de los genes en
la eucromatina

Involucrados en la regulacion de la transcripcion
mediante la acetilacién de la histona y la
modificacion de la estructura de la cromatina

Activacion de la transcripcion

Juega un papel importante en la represion de los
promotores dependientes de E2F mediante la
interaccién con la proteina Retinoblastoma.

Chd1
Chd2

CHD3
(Mi2a)

CHD4
(Mi2b)

Chd5

y en la inactivacion del

SUV39H1

SUV39H2

HP1a

HP1b

HP1g
Cbx2
Cbx4
Cbx6
Cbx7
Cbx8

Msl-3 like

MRG-1

5

MYST1

Tip60

RBBP1
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La determinacion de las estructuras del cromodominio de HP1 en complejo con
H3K9me'*'"" y el cromodominio de Polycomb unido a H3K27me3'? (Figura 11)
supuso un avance importante para la comprension de la interaccion entre la cola de la
histona y el cromodominio. En concordancia con su elevada homologia de secuencia,

la estructura global de los cromodominios de HP1 y PC es muy similar'”

(los
esqueletos de C-a de ambos dominios pueden alinearse con una RMSD de 1.1A).
Muchas caracteristicas de la interaccion entre HP1 y H3K9me3 son muy parecidas a
las de la interaccion entre PC y H3K27me3'%. A pesar de ello los cromodominios de
HP1 y PC se unen especificamente a diferentes loci del genoma'? este efecto
también se da en cromodominios de diferentes proteinas (Tabla 4) que presentan la
capacidad de interaccionar de forma selectiva con lisinas metiladas especificas, e

incluso, muestran especificidad por diferentes grados de metilacion.

Figura 11 | Estructura cristalogrifica del cromodominio de la proteina Polycomb unido a
H3K27me3

La estructura del cromodominio
consiste en tres hebras B (81-83) que
forman una lamina B antiparalela. Una
hélice a (aA) en el extremo C-terminal
se sitiia sobre uno de los bordes de la
lamina g cerca de B1. El péptido de la
histona H3 (en rojo) es reconocido por
una hendidura formada entre el giro
que conecla 83 y aA, y el segmento N-
terminal hasta §1.Codigo PDB: 1PDQ

4.2.1.1. Doble cromodominio

Algunos complejos represivos remodelantes de la cromatina contienen componentes
como la subunidad ATPasa Mi-2/CHD del complejo NuRD'*, la cual presenta dos
cromodominios. A diferencia de HP1 y Polycomb que utilizan un unico cromodominio
para unirse a sus respectivos residuos de histona H3 metilados, la disposicion de dos
cromodominios en tandem favorece su cooperacién para interaccionar con las colas

de las histona dimetiladas'"®.
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Las proteinas CHD estan compuestas por un doble cromodominio en la regién N-
terminal, una helicasa SWI2/SNF2 central y un dominio de unién a ADN en su region
C-terminal, y regulan el ensamblaje de los nucleosomas en un proceso dependiente
de ATP y su movilizacién a lugares transcripcionalmente activos'®. El doble
cromodominio de Chd1p fue asociado originalmente al reconocimiento de la
modificaciéon H3K4me mediante experimentos realizados en levadura'”’. Los detalles
moleculares de la interaccion entre H3K4me2/3 y el ortblogo humano de dicha

proteina (CHD1) han sido caracterizados en estudios estructurales y biofisicos'”.

4.2.2. Dominios chromo barrel y chromoshadow

El dominio chromo barrel es similar al cromodominio de HP1/CBX pero sin la hélice a
de la region C-terminal y con dos hebras  adicionales contribuyendo a la lamina f.
Los dominios chromo barrel de MRG15 y Eaf3 (reguladores de la acetilacion de
histonas global) interaccionan con H3K36me2 y H3K36me3 con una afinidad
moderada-baja mediante los tres residuos aromaticos conservados del
cromodominio’’®, a pesar de la presencia de la hebra p adicional que podria ocupar la
posicion del péptido. Como ejemplo de la importancia de los residuos cercanos al
lugar de unién en la especificidad, un triptéfano adyacente al tercer residuo aromatico
de la jaula del cromodominio es importante para la unién de la lisina metilada'”. Dicho
triptéfano se corresponde con un residuo aromatico en las proteinas CBX, y con un

aspartato o histidina en las proteinas HP1.

El dominio chromoshadow, parecido al cromodominio de HP1/CBX pero con una
hélice adicional precediendo la hélice en la region C-terminal, y localizado en el lado
C-terminal del cromodominio en proteinas HP1, carece de dos de los tres residuos
aromaticos que coordinan la lisina metilada en el cromodominio, y no se une a
histonas. Chromoshadow actua como un dominio de dimerizacién de HP1 y, como tal,

es responsable de la interaccion proteina-proteina®.

4.2.3. TUDOR

El dominio Tudor fue identificado por primera vez en la proteina Tud de Drosophila

melanogaster181, que contenia 11 dominios Tudor. Inicialmente, se consider6 que este
dominio era el responsable de la unién al ARN'". Sin embargo, tras resolver y analizar

su estructura tridimensional, se concluyé que, tanto las caracteristicas estructurales,
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como los ensayos de unién in vitro, sugerian que se trataba de un dominio de
interacciéon con proteinasm. Concretamente, se observd la capacidad del dominio
Tudor de unirse a pequenas ribonucleoproteinas nucleares que mostraban residuos

modificados post-traduccionalmente y que contenian dimetilargininas'®.

Figura 12 | Estructura del dominio Tudor de 53BP1 en complejo con el péptido
H4K20

La estructura del dominio Tudor, muestra una lémina B antiparalela fuertemente doblada, formada por
cuatro o cinco hebras f (B1-5) dispuestas en un plegamiento similar a un barnl B8, cuyo borde inferior esta
formado por una larga y curvada hebra B (85) y cerrado por una inferaccion entre B1 y la leu-142 de la
hebra B5 . Las hebras § (B1-4) estan conectadas por giros cortos, mientras que las hebras B4 y B5 estan

conectadas mediante una pequeda hélice formando un dngulo de ~90°. Codigo PDB: 2IG0

La interaccion de los dominios Tudor de 53BP1 (Figura 12) y JMJD2A (Figura 13) con
péptidos de histona metilados han sido las mejor caracterizadas'®, y son un claro
ejemplo del papel de las modificaciones de las histonas en la reparacién del ADN'®'%
y en la represion de la transcripcion'®’, respectivamente. 53BP1 contiene dos dominios
Tudor en tdndem que se unen preferentemente a H4K20me2 y H4K20me1, pero no a
péptidos sin modificar o H4K20me3 '®. La estructura de los dominios Tudor en tandem
de 53BP1 (Figura 12), en su estado apo- o en complejo con el péptido H4K20me2,
revela las bases moleculares de este reconocimiento especifico de bajos niveles de
metilacion de H4K20. EI doble Tudor de 53BP1 forma dominios independientemente
plegados, de los cuales el primero es el encargado del reconocimiento de las lisinas
metiladas. El grupo metil de H4K20me2 queda posicionado en una jaula formada por
cuatro residuos aromaticos y un aspartato, mientras que la arginina (H4R19)

adyacente forma una interaccién cation-n con el anillo de una tirosina adyacente y
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también contacta con una fenilalanina del segundo dominio Tudor. Tal y como, se ha
descrito anteriormente, la especificidad por lisinas con bajos niveles de metilaciéon es
atribuible a la formacion de un puente de hidrégeno intermolecular entre H4K20me2 y
el aspartato de la caja aromatica, sumado a la repulsién estérica de la trilisina
metilada.

Figura 13 | Estructura del doble dominio Tudor

Los dos dominios Tudor quedan interdigitados, formando una estructura similar & una silla de montar,
donde cada uno de los I6bulos se asemeja al dominio Tudor candnico de SMN. El dominio Tudor hibrido
se forma por el intercambio de las hebras § 3 y 4, respecio al dominio Tudor canonico, mientras que las 2

largas hebras § unen los dos dominios individuales. Cédigo PDB: 2GFA

JMJD2A es miembro de la superfamilia de las desmetilasas que presentan los
dominios JmjC y JmjN, necesarios para su actividad desmetilasa, y dos dominios
Tudor™ ™" (Figura 13). Experimentos de espectroscopia de masas aplicados al
estudio de la metilacién en las histonas, muestran que JMJD2A demetila H3K9me3 y
H3K36me3'®"*! (Figura 10).

La estructura descrita del doble Tudor de JMJD2A presenta la capacidad de unirse
con la misma afinidad a H3K4me3 y H4K20me3. Esta interaccién se produce con el
segundo de los dominios Tudor, y la lisina metilada de cada péptido queda envuelta
por residuos aromaticos'®?'®. En el caso del péptido H3K4me3 y H3K420me3, la
interaccion queda estabilizada mediante la interaccion entre un residuo de arginina de
la cola de la histona y un aspartico del dominio Tudor. Por otro lado, los residuos
N940, Y942 y T968 del dominio Tudor de JMJD2A forman puentes de hidrégeno
intermoleculares de forma selectiva con algunos residuos de los péptidos H3K4me3 y
H4K20me3''.
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Figura 14 | Estructura cristalografica del dominio PHD finger de la proteina BPTF humana
unida a H3K4me2

A. El dominio PHD finger esta formado por dos hebras B que conectan los dos motivos zinc finger, y una pequena hélice

a (al) en su extremo C-terminal. El residuo modificado se ancla en la superficie del dominio PHD sobre la lamina fi
antiparalela. B. El dominio PHD finger reconoce el grupo trimetiamonio de H3K4me3 mediante cuatro residuos
aromaéticos (dos de ellos situados en las dos hebras B) y la interaccion queda estabilizada mediante interacciones -

cation. Codigo PDB: 2FSA

4.2.4. PHD finger

Estudios ChIP-chip del genoma han permitido establecer que las di- y trimetilacién de

H3K4 estdan asociadas con nucleosomas cercanos al promotor y a regiones
codificantes de genes activos, respectivamente®'®. Durante un tiempo, la conexion
entre estas marcas de las histonas y la transcripcion era una incognita, hasta que
evidencias estructurales identificaron al dominio PHD finger como el responsable del
reconocimiento de H3K4me3, permitiendo el reclutamiento o la estabilizacion de
determinados complejos'®'%'%* Recientemente, un estudio del dominio PHD finger de
la subunidad TAF3 del factor de transcripcion TFIID, ha permitido mejorar nuestro
conocimiento acerca de la conexion entre activacion transcripcional y la di- y
trimetilacion de H3K4'®®. Los dominios PHD finger son pequefios médulos proteicos
con pocos elementos de estructura secundaria formados por el segmento Cys,-His-
Cyss coordinado mediante dos iones zinc, y se encuentran en diferentes proteinas

asociadas a la cromatina'®, como por ejemplo, en BPTF (Figura 14), Yng1p y ING2.
BPTF es la mayor subunidad del factor remodelante del nucleosoma (NURF), el cual

estimula la transcripcién in vitro'’. En su region N-terminal la proteina BPTF humana

contiene un PHD finger, proximo a un bromodominio, con la capacidad de reconocer
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H3K4me2 (K4 = 5.0 uM) y H3K4me3 (K4 = 2.7 uM) pero no la monometilaciéon ni H3K4
sin modificar'®'®. La estructura del dominio PHD finger de BPTF en su forma libre y

unido a H3K4me3 ha sido resuelta mediante RMN y cristalografia de rayos X.

Figura 15 | Estructura cristalografica del dominio MBT de L3MBT1 unido al péptido de
histona

El dominio MBT contiene dos motivos
estructurales distintos: (i) un largo brazo
N-terminal de 30-50 aminodcidos
formado por al menos una hélice a y
una hélice 3, y (i) una larga regién C-
terminal formada por un bamil B
constituido por 5 hebras f (f1-5). una
hélice 3,, conectando B3 y PB4, una
hélice a y una sexta hebra B.Codigo
PDB: 2PQW

C-terminal

N-terminal

4.2.5. MBT

Cuando Wismar y colaboradores clonaron el cDNA codificado en el gen L3MBT1 de
Drosophila melanogaster, se dieron cuenta que contenia tres repeticiones de un
motivo desconocido de ~100 aminoacidos'®®. En Drosophila existen tres proteinas que
contienen este motivo: Scm, una proteina Polycomb que participa en la represién de
genes Hox, L(3)mbt y Sfmbt'*>2°°2%" Estas proteinas pertenecen al grupo Polycomb y
estan involucradas en el establecimiento y mantenimiento de un estado transcripcional

reprimido de los genes de control del desarrollo, como los genes Hox.

Tan pronto como el dominio MBT (Figura 15) se relacion6 con el control del desarrollo
mediante proteinas PcG y la supresion de tumores a través de la proteina L(3)MBT, la
estructura del dominio pas6 a ser una pieza de vital importancia, lo que explica que
actualmente dispongamos de 30 estructuras atdbmicas en la base de datos Protein
Data Bank (PDB) que contienen el dominio MBT (Tabla 5).
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Estudios in vitro, han demostrado que los dominios MBT tienen la capacidad de unirse
a péptidos de histona con lisinas mono- y desmetiladas, discriminando aquellas lisinas
que, o bien no estan modificadas, o presentan trimetilaciones. En estructuras del
dominio MBT junto con su ligando natural, se ha podido determinar que sélo una de
las repeticiones del dominios MBT en una proteina es la encargada de acomodar la

lisina metilada en su cavidad.

Tabla 5 | Resumen de las modificaciones reconocidas por el dominio MBT (adaptada de Bonasio,

Lecona y Reinberg 2010)

Proteina Ligando Método Referencia

H3K4me?®

H3K9me?®
?zsl\%f'rL)z H3K27me® NMR  Santiveri et al. J Mol Biol (2008)

H3K36me®
H4K20me®
H4K20me1/2
H3K4me1/2
ITC Min et al. Nat Struc Mol Biol (2007)
hL3MBTL1 H3K9me1/2
(3MBT) H3K27me1/2
H3K36me1/2 FP Li et al. Mol Cell (2007)
H4K20me1/2 ITC Min et al. Nat Struc Mol Biol (2007)
H3K4me1
hL3MBT2 H3K9me1/2
(4MBT) H3K27me1/2

H4K20me1/2

® El autor no ha especificado el grado de metilacion
ITC = Isothermal Titration Calorimetry
FP = Fluorescence Polarization

ITC Guo et al. NAR (2009)

Estructuralmente, el dominio MBT es mas parecido al dominio Tudor (Figura 12), y
muestra diferencias con el Cromodominio (Figura 11). El reconocimiento del
Cromodominio, permite que encajen mejor residuos adyacentes a la lisina metilada,
adquiriendo mayor dependencia del contexto en el que se ubica la modificacién, lo que
permite discriminar, por ejemplo, entre H3K9me3 y H3K27me3'¥. Ademas, los
residuos de la cola de la histona adyacentes a la lisina metilada, no forman
demasiados contactos con la superficie del dominio MBT, lo que explica la falta de

especificidad del dominio in vitro 2.
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4.2.6. PWWP

El dominio PWWP, nombrado asi porque presenta un motivo conservado Pro-Trp-Trp-

Pro, fue identificado por primera vez en el gen WHSC1°®, Se trata de un médulo de
~70 aminoacidos que esta presente en todos los eucariotas, y ha sido identificado en
mas de 60 proteinas involucradas en procesos tales como, la regulaciéon
transcripcional, reparacién y metilacién del ADN. Entre las diferentes familias de
proteinas que contienen el dominio PWWP cabe destacar la familia de proteinas
relacionadas con HDGF ya que siempre presentan un dominio PWWP (Figura 16), y

la familia de proteinas asociadas a la cromatina.

Figura 16 | Estructura cristalogrifica del dominio PWWP de HDGF2 en complejo con H3K79me3

A. La estructura de alta resolucion del dominio PWWP de HDGF muestra dos partes diferenciadas. Una region muy conservada (a la
derecha de la imagen) formada por un barmil § integrado por 5 hebras B (61-85). B4 y B5 estan conectadas mediante una hélice 3,
(al) y una region helicoidal (a la izquierda de la imagen) formada por una pequedia hélice a (a2) y una hélice a (a3) de 10 residuos
Los extremos N- y C-terminal se ubican en el mismo lado de /a molécula. El motivo Pro-Trp-Trp-Pro se encuentra al principio de la

hebra fi2. B. Reconocimiento de la lisina metilada mediante la caja aromatica de PWWP. Codigo PDB: 3QJ6

Segun un estudio publicado el afio 2004 por Ge y colaboradores®”, ademas de su
similitud con otros miembros de la Royal Family (Cromodominio y el dominio Tudor)'®,
sugiere que el dominio PWWP podria tener la capacidad de unirse a ligandos
metilados. Concretamente, Ge y colaboradores sugieren que podria ser un dominio
esencial para ubicar las metiltransferasas de novo en la cromatina. Mutaciones en este
dominio generan anomalias similares a las que se producen por falta de metilaciéon en
el ADN satélite, como inestabilidad centromérica.

La proteina de levadura Pdp1 contiene un dominio PWWP que reconoce H4K20me1,

pero no H4K20me2 o H4K20me3, mediante al menos dos de los residuos aromaticos
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conservados equivalentes a aquellos que constituyen el lugar de unién del dominio

Tudor?®.

4.2.7. WD40

WDRS5 es una subunidad de varios complejos con actividad metiltransferasa de H3K4

como MLL1, MLL2 y SET1. Esta subunidad es imprescindible para la unién de los
complejos a H3K4 di- o trimetiladas®®. La proteina WDR5 contiene 7 copias del
dominio WDA40, que representa otra clase de dominios de reconocimiento de lisinas

metiladas diferente al cromodominio y otros miembros de la Royal Family (Figura 17).

Figura 17 | Estructura cristalogréfica del dominio WD40 de la proteina WDR5 en
complejo con H3K4me2

Cada copia de WD40 da lugar a una lamina
B formada por 4 hebras B antiparalelas. Las
siete copias de WD40 dispuestas
circularmente forman un B propeller de siete
caras, con un canal estrecho central. La
sexta cara del B propeller queda
ligeramente disforsionada en comparacion
con el resto de copias de WD40, debido al
bucle que une la quinta y la sexta cara, y
que pemmite la interaccion con la histona
H3. Una red de puentes de hidrogeno y
contactos de Van der Waals anclan el
extremo N-terminal de la histona H3 en la
cavidad de WDRS. Cédigo PDB: 2G9A

La gran familia de proteinas que contienen el dominio WD40 esta presente en todos
los eucariotas y parece implicada en diversas funciones como la transduccion de
sefal, trafico vesicular, ensamblaje del citoesqueleto, control del ciclo celular,

apoptosis y regulacion de la transcripcion®”’.

Segun el analisis estructural de Couture y colaboradores, el dominio formado por las
copias de WD40 en WDRS5 no es capaz de discriminar entre diferentes grados de
metilacion de la lisina 4 y la metilacion de esta no es un prerrequisito para su union. La
region N-terminal de WDRS5 carece de residuos aromaticos y, por lo tanto, no puede
participar en las interacciones m-cation con K4me2, una caracteristica comun entre los

motivos de unién a lisinas metiladas, como los dominios Tudor y Cromodominios. Sin
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embargo, otros analisis estructurales revelan que K4me2 podria quedar estabilizada
principalmente por un par de puentes de hidrégeno poco convencionales entre los dos
grupos metil de K4 y el E322 de WDR5%®. En contraste con su falta de especificidad
por K4, WDRS participa en multiples interacciones con los residuos A1, R2 y T3 de la
histona H3, siendo R2 y T3 los factores determinantes para el reconocimiento de la

5209

histona H3 por WD40 en el caso de la proteina WDR

4.2.8. Caracteristicas comunes del reconocimiento de las

lisinas metiladas

Tal y como se mencion6 anteriormente los dominios efectores encargados del
reconocimiento de lisinas metiladas presentan unas caracteristicas comunes que son
relativamente independientes de la estructura global del dominio™®. A continuacién se

describen las mas destacadas.

4.2.8.1. Modos de reconocimiento.
Considerando las estructuras conocidas de los complejos histona-efector, se han
identificado, principalmente, dos modos de unién de las lisinas metiladas relacionados

con la especificidad de la interaccion: cavity-insertion y surface-groove®.

En el modo cavity-insertion, el grupo metilamonio de la cadena lateral de la lisina
metilada queda enterrada en el interior de una cavidad profunda y estrecha con la
capacidad de filtrar el ligando por tamafio. Por ejemplo, el dominio Tudor en tandem
de 53BP1'® (Figura 12) y el dominio MBT de la proteina L3MBTL1*° (Figura 15)

reconocen bajos niveles de metilacion mediante este mecanismo de reconocimiento.

Por lo contrario, en el modo surface-groove, las cavidades son mas amplias vy
accesibles, de forma que la cadena lateral de la lisina metilada, sujeta a restricciones
de tamafio menos estrictas, se ubica a lo largo de un surco formado en la superficie de
la proteina. Como ejemplos de complejos histona-efector que siguen este mecanismo
de reconocimiento tenemos: el Cromodominio de HP1'%'"? el doble Cromodominio de
CHD1'® y el doble dominio Tudor de JMJD2A'? (Figura 13).
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4.2.8.2. Jaula aromatica

Una caracteristica comun de los dominios que reconocen residuos de lisina metilados
es la ubicacién del grupo metilamonio en el interior de una jaula aromatica (aromatic
cage) formada por entre dos y cuatro residuos aromaticos, en ocasiones
complementados por uno o mas residuos acidos. (Figuras. 9, 14B, 16B) EI
reconocimiento de la lisina metilada queda estabilizado electrostaticamente mediante

interacciones n-cation y en menor medida, por contactos hidrofébicos®''#"2.

4.2.8.3. Cavidades de reconocimiento estaticas

Mientras los péptidos de histona pueden sufrir cambios conformacionales inducidos
por la union, la proteina efectora no suele mostrar perturbaciones estructurales
apreciables. La naturaleza compacta y rigida del plegamiento de los dominios de
reconocimiento descarta movimientos substanciales como consecuencia de la unién
con el péptido de histona'®. Concretamente, la jaula aromatica en complejo con el
péptido de histona es muy estatica en relacion a su forma libre. Existen algunas
excepciones en los casos de 53BP1'®® y WDR5%"®, en los que existe movimientos de la

cadena lateral tras la union con el péptido de histona.

4.3. Reconocimiento de otras modificaciones

Ademas de las acetilaciones y las metilaciones, existen otras modificaciones post-
traduccionales de las histonas para las que todavia no se conoce la proteina efectora
asociada, o no esta tan caracterizada como los casos anteriores. Estas modificaciones

se describen a continuacion.

4.3.1. Fosforilacion

Algunos residuos de serina y treonina de las histonas pueden ser fosforilados, y
podrian estar implicados en el control del ciclo celular, la reparacion del ADN y la
regulacién de la transcripcion'®'®*. La fosforilacion suele ocurrir tanto en la cola, como
en la region central de las histonas, y se produce principalmente en residuos de
serina. A pesar del gran numero de dominios implicados en el reconocimiento de
residuos fosforilados en proteinas que no son histonas, nuestro conocimiento de los
modulos que reconocen residuos de histona fosforilados se limita a: (i) la familia de

proteinas 14-3-3 involucradas en el reconocimiento de H3S10ph en el contexto Ala-
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Arg-Lys-Ser, y (ii) el dominio en tandem BRCT de MDC1 involucrado en el
reconocimiento de la fosfoserinas 139 (S139ph) de la variante de histona yH2AX'"%,
En este contexto, las proteinas que contienen copias del dominio WD40 se han
caracterizado estructuralmente como efectores con la capacidad de unirse a
fosfoserinas, ademas de a lisinas metiladas, y a lisinas y argininas sin modificar'*.
Actualmente, un desafio en el campo de la biologia de la cromatina es identificar mas
proteinas efectoras asociadas a la cromatina que pueden interpretar la informacion

codificada en la fosforilacion de las histonas.

4.3.2. Metilacion de las argininas

Aunque el interés en la metilacion de argininas de las histonas ha quedado eclipsado
por el interés en las lisinas metiladas, se han identificado dos co-activadores
transcripcionales, CARM1 y PRMT1, que son reclutados por las modificaciones H3R17
y H4R3, respectivamente’*®. Se sabe también que este mecanismo de sefalizacion
puede ser revertido mediante ciertas actividades desmetilasas vy

desmetillimidasas'?®'2°

Diversos estudios han establecido la relacién entre las argininas metiladas y diferentes
dominios previamente identificados y asociados a otras modificaciones de las colas de
las histonas'®. Por ejemplo, el dominio Tudor permite el reclutamiento de la proteina
efectora a residuos de arginina metilados tanto asimétrica como simétricamente, y en
este reconocimiento parece estar implicada la caja aromatica del mismo modo que en
el reconocimiento de lisina metiladas®'. Otro estudio centrado en la interaccion entre
los dos bromodominios de CHD1 y H3K4me3 sugiere que H3R2 es importante para la
interaccion, y la metilacién asimétrica de esta posicion disminuye la afinidad por el
péptido'’®. Otro dominio que también ha sido relacionado con el reconocimiento de

argininas metiladas es el dominio WD40?* y PHD finger',

4.3.3. Histonas no modificadas

El dominio SANT es un dominio estructuralmente similar al dominio de unién al ADN
(DBD) de Myb, que se ha identificado en algunas proteinas de complejos que actuan
como corepresores o coactivadores transcripcionales, como por ejemplo, complejo

SAGA con actividad HAT, SMRT, ISWI. A pesar de que su funcién aun no parece
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demasiado clara, analisis bioquimicos de los dominios SANT de Ada2, Iswi y SMRT
parecen indicar que estaria involucrado en el reconocimiento de colas de histonas sin

modificar®'®.
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OBJETIVOS

“Siempre en la mente has de tener a ltaca.
Llegar alla es tu destino,

pero no apresures el viaje”.

De forma general, el objetivo de esta tesis es la caracterizacion de diferentes aspectos

estructurales y funcionales de los reguladores epigenéticos y sus consecuencias para

la interpretacion bioldgica de las modificaciones de las histonas. A efectos practicos,

dicho objetivo se divide en las tres partes siguientes:

a)

b)

Analisis de la distribucion de los dominios de interaccion mejor
caracterizados entre las diferentes enzimas modificadoras de Ila
cromatina. Los dominios de interaccibn son los responsables del
reclutamiento de las enzimas modificadoras de la cromatina en determinadas
regiones del genoma. Este objetivo se centra en determinar la asociaciéon entre
las diferentes actividades enzimaticas involucradas en la regulacion
epigenética (HATs, HDACs, HMTs, etc.) y los diferentes dominios de

interaccion (Bromodominio, Cromodominio y Dominio SANT).

Caracterizacion de la variabilidad estructural de los dominios de
interaccidn de las enzimas modificadoras de la cromatina. Este objetivo se
centra en describir y clasificar la variabilidad estructural de los componentes
fundamentales de la interaccion entre la histona y la proteina efectora v,
posteriormente, extraer las posibles consecuencias para la comprension de la

especificidad de unién a las diferentes modificaciones.

Caracterizacion de las propiedades moleculares y del papel regulador del
splicing alternativo de las enzimas modificadoras de la cromatina. La
finalidad de este objetivo es la de caracterizar de forma exhaustiva los
patrones de splicing alternativo de los reguladores epigenéticos, y clasificarlos
en categorias de acuerdo con su accién reguladora potencial de la funcién

génica.
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DISCUSION GLOBAL

“Es mejor que dure muchos afios
y que ya viejo llegues a la isla,
rico de todo lo que hayas guardado en el camino

sin esperar que ltaca te de riquezas”.

En este trabajo se presentan tres estudios que abordan aspectos complementarios de
la funcion de los reguladores epigenéticos y su regulacion: (i) propiedades
estructurales y patron de distribucion de los dominios de interaccion con la cromatina;
(i) la modulacién funcional mediante variaciones locales en el centro activo y en la
transicion desorden—orden experimentada por la cola de las histonas tras su union a
los dominios efectores; y (iii) los patrones de splicing alternativo de los reguladores
epigenéticos y su posible impacto funcional. A continuacibn se discuten las

implicaciones mayores de los resultados obtenidos.

1. Propiedades estructurales y patrén de distribucién

de los dominios de interaccion con la cromatina

Los dominios efectores y sus caracteristicas estructurales y fisicoquimicas juegan un
papel fundamental en la interaccion entre los reguladores epigenéticos y la cromatina.
Esta claro que las distintas modificaciones de las histonas tienen distintos efectos
funcionales, y que estas modificaciones son afiadidas y reconocidas por diferentes
dominios efectores; no parece tan claro, sin embargo, como se coordinan las
modificaciones de las histonas y los dominios efectores para desencadenar un

determinado efecto funcional.

Autores como Matthew J. Bottomley'®’ y Ronen Marmorstein®?, han hecho un esfuerzo
por reconciliar el estado del arte sobre los dominios efectores implicados en la
regulacién de la cromatina y el cédigo de histonas, y sugerir un marco conceptual
adecuado para comprender cémo las modificaciones covalentes de las histonas
regulan la expresién génica mediante dominios efectores conservados en los
reguladores epigenéticos. De las publicaciones de estos autores se desprende que la
composicion y distribucién de estos dominios juega un papel importante en la actividad

de los reguladores epigenéticos.
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En esta linea, y centrados en la importancia del reclutamiento como el origen de la
selectividad de la funcidn enzimatica, en la publicacidon 1 se analiza la distribucion de
los Bromodominios, Cromodominios y dominios SANT entre las enzimas implicadas en
la regulacién de los estados de la cromatina. También se describen las caracteristicas
estructurales y funcionales de dichos dominios, en el contexto de su posible papel en

la interpretacion del cédigo de histonas.

En dicho trabajo se observa, de forma general, como el patron de presencia/ausencia
y la distribucién desigual de los dominios efectores entre los diferentes reguladores
epigenéticos indican que estos dominios efectores confieren propiedades especificas
de unién a la cromatina a las diferentes familias de reguladores epigenéticos. Por
ejemplo, la interaccién entre el Bromodominio de BRG1, un componente del complejo
SWI/SNF, y H4K8Ac, favorece el reclutamiento de dicho complejo a la region
promotora de IFN-B'®. Del mismo modo, el doble Bromodominio de TAF,250, un
factor de transcripcién con actividad HAT, es reclutado al promotor de IFN- mediante
la acetilacion de los residuos K9 y K14 de la histona H3, estabilizando la unién de
SWI/SNF*'®,

Los datos de la Publicacion 1 (Tabla 1) muestran que las enzimas modificadoras de
la cromatina sélo contienen un tipo de dominio, aunque su numero de copias puede
variar. Esta duplicaciéon del dominio podria contribuir a la especificidad de unién, al
incrementar la estabilidad de la unién en histonas que presenten varias modificaciones
apropiadamente espaciadas. Este seria el caso del doble Bromodominio de TAF ;250
que se une a la histona H3 acetilada en las lisinas 9 y 14'*%. El reclutamiento in vivo de
TAF ;250 al promotor de IFN-B s6lo ocurre cuando ambos residuos estan acetilados;
ademas, la mutacion de uno de estos residuos cancela el reclutamiento?'®. En estos
datos, y otros similares, se basa la teoria de la multivalencia®’’, segun la cual las
modificaciones de las histonas no operan solas, sino que actuarian coordinadas con
otras modificaciones. Este complejo cdédigo de modificaciones epigenéticas no esta
necesariamente restringido a una unica cola de histona, sino que podria involucrar a
dos o mas colas de un determinado nucleosoma, a nucleosomas adyacentes o a
nucleosomas ubicados de forma discontinua en la secuencia de ADN primaria. De
este modo, la combinacion de médulos efectores podria incrementar la especificidad,

afinidad y la dinamica de los complejos macromoleculares asociados a la cromatina®"’.
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Esta idea puede explicar cdmo una determinada combinacién de modificaciones de
histonas y los dominios que las reconocen pueden regular la transcripcion a corto
plazo. Hay que decir, sin embargo, que no explica completamente cual es la
contribucion de estos dominios al establecimiento y mantenimiento, e incluso la
herencia, de los estados transcripcionales a largo plazo. Segun Cosma vy
colaboradores®'®, los dominios de unién a la cromatina pueden tener un papel central
en el establecimiento y mantenimiento de dichos estados. Ello podria deberse a la
habilidad de algunas enzimas para incorporar marcas de histonas que ellas mismas
reconocen, como por ejemplo, enzimas HAT que unen preferentemente péptidos

acetilados mediante el Bromodominio.

2. Modulacion funcional mediante variaciones locales

en el centro activo

En el contexto descrito, la especificidad de estos dominios de unién a la cromatina es
un tema importante que requiere mencién especial. En particular, una pregunta critica
es por qué estos dominios son capaces de discriminar entre residuos de lisina
portadores de la misma modificacién. La disponibilidad de informacién estructural para
diferentes complejos histona-efector proporciona una excelente oportunidad para
mejorar nuestra comprension de las bases moleculares de la regulacion epigenética,
al aclarar las propiedades biofisicas y funcionales de esta interaccion y sus
componentes. En los siguientes apartados, se discuten cuales son los posibles

determinantes de la especificidad de los dominios efectores.

2.1. Lugar de uniéon de los dominios de interaccién de los

reguladores epigenéticos

Tal como se muestra en la publicacion 1 (Fig. 1D-F) los lugares de union de cada
familia de dominios presentan un grado de similitud de secuencia considerable. Sin
embargo, también es cierto que la similitud no es absoluta, lo cual podria estar
asociado a las diferencias de especificidad al sustrato. Esto ha sido confirmado en el
caso de los Cromodominios, mediante estudios de intercambio de dominios que
demuestran que no existe una conservacion uniforme de la funcién®'®. Previamente,
Taverna y colaboradores'™® habian descrito las principales caracteristicas del

reconocimiento molecular de las modificaciones de las histonas por diversas familias

63



DISCUSION GLOBAL

de dominios efectores. En este amplio estudio sugieren que los diferentes complejos
histona-efector pueden clasificarse en funcién del modo de reconocimiento empleado:
surface-groove y cavity-insertion. En el primero, la cadena lateral de la lisina metilada
descansa sobre un surco en la superficie del efector, mientras que en el segundo, la

lisina metilada queda insertada en una cavidad estrecha y profunda.

En la publicacién 3, partiendo de estos resultados, caracterizamos estructuralmente
la variabilidad de la interaccion entre los dominios efectores y colas de las histonas,
con el objetivo de contribuir a la identificacién de los determinantes de la especificidad
de dicha interaccion. Un aspecto interesante de nuestro trabajo es que no se observa
una relacién univoca entre las clases que nosotros proponemos y aquellas sugeridas
previamente por Taverna y colaboradores'®. Esta contradiccion es sélo aparente, y se
debe a que estos autores centran su trabajo en el lugar de union del residuo de
histona modificado (al que nos referiremos de ahora en adelante, y por consistencia
con el texto de la correspondiente publicacién, como MBS), mientras que en nuestro
caso consideramos la totalidad del lugar de unién (al que nos referimos como BS).
Concretamente, en nuestra clasificacion su clase surface-groove queda subdividida en
dos clases: flat-groove y narrow-groove. Para ilustrar la importancia de considerar el
lugar de union de forma amplia, tomaremos como ejemplo el caso de las familias
Polycomb y HP1'*". En general, los Cromodominios de los miembros de la familia
Polycomb muestran una preferencia por H3K27me3?®, mientras que los
Cromodominios de la familia HP1 la muestran por H3K9me3. Se dan, sin embargo,
excepciones: por ejemplo, los miembros de la familia Polycomb Cbx4 y Cbx7 son
capaces de unirse a H3K9me3, de hecho Cbx4 lo hace de forma preferente. Si

analizamos el alineamiento mdltiple de la familia Polycomb?'%*

, vemos que fuera de
la region MBS algunos residuos del lugar de unién de Cbx4 y Cbx7 son diferentes a
los del resto de miembros de Polycomb. Concretamente, ambos Cromodominios
presentan una valina en lugar de Ala-28 (de acuerdo con la numeracién del Polycomb
de Drosophila). Si ahora consultamos el residuo equivalente en HP1, vemos que es
una valina (Val-26), y que ademas es un residuo que juega un papel importante en la

union con la histona®.
La comparacion entre MBS y BS proporciona una explicacion para los cambios de

especificidad entre dominios con el mismo MBS: dichos cambios serian debidos a

diferencias en la parte restante del BS. Una serie de resultados experimentales
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refuerzan esta idea. Por ejemplo, ensayos de mutagénesis para el segundo dominio
de JMJD2A (PDB: 2GFA) muestran que las mutaciones de Asp945 (un residuo que
esta en contacto con el péptido de histona, aunque no con la lisina modificada) a Ala y
Arg, reducen y eliminan el reconocimiento de H3K4me3, respectivamente’¥?. Un caso
parecido ocurre para la mutacion Tyr1500Ala del dominio Tudor en tandem de la
proteina 53BP1 (PDB:21G0) que reduce la afinidad de unién por H4K20me2'®8. Por su
parte, la mutacién Val26Met del cromodominio de HP1 de Drosophila melanogaster
impide la unién con la histona H3'®. En estos dos casos, los residuos mutados
pertenecen al lugar de unién de los dominios implicados, pero no estan en contacto
con los residuos de histona modificados. Ello confirma la contribucién del resto del BS

al reconocimiento de la histona, y a la especificidad de dicho reconocimiento.

Extender esta idea a los BS de la misma clase estructural resulta mas dificil. Ello es
debido por una parte al gran parecido global que tienen, y por otra al hecho de que a
pesar de este parecido pueden tener especificidad hacia sustratos diferentes. Los
resultados de la comparacién de los BS de efectores homoélogos (BS de los
cromodominios de la clase narrow-groove) apuntan en la misma direccién. Podria
parecer que debido a la gran similitud estructural de estos BS, que comparten el
mismo MBS, tendrian que tener la misma especificidad de sustrato. Sin embargo, este
no es siempre el caso, como muestran los cromodominios de HP1 y Polycomb. Al
considerar su BS, estos dominios pertenecen a la misma clase, narrow-groove, y si
consideramos exclusivamente el residuo de histona modificado (tal y como sugieren
Taverna y colaboradores) pertenecen a la misma clase MBS, surface-groove, sin
embargo, estos Cromodominios reconocen dos sustratos diferentes, H3K9me3 vy
H3K27me3, respectivamente'®. Fischle y colaboradores han mostrado que distintas
caracteristicas del lugar de unién fuera del MBS pueden jugar un papel importante en
la determinacién de las diferentes especificidades de sustrato de los cromodominios
de Polycomb y HP1"¥". Nuestros resultados de la comparacion de los BS de efectores
homologos generalizan esta observacidén, al mostrar que la variabilidad estructural
entre BS homoélogos (descritos por la distribucion de BS de efectores con el mismo
plegamiento representada en la Fig. 4A - Publicacion 3), es mayor que el error

experimental.
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2.2. Péptido de histonas

A pesar del enfoque de la tesis, centrada principalmente en los dominios efectores de
los reguladores epigenéticos, hemos creido necesario anadir un apartado referente al
péptido de histona a la luz de los resultados obtenidos en la publicacién 3. Ello es
debido a que una observacion detallada de los péptidos unidos sugiere la existencia
de un determinante adicional de la especificidad de la interaccion entre el regulador

epigenético y la histona, y refuerza la clasificacion de los lugares de unién.
A continuacién se discuten brevemente las principales caracteristicas estructurales

observadas en los péptidos de histona y su contribucion a los contactos atémicos

establecidos entre el péptido de histona y el dominio efector.

2.2.1. Caracteristicas estructurales del péptido de histona:

patrones de contactos atomicos.

Nuestro analisis de la estructura del péptido nos proporciona una visién consistente
con la clasificacion de los lugares de unién: encontramos un grado sustancial de
variabilidad que surge de las diferencias entre los correspondientes efectores. Sin
embargo, identificamos un motivo estructural, el motivo hook-like, presente en la
mayoria de péptidos independientemente del modo de reconocimiento. Cuando la
secuencia del motivo es RTK observamos una gran variabilidad en sus patrones de
interaccion, esta variabilidad esta relacionada con las diferencias del lugar de union de
los efectores. Esto indica que la estructura atémica cercana, pero exterior al MBS, esta
involucrada en la determinacién de la especificidad de la interaccion. Por el contrario,
cuando la secuencia es ARK su patron de interaccién esta bien conservado. Todos los
péptidos de histona que contienen el tripéptido ARK estan unidos a los
Cromodominios de la clase narrow-groove, lo que confirma que los determinantes de
la especificidad de sustrato hacia diferentes péptidos de histona involucra atomos del
efector en contacto con atomos de histona fuera de la secuencia de residuos
conservados. Esta idea coincide con los resultados obtenidos por Fischle vy
colaboradores' en el caso de Polycomb y HP1. A pesar de estas diferencias, cabe
destacar la identificacion del motivo estructural hook-like, presente en la mayoria de
péptidos estudiados, independientemente del modo de reconocimiento. Este motivo
muestra un elevado grado de conservacién estructural y podria jugar un papel

importante en la afinidad de la unién del péptido al efector.
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3. Splicing alternativo como mecanismo de regulacién

de los reguladores epigenéticos

Considerando la importancia de los dominios efectores en la funcion de los
reguladores epigenéticos resulta natural pensar que, de forma similar a lo que ocurre
en el caso de los factores de transcripcion®???®, la determinacion de su
presencia/ausencia mediante eventos de AS constituye un nivel adicional de
regulacién funcional. Es bien sabido que el AS es un fenbmeno presente en la gran

224,225

mayoria de los genes humanos y que da lugar a isoformas que por su estructura

de dominios tienen un caracter regulador de la isoforma principal???223228

Previamente Tajul-Arifin y colaboradores'’®, se centraron en la identificacion y el
analisis de proteinas codificadas en el transcriptoma de ratdbn que contenian el
Cromodominio. Ademas de ampliar el catalogo de proteinas que presentan dicho
dominio, los resultados de este estudio mostraban que algunas isoformas lo perdian
total o parcialmente. Ello apuntaba a que estas proteinas podian tener alterada la
especificidad a su sustrato o actuar como antagonista de la isoforma que conserva el
Cromodominio. Este estudio sefialaba al AS como una fuente de regulacion funcional;
sin embargo, considerando el gran numero de dominios efectores conocidos, se
trataba de un estudio parcial. Dado este contexto cientifico y los trabajos sobre AS
realizados en el grupo, nos planteamos estudiar ampliamente los patrones de AS,
analizando su tipo y frecuencia, considerando la totalidad de dominios, tanto los de
interaccion, como los cataliticos, e incluyendo todas las familias de reguladores

epigenéticos anotadas hasta la fecha. (Publicacién 2).

Globalmente, los resultados de nuestro estudio confirman y refuerzan la idea de que el
AS tiene un papel relevante en la modulacién de las propiedades funcionales de los
reguladores epigenéticos, eliminando o alterando su estructura modular de dominios.
De acuerdo con la naturaleza del cambio y su localizacién en la proteina podemos
definir tres clases: (i) reducciones drasticas de tamafio, (ii) cambios en el dominio
catalitico vy, finalmente, (iii) cambios en los dominios de interaccion. A continuacién se

discute la interpretacién funcional de dichas clases.
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3.1. Reducciones drasticas de tamano

La generacion de isoformas inactivas constituye un mecanismo sencillo de regulacién
de la cantidad de proteina funcional presente en la célula®*’?*. Normalmente, las
isoformas inactivas son versiones cortas de la proteina funcional en las que se han
perdido la mayoria de sus dominios funcionales®®. En nuestro estudio hemos
identificado un conjunto de isoformas que presentan una importante reduccién de
tamano relativo al de la proteina activa (entre el 35 y 95%), con la mayoria de los
dominios funcionales eliminados o seriamente dafados. Estas isoformas encajan con
la descripcién de isoformas inactivas y, por lo tanto, su expresiéon corresponderia a
mecanismos de regulacion de cantidad de proteina funcional presente en la célula
(Publicaciéon 2. Tabla 4). Por ejemplo, esta situacién se da en la quinasa humana
ATM, que pierde la mayoria de sus dominios cataliticos en una de las isoformas lo que

hace inverosimil la conservacién de la funcién.

3.2. Cambios en el dominio catalitico

Generalmente, las isoformas que han perdido el dominio catalitico se pueden
comportar como reguladores dominantes negativos de la isoforma funcionalmente
completa, tal y como se ha observado en el caso de los factores de transcripcion®®.
En nuestro caso hemos identificado diferentes genes con isoformas que bien han
perdido el dominio catalitico o éste ha perdido su capacidad funcional debido a las
deleciones que ha experimentado (Publicacién 2. Tabla 2). Por ejemplo, la quinasa
PRKDC, muestra que los cambios introducidos no son estructuralmente neutros, lo
que concuerda con la ligera actividad inhibidora descrita para la isoforma corta de
PRKDC en relacion a su isoforma de mayor tamafio®®. Hay que sefialar que en este
caso, a pesar de no presentar actividad quinasa, la isoforma corta de PRKDC participa
en procesos de reparacion del ADN®*. Por lo tanto, no podemos descartar la
posibilidad de que en algunos casos, las isoformas sin unidad catalitica tengan otros

papeles funcionales.

3.3. Cambios en los dominios de interaccién

A priori el significado funcional de la pérdida de los dominios de interaccion podria
corresponder a una desregulacion de la actividad enzimatica a través de un
mecanismo dependiente de la naturaleza de la interaccion afectada. Si esta es

necesaria para la formacién de un complejo entre la enzima y otras subunidades
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proteicas necesarias para la catalisis, la desregulacion se produciria por la formacién
de un complejo inactivo. Probablemente, este es el caso de la isoforma corta de la
acetiltransferasa de histona GCN5L2. Si el dominio de interaccién es el responsable
del reclutamiento de un regulador epigenético determinado, la desregulacién seria una
consecuencia de la incapacidad de la enzima para alcanzar su sustrato. Otra
posibilidad seria que la falta del dominio de unién a la cromatina no permita la
perpetuaciéon de los dominios activos de la cromatina. Este efecto ha sido propuesto
por diferentes autores para enzimas portadoras del Bromodominio®*"?*2, En nuestro
estudio hemos identificado diferentes genes humanos cuyas isoformas han perdido
total o parcialmente los dominios de interaccion, por ejemplo, GCN5L2, MYST1 y
MORF4L1 (Publicacién 2. Tabla 3).

Los resultados de este trabajo constituyen un primer paso hacia la comprensiéon del
impacto del AS como un nivel adicional de regulacion de la expresion génica a través
de las enzimas modificadoras de la cromatina. Debido a que los reguladores
epigenéticos actuan especificamente sobre un determinado gen o globalmente sobre

121,233

el genoma , los diferentes mecanismos de regulacion funcional descritos podrian

influir en la expresién de un gran conjunto de genes.
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CONCLUSIONES GENERALES

“Sin ella no habrias aprendido el camino.

No tiene otra cosa que darte ya”.

A continuacién se resumen las principales conclusiones obtenidas en los diferentes

estudios presentados en esta tesis:

A) De la caracterizacion funcional y estructural de los dominios de interaccion

B)

presentes en las enzimas modificadoras/remodelantes de la cromatina, concluimos

Existe una distribucion desigual de los dominios de interaccion entre las
diferentes familias de enzimas modificadoras/remodelantes de la cromatina.
Esta distribucion desigual tiene el potencial de actuar como regulador de la

especificidad de los reguladores epigenéticos.

Los lugares de union de los dominios de interaccion pueden clasificarse en tres
clases diferentes en funcion de caracteristicas estructurales comunes: flat-

groove, narrow-groove y cavity-insertion.

Las variabilidades estructural y quimica globales constituyen un factor
importante en el establecimiento de la especificidad hacia una determinada

modificacion de la histona.

Existe un motivo conservado (hook-like) en los péptidos de histona participante

en la interaccion histona-dominio.

Nuestros datos indican que al unirse el dominio efector, la cola de las histonas
experimenta, en su lugar de union, una transicion desorden-orden que podria

contribuir a la especificidad de la interaccién histona-dominio

En relacién a la variabilidad funcional introducida por los eventos de AS en las

diferentes familias de reguladores epigenéticos estudiadas:
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* AS se da en un numero importante de reguladores epigenéticos.

* En general, los cambios introducidos por AS pueden ordenarse en las tres
categorias siguientes: (i) reducciones drasticas del tamafio, (ii) cambios en el
dominio catalitico y (iii) cambios en los dominios de interaccion.

* A cada una de las categorias anteriores corresponde una interpretacion

funcional que sugiere un efecto regulador importante por parte del AS.
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PUBLICACIONES

“Y si la encuentras pobre, ltaca no te ha engafiado
sabio como te has vuelto con tantas experiencias,

habras comprendido lo que significan las ltacas”.

El trabajo presentado en esta tesis ha dado lugar a tres publicaciones que reflejan
diferentes aspectos de los dominios funcionales de los reguladores epigenéticos (se

enumeran a continuacién en el orden cronoldgico de su publicacién):

1. Papel de los dominios de interaccién en la interpretacion del codigo de
histonas, poniendo de manifiesto que el proceso de reclutamiento de los
reguladores epigenéticos, mediante las modificaciones post-traduccionales de
las histonas, es fundamental para la regulacién génica a corto y largo plazo.

(Publicacion 1)

2. Papel del splicing alternativo como un mecanismo de modulacion funcional de
los reguladores epigenéticos a través de cambios en su estructura de dominios.

(Publicacion 2)
3. Caracterizacion de la variabilidad estructural de los componentes principales de

la interaccidn entre histonas y dominios efectores (la cola de la histona, por una

parte, y el lugar de unién del dominio efector, por otro) (Publicacién 3)
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PUBLICACIONES

INFORME DEL DIRECTOR DEL FACTOR DE IMPACTO DE LOS
ARTICULOS PUBLICADOS.

Publicacion 1. Do protein motifs read the histone code? Xavier de la Cruz, Sergio
Lois, Sara Sanchez-Molina y Marian A. Martinez-Balbas. BioEssays 27:164-175,
2005.

Este trabajo es una revisidbn de la literatura sobre la relacion entre los diferentes
dominios funcionales presentes en los reguladores epigenéticos, y el codigo de
histonas. Se publicé en la revista BioEssays que recoge revisiones de gran impacto en
el area de la biologia molecular, evolucién, etc. Su factor de impacto 4.479 confirma

que el trabajo presentado tiene acceso a una audiencia destacada.

Publicacion 2. The functional modulation of epigenetic regulators by alternative
splicing. Sergio Lois, Noemi Blanco, Marian Martinez-Balbas y Xavier de la Cruz.
BMC Genomics, 8:252, 2007. Este trabajo destaca por el amplio volumen de datos
recogidos sobre los reguladores epigenéticos y su AS, y por el analisis de dichos datos
en el contexto de la regulacion de la expresion génica. BMC Genomics es una revista
consagrada a publicar investigacion original en diferentes areas de la gendmica, con

un indice de impacto de 4.21, que garantiza su difusiéon entre la comunidad cientifica.

Publicacion 3. Characterization of structural variability sheds light on the
specificity determinants of the interaction between effector domains and histone
tails. Serqgio Lois, Naiara Akizu, Gemma Mas de Xaxars, lago Vazquez, Marian
Martinez-Balbas y Xavier de la Cruz Epigenetic 5:2, 137-148, 2010. Este trabajo
aporta un destacado analisis estructural de la interaccion histona-dominio efector y
descubre dos nuevos determinantes de la especificidad de dicha interaccién. Se ha
publicado en la revista Epigenetics, de destacado impacto en el campo de la

epigenética y con un indice de impacto de 4.58 que asi lo confirma.
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PUBLICACION 1

Do protein motifs read the histone code?

Xavier de la Cruz, Sergio Lois, Sara Sanchez-Molina y Marian A. Martinez-Balbas.
BioEssays 27:164-175, 2005
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TiTULO:

¢Los motivos proteicos leen el cédigo de histonas?

RESUMEN:

Segun la hipétesis del cddigo de histonas, las modificaciones quimicas presentes en
las colas de las histonas constituirian lugares de unién para diferentes familias de
proteinas con la capacidad de alterar la estructura de la cromatina. En este articulo se
describe de forma exhaustiva aquellos dominios funcionales presentes en dichas
proteinas que tienen la capacidad de interaccionar con las modificaciones covalentes
de las histonas: Bromodominio, Cromodominio y dominio SANT. En particular, se
revisa la distribucion de estos dominios entre las diferentes familias de enzimas
modificadoras de la cromatina conocidas (HAT, HDAC, HMT y enzimas remodelantes
de la cromatina) y se intenta caracterizar la contribucién de estos dominios en la

interpretacion del cédigo de histonas.

Entre los resultados de dicha publicacion cabe destacar, que los Bromodominios,
Cromodominios y dominios SANT pueden encontrarse en las tres familias de enzimas
estudiadas, o sus complejos, sin embargo, su distribucion es desigual. Esta
distribucion diferencial entre los dominios de interaccion y las actividades enzimaticas,
confirma la idea de que estos dominios confieren propiedades especificas de union a
las diferentes familias de enzimas. Ademas, se discute cdmo otros factores tales como
la variabilidad de secuencia en el lugar de unién y residuos colindantes, el nimero de
copias del dominio y cambios alostéricos inducidos por la interaccion proteina-proteina
tras la unién con la cromatina, pueden influir en la especificidad de unién de dichos

dominios.
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Do protein motifs read

the histone code?

Xavier de la Cruz,>> Sergio Lois,>

Sara Sanchez-Molina,’’® and Marian A. Martinez-Balbas'-3*

Summary

The existence of different patterns of chemical modifica-
tions (acetylation, methylation, phosphorylation, ubiqui-
tination and ADP-ribosylation) of the histone tails led,
some years ago, to the histone code hypothesis. Accord-
ing to this hypothesis, these modifications would provide
binding sites for proteins that can change the chromatin
state to either active or repressed. Interestingly, some
protein domains present in histone-modifying enzymes
are known to interact with these covalent marks in the
histone tails. This was first shown for the bromodomain,
which was found to interact selectively with acetylated
lysines at the histone tails. More recently, it has been
described that the chromodomain can be targeted to
methylation marks in histone N-terminal domains. Finally,
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the interaction between the SANT domain and histones is
also well documented. Overall, experimental evidence
suggests that these domains could be involved in
the recruitment of histone-modifying enzymes to discrete
chromosomal locations, and/or in the regulation their
enzymatic activity. Within this context, we review the dis-
tribution of bromodomains, chromodomains and SANT
domains among chromatin-modifying enzymes and dis-
cuss how they can contribute to the translation of the
histone code. BioEssays 27:164—-175, 2005.

© 2005 Wiley Periodicals, Inc.

The histone code hypothesis
The packing of the eukaryotic genome into chromatin provides
the means for compaction of the entire genome inside the
nucleus. However, this packing restricts the access to DNA of
the many regulatory proteins essential for biological pro-
cesses like replication, transcription, DNA repair and recom-
bination."”  There are two mechanisms that can
counterbalance the repressive nature of chromatin, allowing
access to nucleosomal DNA: (i) covalent modification of
histone tails like acetylation, methylation, phosphorylation and
ubiquitination;®=® and (ii) altering of the nucleosomal struc-
ture by enzymes utilising energy from ATP hydrolysis.®

In the early nineties, it was proposed that histone covalent
modifications can work as recognition signals, directing the
binding to chromatin of non-histone proteins that determine
chromatin function.”"® More recently, it has been hypothe-
sized that specific tail modifications and/or their combinations
constitute a code, the histone code, that determines the trans-
criptional state of the genes.®~'" According to this hypoth-
esis, “multiple histone modifications, acting in a combinatorial
or sequential fashion on one or multiple tails, specify unique
downstream functions”.®

Inthe lastyears, anincreasing amount of experimental data
has provided clear support for the different aspects of the
histone code hypothesis, contributing to refine and improve
it.(For review 12.13) One important point that has been addressed
by different authors is the idea that the histone code must use
combinations of modifications.® For example, H3 methylated
atK9 could initiate chromatin condensation and silencing 41
but, in the context of methylated H3K4 and H4K20, methyl-
K9 H3 helps to maintain active marks by allowing the binding
of BRAHMA, the enzyme of the remodelling dSWI/SNF
complex.'®
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Another aspect of the histone code hypothesis that has
received much attention, is the idea that modifications on the
same or different histone tails may be interdependent. That is,
the fact that modification in one residue can determine that of
another either in cis or, more surprisingly, in frans. In the first
case, it has been shown that methylation of H3K4 has two
important effects: it blocks both the binding of the remodelling
deacetylation complex NURD and the methylation of H3K9,
thereby preventing the placement of silencing marks.'” As an
example of trans effect, we can mention that ubiquitination of
H2B K123 is required for an efficient methylation of H3K4.('®

Recently, two new concepts have been introduced to
understand the basis of the signalling by combinations of
histone modifications, the concepts of “binary switches” and
“modification cassettes”."® In the former, neighbouring
modifications act together, while for the latter residues in
linear strings of densely modifiable sites can have different
biological readouts, depending on their modification state.

Combinations of modifications appear to be important for
both short- and long-term transcriptional regulation, and have
been described in different systems. In the first case, there are
clear experimental results showing that regulation of rapid
transcriptional processes usually requires a cascade of modi-
fication events. For example, activation of the IFN-B gene
requires acetylation of several lysines in histones H3 and H4
that mediate the recruitment of the SWI/SNF complex and
TFIID, respectively.®® In the case of long-term regulation,
there is less experimental evidence, although it is now clear
that some specific histone modifications have the potential to
exert long-term effects. For example, H3 methylated at K9 has
the potential to initiate chromatin condensation and silen-
cing.("*"® Also, Czermin, Milller and colleagues have shown
that H3 methylated by the E(Z) complex, binds specifically to
polycomb protein, suggesting a direct relationship between H3
methylation and silencing by PcG complex.?12?)

Finally, it has to be mentioned that recently the histone code
hypothesis has been extended to the nucleosome code
hypothesis, by proposing that high-order chromatin is largely
dependent on the local concentration and combination of
differentially modified nucleosomes.'®)

Chromatin-binding domains and the

translation of the histone code

Animportantissue when considering the histone code is how it
is translated. More precisely, how the combinations of modifi-
cations that constitute the code are recognised and then
translated into a given functional effect. According to the
histone code hypothesis, the histone modification marks
would provide the binding sites for a series of effector proteins
that would affect chromatin function.® Interestingly, histone-
modifying enzymes are unable to access their substrates
unless targeted there. In other words, the same enzyme will
not modify all histones in all genes, at the same time; only that

subset of genes that have recruited the modifying enzyme to
the promoter will be regulated by it. This highlights the re-
levance of the targeting process, at the origin of the selectivity
of the enzyme action, as an important feature of the regulation
by histone modification. Within this context, it is clear that
protein domains able to interact with chromatin and/or its
modified components—like bromodomains, chromodomains
or the SANT domains—can play a crucial role in the targeting
process. These domains (or protein modules, as they have
been named'®) could contribute to both the recognition of
specific patterns of modifications, as well as to their setting at
given locations. Here, we explore this idea by analysing the
distribution of chromatin-binding domains (bromodomain,
chromodomain and SANT domain) among chromatin-modify-
ing enzymes (HAT, HDAC, HMT and ATP-dependent remo-
delling enzymes). To this end, we first review the main
structural and functional characteristics of the chromatin-
binding domains, together with their distribution among
chromatin-modifying enzymes. Then, on that basis we
consider their possible role in the translation of the histone
code, as targeting elements of the histone-modifying enzymes
in the context of short-term regulation. Finally, we discuss their
role in the long-term regulation processes.

The bromodomain

Bromodomains are small protein domains that form an
extensive family.®® The first reported bromodomain was
found in the Drosophila Brahma protein.®*) Bromodomains
were later found in many chromatin-associated proteins and
most histone acetyltransferases.?%2%)

Structure and function
The three-dimensional structure of a prototypical bromodo-
main from the histone acetyltransferase PCAF shows an
unusual left-handed four-helix bundle (Fig. 1A).?"?® A long
loop between helices o Z and o A is packed against the loop
connecting helices B and C to form a surface-accessible
hydrophobic pocket, located at one end of the four-helix
bundle. This unique feature is conserved in the bromodomain
family and can be seen inthe bromodomain structure of human
GCNS5, S. cerevisiae GCN5p and human TAF,250.29-3"
The bromodomain role in chromatin remodelling was
suggested some time ago, on the basis of yeast genetic
studies.®® However, its biological function was confirmed after
the more recent discovery that bromodomains function as
acetyl-lysine binding domains.®8=3" Initially, in vitro studies
showed that bromodomains preferentially bind acetylated
peptides, leading to speculation that acetylated histone tails
could become targets for the binding of bromodomain-
containing proteins.®339=32 This has been recently confirmed
by Hassan and colleagues, who have shown that the SWI/SNF
complex is retained to the chromatin by previous histone
acetylation by SAGA or NuA4, and after removal of the
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Figure 1. A-C: Domain structures. MOLSCRIPT®?” figures of the structures of the bromodomain (A), chromodomain (B) and SANT
domain (C), PDB codes: 1N72, 1PFB and 10FC, respectively. D-F: Conservation at the domain binding sites. The respective binding sites
of each domain, coloured according to the residue conservation degree, derived from the multiple sequence alignment for each domain
family. We measured the conservation degree utilising the Shannon entropy at each column position of the multiple sequence
alignment.®88°) The resulting values were mapped to the residues in the structure of the corresponding domain, utilising a colour code that
goes from red (highly variable residue) to blue (highly conserved residue). The figures were obtained with the program Insight I, from
Accelrys. Pfam‘®® multiple sequence alignments were utilised for the bromodomain (D)and chromodomains (E) and SMART®") multiple
sequence alignment for the SANT domain (F) (not available in Pfam). The latter was edited to eliminate obvious members of the MY B-family
transcription factor, more likely to belong to a different functional family.

72)

transcription factor (Gal4-VP16).%® The retention requires
the bromodomain of Swi2/Snf2 subunit of the SWI/SNF
complex.®® Further, the SAGA complex itself is anchored to
acetylated arrays, following removal of the activator, and can
coordinate nucleosomal remodelling; however, this will only
happen if the bromodomain of the Gcn5 subunit is intact,
providing a self-perpetuating mark tethered to a small
chromatin domain.®*

If bromodomains play a role in enzyme targeting to the
chromatin, then one would expect a high conservation degree
at their binding sites independently of the chromatin-modifying
enzyme carrying them. In Fig. 1D, we plot a view of the binding
site, with all residues coloured according to their conservation
degree, as derived from the multiple sequence alignment for

the domain family. In accordance with the proposed role, we
observe that highly conserved residues tend to define, or
cluster around, the domain binding site.

Overall, these data confirm that the bromodomain has the
ability to bind acetylated histone tails in vivo, with an apparent
independence of the protein to which it belongs, and this ability
can be utilised by different chromatin-remodelling enzymes to
find and/or act on their targets.

Distribution among chromatin-modifying enzymes

In accordance with the above mentioned functional data, we
find that the bromodomain is widely distributed among the
different enzymes that acetylate, methylate or remodel
chromatin (Table 1).
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Bromodomain and HAT enzymes

The bromodomain is present in the members of Arabidopsis,
human and mouse GCN5/PCAF family, human and
mouse CBP/p300, human TAF,250, TAF1L, acetyltrans-
ferases and two putative HAT enzymes: QIN3N7 (involved in
membrane transportin C. elegans) and LOC330129 in mouse,
which encodes for a protein similar to PCAF. The presence of
bromodomains in many HAT enzymes suggests that self-
perpetuation of the HAT at acetylated locus through interac-
tions between their bromodomains and acetylated histones
could be a common feature for these enzymes (Fig. 2B).

Bromodomain and HMT enzymes

Bromodomains are also part of some HMT enzymes: Ash1,
RIZ (member of the RIZ family), and MLL (members of the TRX
proteins). MLL also has an MBD domain that may recognise
methylated DNA.©®

Bromodomain and ATP-dependent

remodelling enzymes

Remodelling enzymes that utilise ATP to alter chromatin
structure also have bromodomains: SNF2a and SNF2f from
human, as well as their homologous SNF2 in Saccharomyces
cerevisiae and Brahma in Drosophila, all of them members of
the SWI/SNF complexes, and STH1, subunit of the yeast RSC
complex.

Bromodomains can also be found in subunits, with no
catalytic activity, of remodelling complexes, where they could
help the latter in the recognition of previously modified
chromatin or to stabilize the interaction of the complex. For
example, bromodomains can be found in (1) C. elegans,
human, mouse and rat MTA-1 protein, subunit of the MTA-1
complex, (2) in human and mouse ACF1, subunit of the
CHRAC complex, (3) in yeast spt7, component of the SAGA
complex, and (4) inyeast RSC1 and 2, components of the RSC
complex. In the latter, the bromodomain is essential for the
RSC remodelling function, although it is not required for
complex assembly.®

Taken together, these data suggest that specific interac-
tions between some ATP remodelling enzymes and chromatin
could be stabilised by the bromodomain Ac-lys interaction,
helping to establish the final remodelled chromatin structure, in
accordance with work by Agaliote and colleagues.®”

The chromodomain

The chromodomain was first identified as a common domain
between two distinct regulators of chromatin structure in
Drosophila: HP1 and Polycomb.®”) Later, chromodomains
have been found in many other chromatin regulators: (i) remo-
delling factors involved in causing conformational changes by
ATP-dependent movement of nucleosomes and (ii) histone
acetyltransferases and methyltransferases. %39
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SWLSNF

Broma

Figure 2. Model for cooperation of the chromatin modifying enzymes and the chromatin-binding domains (illustrated for the case of
bromodomains). Az Possible functional interactions between acetylated histone tails and bromodomains containing enzymes that lead to a
cascade of events to activate transcription. GCN5 acetyltransferase is recruited to the gene promoter by interaction with a transcription
factor. GCN5 acetylates H3K9, H3K14 and H4K8. Finally, the bromodomain-containing transcription complexes SWI/SNF and TFIID are
recruited to the promoter by specific interactions between their bromodomain and specifically acetylated histone tails. B: Possible positive
feedback in chromatin signalling mediated by specific interactions between acetylated histone tails and HAT enzymes containing
bromodomains that leads to self-perpetuation of activating marks on chromatin.

Structure and function
The structure of the HP1 chromodomain, in complex with a
peptide from histone 3 with Lys 9 methylated, consists of a
three-stranded antiparallel B-sheet supported by an o-helix
that runs across the sheet (Fig. 1B).“? The binding pocket
for the N-methyl group is provided by three aromatic side
chains that become ordered on binding of the peptide.841+42)
The finding of the chromodomain in two completely
different epigenetic repressors, like HP1 and Polycomb,

immediately suggested that chromodomains can have chro-
matin-related functions.®”*® Although the role of the chro-
modomain within these proteins is not yet fully understood,
experimental evidence points to an involvement in protein—
protein interactions.“%*¥ In particular, recent work from
different laboratories has shown that the HP1 chromodomain
can recognise methylation of Lys 9in histone H3, thus directing
the binding of other proteins to control chromatin structure and
gene expression.(14154%) The structure of the chromodomain
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complex with a histone H3 peptide that includes methylated
Lys 9 explains how the binding can take place, with the lysine
side chain almost fully extended and surrounded by residues
conserved in many chromodomains.“® The latter is particu-
larly relevant, as it would support the chromatin-binding ability
of chromodomains independently of the protein to which they
belong.

It has to be mentioned that, apart from recognising methyl-
lysines, chromodomains can also serve to DNA and/or RNA
recognition. 1424648 For example MOF and MSL-3 use their
chromodomains to bind the non-coding roX RNA, crucial for the
integrity and targeting of the Drosophila dosage compensation
complex to the X chromosome;“°~®" this situation is similar to
the role of the HP1 chromodomain in heterochromatin forma-
tion, but recognizing RNA instead methyl-Lys. Itis interesting to
notice that it has been suggested that non-coding RNAs could
be involved in some epigenetic regulations and some enzymes,
as the chromodomain-containing enzyme SUV39 that trimethy-
lates H3K9, requires an unidentified RNA.?

As mentioned before, the chromodomain is also able to
bind DNA. For example, the chromodomain of Mi-2 binds the
nucleosome but, surprisingly, deletion of all histone tails does
not eliminate such an interaction.“”) The latter is maintained
thanks to a sequence unspecific binding to the nucleosomal
DNA.“?) In contrast to the methyl-lysine binding (see above),
structural determinants indicative of RNA- or DNA-binding
chromodomain have not yet been identified, although two point
mutations on the MOF chromodomain eliminate binding to
RNA in vitro.“®)

As for bromodomains, we have looked at the binding site
conservation degree of chromodomains (Fig. 1E). We find a
substantial conservation degree, supporting a similar role in
enzyme targeting for these domains.

The previous data support the idea that chromodomains,
like bromodomains, are able to identify and bind specific tags in
histones, in particular methylated lysines, and this binding
would be vital to recruit different chromatin-modifying en-
zymes to their targets.

It has also been reported that the chromodomain of HP1
can interact with histone H3 in the absence of the N-terminal
tail; however, while this interaction may contribute to chromatin
binding in general, it does not explain the specific targeting of
HP1.659

Distribution among chromatin-modifying enzymes
The distribution of the chromodomain among these enzymes
is more restricted than that of the bromodomain. However, we
have found it in HAT, HMT and ATP-dependent chromatin-
remodelling enzymes (Table 1).

Chromodomain and HAT enzymes
Chromodomains can be found in human and mouse
MORF4L1, identified on the basis of the ability of these

proteins to induce replicative senescence in immortal human
cell lines.®* The members of this family have a clear similarity
to Msl-3 and Eaf3p, both known components of multisubunit
histone acetyltransferase complexes.®® Msl-3 is a compo-
nent of the dosage compensation complex that acetylates
histone H4 on the male X chromosome at multiple sites.®®
Eaf3p is a component of the yeast NuA4 HAT complex that
carries the Esa1p HAT protein.®®” This complex also functions
by specifically acetylating histone H4 in vivo and has been
linked to transcriptional activation and nucleosome remodel-
ling in yeast and flies.(8:5%)

The chromodomain is also present (1) in rat and human
Tip60, and Saccharomyces pombe SPAC637.12C proteins,
members of the Myst family of HAT, and (2) in human and mouse
CDY1 and 2 proteins, which contain a putative HAT domain and
are components of the heterochromatin-like complexes that act
as gene repressors during spermatogenesis.¢%6"

Chromodomain and HMT enzymes

The chromodomain can be found in different HMT enzymes, in
the members of the suvar-3-9 family in Drosophila [su(var)3-
9], yeast (clr4), insect [su(var)3-9] and mammalian [su(var)3-
9H1 and H2].(6

Chromodomain and ATP-dependent
remodelling enzymes
Chromodomains are found in (1) members of the SNF2/
RAD54 helicase family (CHDS3 in Arabidopsis thaliana,
Drosophila and C. elegans),®3=® (2) Mi-2 and human Mi-2p
or CHD4,(®6-58) (3) Mi-2¢ or CHD3,®® and (4) CHD5.¢% Mi-2
enzyme remodels chromatin thanks to its ATP hydrolysis
ability, and is part of a complex called NURD®® that can also
deacetylate histones. This suggests that NURD could be
specifically targeted to previously methylated chromatin thro-
ugh the chromodomain.

Finally, a chromodomain can also be found in a putative
remodelling enzyme, Q8LJJ7, from Oryza sativa.

The SANT domain

The SANT domain was identified as a small motif, approxi-
mately 50 amino acids, present in nuclear receptor co-
repressors. Sequence and structure analysis show a clear
similarity between the SANT domain and the DNA-binding
domain (DBD) of c-Myb related proteins.”®

Structure and function

The SANT domain consists of three o-helices, each with a
bulky aromatic residue, arranged in a helix-turn-helix motif
(Fig. 1C)."" The overall structure is similar to that of Myb DBD,
although the SANT domain is functionally divergent from the
canonical Myb DBD."® The SANT domain is present in some
ATP-dependent remodelling enzymes complexes: yeast
Swi3p, Rsc8p, BAF155/170 and Drosophila ISWI. It has been
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shown that the SANT domain is essential for the in vivo
functions of yeast Swi3p, Ada2p and Rsc8p, subunits of three
chromatin-remodelling complexes. The general role of the
SANT domain is to stabilise, through direct binding, histone
N-terminal tails in a conformation favouring their binding to the
modifying enzymes, and the subsequent catalytic pro-
cess.”®7¥ Although the SANT domain interacts primarily with
unmodified histone tails, we decided to include it here because
(1) it has a central role in chromatin remodelling, being the
unique histone-interaction module that couples histone bind-
ing to enzyme catalysis, and (2) it is present, like bromodo-
mains and chromodomains, in the two enzyme classes
responsible of chromatin modifications (enzymes that cata-
lyse the histones covalent modifications and complexes using
ATP hydrolysis). The preference of the SANT domain for
unmodified histone tails suggests that histone deacetylation
could increase its affinity for histone tails. Interaction with
unacetylated histone tails could block the binding of HATs, thus
maintaining the deacetylated state, as proposed by Yu and
colleagues.™

When looking at the conservation degree of the SANT
domain residues (Fig. 1F) we find a less-clear trend than for
bromo or chromodomains. While significant, the conservation
degree of binding site residues is smaller in this case; this can
be attributed to the high functional degeneracy of the under-
lying family (see above), and to the less specific nature of its
binding.

Distribution among chromatin-modifying enzymes
The SANT domain is broadly present among ATP-dependent
remodelling enzymes and their complexes, but it can also be
found in HMTs (Table 1), and in proteins forming part of
complexes with HAT and HDAC activities, thus suggesting an
important role in regulating chromatin accessibility.

SANT domain and HAT enzymes
We have not found any HAT or HDAC enzyme with a SANT
domain as part of its sequence, although some components of
HAT and HDAC complexes can have it: (1) SPR1 from
C. elegans, part of the Co-REST corepressor complex,
essential for HDAC1 activation,”® (2) human and mouse N-
CoR, that interact with HDAC7 and together with Sin3 and
HDAC,"”) and (3) ADA2 proteins, ADA20. and ADA2B in yeast,
mouse, rat and human. The latter deserve further mention, as
ADA2 proteins form part of the SAGA, ADA/GCN5 and PCAF
histone acetyl-transferase complexes. Interestingly, it has
been observed that ADA and SAGA complexes containing a
deletion of the ADA2 SANT domain show a reduced ability to
bind non-acetylated histone tails, being inactive in nucleoso-
mal HAT assays.("78)

SANT domains are also present in several subunits of other
co-repressor complexes that possess HDAC activity, such as
MLL and SMRT. In the latter, the SANT domain functions as a

histone—tail interaction domain that binds to non-acetylated
histone H4 peptides.”® In addition, the presence of the SANT
domain enhances the HDAC activity of the SMRT—HDAC3
complex, by increasing the affinity of the latter for histone
tails.(”®

SANT domain and HMT enzymes

SANT domains can be found in several members of the
polycomb group of proteins, involved in the repression of
homeotic genes and with HMT activity: MEDEA and EZA1 in
Arabidopsis, EZ1-3 in maize, EZ in Drosophila, and EZH1-2 in
both mouse and human.

SANT domain and ATP-dependent
remodelling enzymes
Some ATP-remodelling enzymes have a SANT domain:
Drosophila ISWI, (the catalytic subunit of the remodelling
complex NURF, CHRAC and ACF), yeast ISWI1 and ISWI2
(catalytic subunits of ISWI1 and ISWI2 complexes, respec-
tively) and human SNF2L and SNF2H (member of the RSF
complex). The SANT domain is also present in: yeast Swi3, a
component of the SWI/SNF complex; human and mouse
MTA1 and MTA2, which are part of the remodelling, deace-
tylating, complexes NURD, RSC8p and BAF155/170. The
presence of the SANT domain in these enzymes suggests that
targeting, or stabilization, of the chromatin—enzyme interac-
tion could happen frequently by direct interaction between the
SANT domain and the chromatin component. This would help
coupling the histone-tail binding and enzymatic activity, as has
been previously suggested by Boyer and colleagues.”>7%
All of these data suggest that the SANT domain can
mediate interactions between remodelling enzymes and their
chromatin substrates. More precisely, the SANT domain could
contribute: (1) to the recruitment of chromatin modifying
enzymes, or (2) to help the interaction between histones and
the enzymes. As mentioned before, the latter would follow from
the SANT—histone interaction that would improve the histone
binding and subsequent catalysis by the modifying en-
zymes.(™®

What is the role of chromatin-binding domains?
The data previously discussed (Table 1) show that bromodo-
mains, chromodomains, and SANT domains can be found in
the three chromatin-modifying enzymes, or their complexes,
although with an unequal distribution among them. While in
some cases the enzyme may carry more than one copy of the
same domain (Table 1), no combination of different domains
has been found (Table 1). Overall, the differential distribution
of the chromatin-binding domains among the chromatin-
modifying enzymes (Table 1) is in accordance with the idea
that these domains can confer specific chromatin-binding
properties to the different enzyme families. For example,
acetylation at H4K8 could help the recruitment of the
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remodelling complex, through interaction with the BRG1
bromodomain, thus contributing to prepare chromatin to be
transcribed (Fig. 2A);?® however, this would not be the case
for chromatin-remodelling enzymes lacking bromodomains.
Or, in the same way, acetylation at H3K14 could help
recruitment of some bromodomain-carrying HMTs, that could
set a specific combination of activation marks at a given locus,
correlated with transcriptional activation, as would be the case
for MLL that methylates at H3K4."® However, bromodomain-
lacking HMTs, which methylate other positions (as Suvar39 at
H3K9) and are involved in silencing, will not be targeted to that
specific locus.

Within this context, the histone-binding specificity of
domains becomes an important issue that deserves further
comment. In particular, a critical question is why domains
recognize specifically some modified lysines and not others.
We discuss below three main contributions to domain binding
specificity: (1) sequence variability at the domain binding site,
and neighbouring residues, (2) domain copy number, and
(8) allosteric changes induced by protein—protein interactions
after chromatin binding.

As we have seen before, there is a substantial degree of
sequence conservation at the domains binding site (Fig. 1D—F),
supporting the overall conservation of function. However,
sequence conservation is not complete and some variability is
observed for the different domains that could modulate the
domain-binding specificity. This can be illustrated by consider-
ing the case of bromodomains and chromodomains. For these
two domain types, it seems that not all of them, or their
acetylated or methylated targets behave similarly. In the case of
chromodomains, swapping experiments have shown a non-
uniform functional conservation of this domain in silencing
assays.®8" For example, chromodomain of HP1 recognizes
methylated H3K9, while the chromodomains from polycomb
(M33) and Mi2 do not bind tightly to methylated lysine
residues,™ probably they are able to recognize other chro-
matin targets, as DNA or RNA. A similar situation is found for
bromodomains, for example, the bromodomain in BRG1 binds
the H4 tail acetylated at K8 and bromodomain of Brd2 interacts
with acetylated H4K 12,282 whereas the double bromodomain
in TAF;250 binds the H3 tail acetylated at K9 and K14
(Fig. 2A).2%3Y |n the case of the budding yeast SAGA HAT
complex, Gcn5 and Spt7 subunits contain bromodomains
capable of binding acetyl-lysines. However, while the Gcn5
bromodomain is essential for tethering SAGA to acetylated
nucleosomes arrays in vitro, the bromodomain of Spt7 is
dispensable. However, if swapped into Gen5 subunit, the Spt7
bromodomain is capable of anchoring SAGA.®® The latter
suggests that specificity of chromatin-binding domains could
depend, at least in part, on the protein context. In this particular
case, it seems likely that amino acids flanking acetyl-lysines,
as well as non-conserved amino acids in and around the bromo-
domain, could modulate the binding specificity of the latter.

The presence of more than one chromatin-binding domain
can also be critical to determine domain-binding specificity.
The data in Table 1 show that chromatin-modifying enzymes
contain only one type of chromatin recognition motifs
(Table 1). However, the number of domain copies may
change, and some histone-modifying enzymes contain two
tandem copies of the bromodomain, chromodomain or SANT
domain. This domain duplication could contribute to the
binding specificity, by increasing the stability of the enzyme-
dimodified histone, when the modifications are appropriately
spaced in the histone tail. Actually, this is the case for the
TAF,;250 double bromodomain that binds to diacetylated H3 at
K9 and K14."

Finally, allosteric changes induced upon association with
transcription factor complexes, and after interaction with the
modified chromatin, can also determine domain binding
specificity. For example SWI/SNF is recruited to the promoter
through the association of the BRG1 bromodomain with the
CBP-acetylated H4K8 tail.?® The interaction with other
acetylated residues in H3 or H4 may be possible in vitro;
however, these interactions will not have sufficient strength to
ensure stable binding of SWI/SNF to CBP and the promoter.*%

Histone-binding domains and
long-term regulation
The ideas discussed above can explain how combinations
of histone modifications and the chromatin-binding domains
that recognize them could regulate short-term transcription.
However, they do not completely address the critical issue
of what is their contribution to the establishment and
maintenance, and even the heritability, of long-term transcrip-
tional states. At present, it is well established that histone
modifications have the potential to exert long-term effects, for
example H3 methylated at K9 could initiate chromatin
condensation and silencing, in part due to its ability to bind
proteins such as HP1 through their chromodomains.('*1%)
However, the potential of a single modification to have such
long-term effects depends on the chromatin context in which
the modification is present. For example, in the context of
H3K4 and H4K20 methylated nucleosome, methyl-K9 H3
allows the binding of BRAHMA—the enzyme of the remodel-
ling dSWI/SNF complex, a mark to maintain a long-term
transcriptionally active locus.'®

It has been proposed that chromatin-binding domains
could play a central role in helping to establish and maintain
long-term transcriptional states.®® This would be due to the
ability of some enzymes to form self-sustaining marks in
chromatin, by stably binding their enzymatic products through
the chromatin-binding domains (Fig. 2B).®® This stable
binding would in turn allow silencing and/or activating
complexes to self-perpetuate their potential. For example,
many HAT enzymes bind preferentially to acetylated peptides,
in vitro binding assays, using their bromodomains.® More
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particularly, it has been found that the SAGA complex remains
anchored to acetylated arrays of nucleosomes through a
GCN5 bromodomain, even after removal of the transcription
factor VP16, thus providing a self-perpetuating activating mark
on chromatin domain.®® In contrast the NuA4 complex, which
lacks a bromodomain, is not retained following removal of the
activators.®®

In the same way, Czermin, Miiller and colleagues have
shown that Enhancer Zeste, (E(Z)), has methyltransferase
activity®?® and H3 methylated by the E(Z) complex binds
specifically to polycomb protein, suggesting a direct rela-
tionship between H3 methylation by E(Z) and assembly of the
PcG silencing complex.@"

While these data suggest a role for chromatin-binding
domains in the long-term transcriptional regulation, it is also
quite clear that long-term transcriptional regulation is a
complex process, requiring a subtle coordination between
histone modifications, DNA methylation and binding of
silencing RNA. (85:86)

Conclusions

The histone code hypothesis provides a useful conceptual
framework for understanding how gene expression is modu-
lated through covalent marks in chromatin. Particularly,
experimental data published during these last years reinforce
the idea that the functional effect (activation or repression) of
the translation of the histone code will depend (1) on the
combination of histone marks laid down by the enzymes
recruited to the gene (by a transcription factor or bromo/
chromo/SANT interactions), and (2) also on the chromatin
architecture of each gene.

Within this context, an issue that remains open is how
chromatin-modifying enzymes are targeted to their histone
templates. Recent studies show that some domains, able to
specifically recognise histones—chromo, bromo and SANT
domains—are also present in different chromatin-modifying
enzymes—HAT, HMT and ATP-dependent remodelling
enzymes—Ieading to the proposal that they could contribute
to the targeting of histone-modifying enzymes to chromatin
targets. Here we have reviewed the distribution of chromatin-
binding domains among chromatin-modifying enzymes, find-
ing that it is unequal and supporting the idea that these
domains can confer specific chromatin-binding properties to
the different enzyme families. In addition, we discuss how
factors such as sequence variability, domain copy number and
allosteric changes can contribute to modulate the domain-
targeting properties.
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TiTULO:
La modulacién funcional de los reguladores epigenéticos mediante splicing

alternativo.

RESUMEN:

Los reguladores epigenéticos juegan un papel fundamental en el control de la
expresion génica al modificar el estado local de la cromatina. Sin embargo, debido a
su reciente descubrimiento, poco se sabe sobre su regulacion. De entre los posibles
niveles de regulacion (transcripcion, traduccién, splicing alternativo del ARNm, etc.)
esta publicacion se centra en el estudio del splicing alternativo, y su capacidad para

generar isoformas con un variado espectro funcional.

En lo que se refiere a los datos primarios, es decir genes y tipos de dominios
analizados, etc...., este trabajo presenta una diferencia clara respecto al articulo
anterior: nos beneficiamos de la mayor disponibilidad en las bases de datos publicas
de nuevas familias de reguladores epigenéticos y de anotaciones de dominios
involucrados en la adicién, eliminaciéon y reconocimiento de modificaciones de las
histonas. Ello permiti6 que esta publicacién fuera mas exhaustiva e incluyese
informacién sobre 160 genes que codifican diferentes reguladores epigenéticos (HATSs,
HDACs, HMTs, HDMTs, enzimas remodelantes de la cromatina dependientes de ATP,

ubiquitinasas, quinasas, etc....).

Los resultados de esta publicacién muestran que aproximadamente el 49 % (70 % en
humanos) de los genes analizados, expresan mas de un transcrito, y que el 60 % (64
% en humanos) de estos genes presentan isoformas con al menos un dominio perdido
o significativamente afectado. Los cambios introducidos en la estructura de dominios
de las diferentes isoformas analizadas se asocian a diferentes mecanismos de
regulacién (represion de la funcion nativa de la enzima y creaciéon de isoformas con

nuevas funciones).

Finalmente, se discute el papel del splicing alternativo como mecanismo de
modulacién funcional de las enzimas modificadoras de la cromatina; considerando que
estas enzimas controlan el estado transcripcional de grandes conjuntos de genes, se
propone que la regulacion epigenética de la expresion génica podria estar fuertemente

regulada mediante splicing alternativo.
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Abstract

Background: Epigenetic regulators (histone acetyltransferases, methyltransferases, chromatin-
remodelling enzymes, etc) play a fundamental role in the control of gene expression by modifying
the local state of chromatin. However, due to their recent discovery, little is yet known about their
own regulation. This paper addresses this point, focusing on alternative splicing regulation, a
mechanism already known to play an important role in other protein families, e.g. transcription
factors, membrane receptors, etc.

Results: To this end, we compiled the data available on the presence/absence of alternative splicing
for a set of 160 different epigenetic regulators, taking advantage of the relatively large amount of
unexplored data on alternative splicing available in public databases. We found that 49 % (70 % in
human) of these genes express more than one transcript. We then studied their alternative splicing
patterns, focusing on those changes affecting the enzyme's domain composition. In general, we
found that these sequence changes correspond to different mechanisms, either repressing the
enzyme's function (e.g. by creating dominant-negative inhibitors of the functional isoform) or
creating isoforms with new functions.

Conclusion: We conclude that alternative splicing of epigenetic regulators can be an important
tool for the function modulation of these enzymes. Considering that the latter control the
transcriptional state of large sets of genes, we propose that epigenetic regulation of gene
expression is itself strongly regulated by alternative splicing.

Background

Epigenetic regulation of gene expression constitutes a fun-
damental mechanism by which a series of chromatin
modifications allow the normal functioning of the cell
under different conditions [1-3]. In particular, these mod-
ifications control the repressive effect of chromatin, which

limits the access of regulatory proteins to DNA, thus pos-
ing serious restraints to biological processes like replica-
tion, transcription, etc [4]. In agreement with this, an
increasingly large amount of experimental data shows the
relevance of chromatin modifications in development [5],
disease [6], etc. For example, recent studies indicate that
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histone modifications are involved in paternal X chromo-
some inactivation [7,8]. Work from Roopra and col-
leagues [9] shows that histone methylation regulates the
tissue-dependent silencing of neuronal genes. Also,
expression of Hox transcription factors is directly related
to the presence of histone marks [10].

Chromatin modifications are produced by a series of
chromatin-modifying enzymes (epigenetic regulators)
that act on chromatin by either introducing histone mod-
ifications or by inducing ATP-dependent nucleosome
remodelling. Histone modifications usually take place at
histone tails and can introduce a wide variety of covalent
marks including acetylation, methylation, phosphoryla-
tion, etc [2]. These marks provide a simple way to access
nucleosomal DNA and normally have different functional
consequences [2,11-14]. A synthetic view of the biological
role of histone modifications is provided by the histone
code hypothesis [1]. According to this hypothesis, the reg-
ulatory state of a gene is a function of these modifications
and their combinations. Apart from histone-modifying
enzymes, enzymes that utilise ATP to modify the nucleo-
somal structure, altering histone-DNA interactions [15],
also give access to nucleosomal DNA. Interestingly, both
mechanisms are coordinated and cooperate to finally give
access to nucleosomal DNA. For example, it has been
recently shown that the SWI/SNF complex is retained to
the chromatin only if SAGA or NuA4 acetylate it [16].

As with transcription factors [17,18], the functional activ-
ity of chromatin-modifying enzymes must be regulated in
order to produce gene expression patterns that are coher-
ent with high-level biological processes, like development
or tissue differentiation. However, little is yet known
about how this regulation occurs, due to the recent discov-
ery of these enzymes [2,3,19]. Among the possible regula-
tion levels [18], like transcription, translation or mRNA
splicing, in this work we have focused on the study of the
latter. We have chosen alternative splicing for four differ-
ent reasons. First, because recent data [20-23] strongly
suggest that alternative splicing can introduce function-
ally relevant changes in chromatin-modifying enzymes.
Second, because alternative splicing is already known to
play an important role in gene expression regulation by
modulating the functional properties of transcription fac-
tors [17,18], for example, alternative splicing can change
the DNA-binding properties of transcription factors [24];
introduce or eliminate activating domains [25], increase
the in vivo stability of a given isoform [26], etc. Third,
because of the availability, in public databases, of a large
amount of unexplored information on alternative splicing
patterns of chromatin-modifying enzymes is available in
public databases. And fourth, because the functional and
regulatory impact of the most frequent alternative splicing
events -in particular long sequence insertions/deletions- is
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relatively easier to infer, particularly if it affects known
protein domains [17].

In our work we have studied (i) whether, and to which
extent, epigenetic regulators (ATP-dependent remodelling
enzymes, histone acetyltransferases, deacetylases, methyl-
transferases, etc) have alternative splicing, and (ii) the
impact of alternative splicing on the domain structure of
these enzymes, with special focus on catalytic and interac-
tion domains, which are known to play a key role
[2,3,27,28]. We obtained the alternative splicing data
from databases with very different curation protocols,
going from literature surveys, like SwissProt [29], to that
of highly automated methods based on sequence process-
ing and EST data, like ENSEMBL [30]. Our results show
that a substantial percentage of epigenetic regulators, 49
% (70 % for human genes), have alternative splicing. In
addition, in more than 59 % of these cases alternative
splicing changes affect either the catalytic or the interac-
tion domain (Figure 1), suggesting the existence of func-
tional regulatory effects comparable to those found in
transcription factors [17].

Results and discussion

A set of 160 genes, from different species, of chromatin-
modifying enzymes was considered in this work. These
enzymes cover the following activities: ATP-dependent
chromatin remodelling, histone acetylation, deacetyla-
tion, methylation, demethylation, phosphorylation,
ubiquitination, and sumoylation. We find (Table 1) that
49 % of the genes show alternative splicing, with an aver-
age number of 2.8 isoforms per gene. In humans, this
number goes up to 70 % (with 2.8 isoforms per gene), a
value close to one of the largest estimates obtained for
human, e.g. 74 % [31]. This result points to a significant

SET Size = 230
Figure |

Alternative splicing pattern of human histone meth-
yltransferase SUV39H2. Representation of the domain
structure of three isoforms of SUV39H2, together with their
sizes. Shown in red are the two domains, PRE-SET and SET
that constitute the catalytic unit of the enzyme. The interac-
tion domain, chromodomain, is shown in green. This domain
is seriously damaged in the second isoform, and is unlikely to
play any targeting role. The catalytic unit, on the contrary,
remains intact in this second isoform, but is clearly damaged
in the third isoform, with 28 % of the SET domain and the
whole PRE-SET domain missing.
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role of alternative splicing in the modulation of the func-
tional properties of chromatin-modifying enzymes.

To characterise the functional variability introduced by
alternative splicing in chromatin-modifying enzymes, we
compared the different isoforms of the same gene at the
protein sequence level, using the longest isoform as a ref-
erence. We focused our study on the changes affecting
protein domains of known function, because they can be
reliably interpreted in terms of biochemical/biological
function [17]. For example, it has been experimentally
shown that domain changes between isoforms can be
associated to isoforms with [17,32]: a dominant-negative
role, different binding affinities or new interaction part-
ners, modified enzymatic activity, etc.

In our case, we observe that 60 % (64 % for human) of the
genes with alternative splicing have isoforms with at least
one missing, or significantly affected, domain (Table 1).
These cases can be grouped according to the functional
role of the domain: (i) changes in the catalytic domains;
(ii) changes in the protein interaction domains; and (iii)
drastic sequence reductions. There are only four excep-
tions to this broad classification, corresponding to the
small, single-domain, human proteins: ubiquitin-conju-
gating enzyme E2A (UBE2A, 154 aas), casein kinase 2,
alpha 1 polypeptide (CKII, 391 aas), NAD-dependent
deacetylase sirtuin-2 (SirT2, 389 aas) and aurora kinase B
(AURKB, 344 aas) for which interaction and catalytic
domains coincide. In these cases, alternative splicing
modifications will affect both functions.

We discuss below the three above-mentioned scenarios.

(i) Changes in the catalytic domains

In the human, we find several genes with isoforms that
have the catalytic domain either missing or affected (Table
2). In a short isoform of the histone methyltransferase
SUV39H2 (Figure 1), the catalytic unit is seriously dam-
aged by the loss of the whole PRESET domain, and about
30 % of the SET domain. The situation seems different for
chromatin remodelling SMARCA1's and kinase PRKDC's
short isoforms, which only lack 11 % and 8 % of their
respective catalytic domains (Table 2). However, visual
inspection of the catalytic domains' structures shows that

Table I: Summary of the data utilised in this work

Number Number of Number of genes with
of genes  genes with AS AS involving protein
domains
All species 160 78 46
Homo sapiens 71 50 32
Mus musculus 31 21 10

http://www.biomedcentral.com/1471-2164/8/252

the changes are far from being structurally neutral. The
deletion affecting the helicase domain DEXHC of the
chromatin-remodelling enzyme SMARCA1 involves an
alpha helix linking two of the most extreme strands of the
central beta sheet (Figure 2A). The deletion affecting the
catalytic PI3_PI4_KINASE domain of the kinase PRKDC
affects a beta sheet, eliminating one strand and altering
the inter-strand connectivity (Figure 2B). In both cases,
the changes will produce either structural strain, or signif-
icant rearrangements, likely to result in function loss/
modification. Indeed, recent experimental data for kinase
PRKDC [23] show that the protein kinase activity of the
short isoform of this enzyme is lost.

Inactivation of the enzyme's catalytic function by alterna-
tive splicing is also found in one of maize methyltrans-
ferase mez2's isoforms that has completely lost its SET
domain (Table 2).

Two cases deserve additional comment. CARM1 (coacti-
vator-associated arginine methyltransferase 1) has an
alternative splice isoform, the catalytic domain of which,
SKB1, is clearly damaged (48 % of the domain is lost). We
have classed CARM1 within this section, even though an
interaction domain has not yet been identified, because
the full-length isoform is big enough (608 aas) to have
both an interaction domain and a catalytic domain. The
second case is that of RPS6KA5 (ribosomal protein S6
kinase, 90 kDa, polypeptide 5) which has two catalytic
domains, but no interaction domain. In this case, lack of
one of the catalytic domains may result in either an inac-
tive or a less active protein. This situation would be equiv-
alent to an amount regulatory mechanism similar to that
described for other enzymes.

In general, alternative splicing isoforms with a missing
catalytic domain may behave as dominant-negative regu-
lators of the fully functional isoform, a well-known situa-
tion in the case of transcription factors [17,33]. This may
be the case in chromatin-modifying enzymes. Indeed, a
recently described PRKDC isoform with no protein kinase
domain has no catalytic activity and shows slight inhibi-
tory activity of the full-length isoform [23]. However, the
situation may be more complex, as for example the short
PRKDC isoform described here is able to participate in
some DNA repair processes, despite having no kinase
activity [23]. Thus we cannot rule out the possibility that,
in some cases, isoforms lacking the catalytic unit may
have functional roles other than being dominant-negative
regulators.

(ii) Changes in the protein interaction domains

As for the previous case, the effect of alternative splicing
can range from partial deletion to complete domain loss
(Table 3). In the human, we find the latter in several
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Table 2: Cases for which alternative splicing sequence changes mainly affect catalytic domains

Gene name Species Reference Isoform Size Alternative Isoform Size Domains affected
SUV39H2 H.s. 410 230 PRESET, SET
SMARCAI (SNF2L) H.s. 1054 1033 DEXHC
PRKDC (DNA-PK) H.s. 4127 4097 PI3_PI4 KINASE
RPS6KAS5 (MSK1) H.s. 802 549 PKINASE
EZH2 H.s. 751 376 SET
EHMT2 (G92) H.s. 1210 202 ANK, PRESET, SET*
CARMI (PRMT4) H.s. 608 412 SKBI
SETDBI H.s. 1290 397 MBD, PRESET, SET, TUDOR
EHMTI H.s. 1267 1153 SET
FBXLII JHDMIA) H.s. 1162 856 JMJC

AOF2 (LSDI) H.s. 876 852 AMINO_OXIDASE
GSG2 (HASPIN) H.s. 798 314 PKINASE
PRDM2 (RIZ1) H.s. 1718 1481 SET

Setdbl M.m. 1308 488 MBD, PRESET, SET
Htatip M.m 546 492 MOZ_SAS
FbxI10 (JhdmIb) M.m. 1309 776 JMJC

FbxI10 (JhdmIb) M.m 1309 656 JMJC
JmjdIb (Jhdm2b) M.m 1562 1124 JMJC

fboxI10 (Jhdmb) X 1259 738 JMJC

mez2 Z.m. 894 624 SET

genes, for example GCN5L2, MYST1 and MORF4L1. The
first of them expresses two isoforms lacking the PCAF_N
domain, which is involved in the interaction between the
histone acetyltransferase GCN5L2 and CBP. For histone
acetyltransferase MYST1, the chromodomain is lost
together with a substantial part of the protein, but the cat-
alytic domain is left intact. The case of the histone acetyl-
transferase MORF4L1 is somewhat surprising, as it is the
short isoform that shows the chromodomain, after dele-
tion of a sequence stretch that is in the middle of the
domain's sequence in the long isoform [20].

In other cases the impact caused by alternative splicing
changes is such that, from a functional point of view, it is
essentially equivalent to a domain loss. In general, a sim-
ple measure, like size, is usually enough to understand the
damaging nature of the change. This is the case of human
histone methyltransferase SUV39H2 that has an isoform
with only 68 % of its chromodomain (Figure 1). The del-
eterious effect of this deletion on protein function is sup-
ported by visual inspection of the corresponding domain
structure that points to a disruption of important second-
ary structure elements (Figure 3A). Interestingly, even
small changes are likely to inactivate the domain's func-
tion. For example, chromatin remodelling SMARCA2's
bromodomain only looses 14 % of its residues, but anal-
ysis of the three-dimensional structure shows that a rele-
vant alpha helix from the helix bundle structure is lost,
pointing to a disruption of such a small structure (Figure
3B).

Lack of a whole interaction domain is also found in other
species, for example in the short isoform of the mouse his-
tone acetyltransferase Htatip (Tip60), which has a missing
chromodomain (Table 3). It has to be noted that in this
case a significant part of the protein is also missing (the
short isoform is about half the size of the long isoform).
Thus, while the catalytic domain, MOZ_SAS, is preserved,
it may happen that some unknown domains are also lost.
Interestingly, the case of the human histone acetyltrans-
ferase MORF4L1 also appears in mouse.

Figure 2

Impact of alternative splicing in catalytic domains. In
all cases the part of the protein affected by alternative splic-
ing is shown in yellow, while the remaining of the protein is
shown in blue. (A) Domain DEXHC of human chromatin
remodelling SMARCA . Alternative splicing results in the
loss of a a-helix. (B) Domain PI3_Pl4_KINASE of kinase
PRKDC. Alternative splicing results in the loss of a sequence
stretch that has very distant ends. The figures were obtained
using the MOLSCRIPT software [65].
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Table 3: Cases for which alternative splicing sequence changes mainly affect interaction domains

Gene name Species Reference Isoform Size Alternative Isoform Size Domains affected
SUV39H2 H.s. 410 350 CHROMO
GCN5L2 H.s. 837 476 PCAF_N
GCNS5L2 H.s. 837 427 PCAF_N
MYST-I H.s. 467 300 CHROMO
SMARCAZ2 (BRM) H.s. 1590 1572 BROMO
MLL H.s. 3969 3931 PHD
MORFALI H.s. 362 333 CHROMO
MORF4LI H.s. 362 323 CHROMO
FBXLI0 JHDMIB) H.s. 1336 1326 LRR_RI
FBXLI0 JHDMIB) H.s. 1336 1306 LRR_RI
JMJD2B (JHDM3B) H.s. 1096 448 PHD, TUDOR
MLL2 H.s. 5265 4957 RING, PHD
MLL3 H.s. 911 4029 PHD
NSDI H.s. 2696 2593 PWWP
RNF40 H.s. 1001 838 RING, ZF_C3HC4
Morf4l| M.m. 362 323 CHROMO
Htatip M.m. 546 302 CHROMO
FbxIl | (Jhdmla) M.m. 16l 494 ZF_CXXC
FbxI11 (Jhdmla) M.m. 16l 338 ZF_CXXC
Jmjd2a (Jhdm3a) M.m. 1064 1033 PHD, TUDOR
Jmjd2b (Jhdm3b) M.m. 1086 1021 TUDOR
cbp-1 Ce. 2056 2045 ZNF_TAZ

In all these cases the a priori functional meaning of the loss
of protein interaction domains is similar and would cor-
respond to a down-regulation of the enzyme's activity.
The underlying molecular mechanisms will vary depend-
ing on the nature of the interaction lost with the missing
domain. If this interaction is required for the formation of
a complex between the enzyme and its partners, necessary
for the catalysis, down-regulation will result from the for-
mation of inactive complexes. This is probably the case of
the short isoform of histone acetyltransferase GCN5L2.

Figure 3

Impact of alternative splicing in interaction domains.
In all cases the part of the protein affected by alternative
splicing is shown in yellow, while the remaining of the protein
is shown in blue. (A) Chromodomain of human histone
methyltransferase SUV39H2. One of the main strands of the
B-sheet is missing in one of the alternative splice isoforms.
(B) Bromodomain of human chromatin remodelling
SMARCAZ2. One of the four helices of the helix bundle is lost
in the alternative splice isoforms. The figures were obtained
using the MOLSCRIPT software [65].

If the missing domain is responsible for substrate target-
ing, e.g. a chromodomain or a bromodomain, down-reg-
ulation will be a consequence of the enzyme being unable
to reach its substrate. However, in this case another option
is also possible, as the enzyme could be recruited to its
reaction site after binding one of its complex's partners.
The resulting effect on the regulation of gene expression
may be substantially different in this case, as modification
of the histone tail will take place. However, lack of the
chromatin-binding domain will eliminate the positive
feedback in chromatin signalling. The latter is mediated
by specific interactions between the modified histone tails
and the corresponding enzymes and leads to self-perpetu-
ation of activating marks on chromatin. This effect has
been recently proposed for enzymes carrying the bromo-
domain [16,34].

Lastly, we also find instances where alternative splicing is
likely to result in small modulatory changes. For example,
in histone methyltransferase MLL only one of the three
PHD domains is affected by alternative splicing. The small
size of the change, 11 % of the domain, and the fact that
the other two PHD domains remain intact, points to a
modulation of the enzyme's binding properties rather
than to a complete inactivation. For C.elegans's histone
acetyltransferase cbp-1, the situation is similar as only one
of the two copies of the protein interaction domain
ZNF_TAZ is affected, by a small change that happens at a
relatively neutral location (Figure 4).
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Figure 4

Impact of alternative splicing in the ZNFTAZ domain
of C.elegans's histone acetyltransferase cbp-1. A small
strand (yellow) is lost in one of the alternative splice isoform.
Only small changes can be expected from this deletion. The
figure was obtained using the MOLSCRIPT software [65].

(iii) Drastic sequence changes

Generation of inactive isoforms constitutes a simple and
powerful mechanism to regulate the amount of functional
protein present in the cell [35-37]. Usually, inactive iso-
forms are short versions of the fully active protein in
which most functional domains are missing [36]. For sev-
eral genes we find isoforms that fit this description and

http://www.biomedcentral.com/1471-2164/8/252

thus could be inactive isoforms (Table 4). In all of them
the size reduction relative to the active protein is dramatic,
between 35 % and 95 %, and most of the functional
domains are lost or seriously damaged. For example, in
the case of the human kinase ATM, the functional protein
is 3056 residues long, whilst there is a short isoform asso-
ciated to this gene with only 138 residues (Table 4). Catal-
ysis-associated domains like FAT, FATC and
PI3_PI4_KINASE, are missing from the short isoform,
together with most of the non-annotated parts of the
sequence. It is improbable that such isoform may have
any functional role itself and is thus likely to be the result
of the above-mentioned regulatory process. We observe a
similar situation for ubiquitin-conjugating enzyme E2 A
(UBE2A), which has two isoforms lacking 47 % and 22 %
of the UBCC domain. The damaging effect of the missing
sequence is supported by visual inspection of the corre-
sponding domain structures (Figure 5).

It has to be noted, however, that short isoforms may not
always be the consequence of a regulatory process aiming
at reducing the amount of functional protein. In some
genes, for example in the case ankyrin-3 [38], they have a
specific functional role. This could also be the case for
some of the transcripts mentioned in this section.

Furthermore, we cannot completely discard the possibil-
ity that some of these cases correspond to database anno-
tation errors.

Table 4: Cases for which alternative splicing sequence changes result in drastically affected isoforms

Gene name Species Reference Isoform Size Alternative Isoform Size Domains affected

SETDBI H.s. 1290 249 MBD, PRESET, SET, TUDOR
SETDBI H.s. 1290 151 MBD, PRESET, SET, TUDOR
SMARCA2 (BRM) H.s. 1590 278 HSA, BRK, DEXHC, HELICASE_C, BROMO
SMARCA?2 (BRM) H.s. 1590 254 HSA, BRK, DEXHC, HELICASE_C, BROMO
SMARCAZ2 (BRM) H.s. 1590 236 HSA, BRK, DEXHC, HELICASE_C, BROMO
SMARCA2 (BRM) H.s. 1590 119 HSA, BRK, DEXHC, HELICASE_C, BROMO
SMARCA4 (BRGI) H.s. 1679 628 BRK, BROMO, DEXHC, HSA
SUV39HI H.s. 412 409 CHROMO, PRESET, SET

MLL H.s. 3969 501 BROMO, FYRC, FYRN, PHD, SET, ZF-CXXC
ATM H.s. 3056 138 FAT, FATC, PI3_PI4 KINASE
MORFA4LI H.s. 362 235 MRG

EHMTI H.s. 1267 825 ANK, PRESET, SET

WBP7 (MLL4) H.s. 2715 582 ZF_CXXC, PHD, FYRC, FYRN, SET
Setdbl M.m. 1308 500 MBD, PRESET, TUDOR

Stk4 M.m. 487 126 PKINASE

Htatip M.m. 546 302 CHROMO

Suv3%h2 M.m. 477 257 CHROMO, PRESET, SET

FbxI10 (Jhdmb) M.m. 1309 114 JMJC, ZF_CXXC

Su(var)3-9 D.m. 635 475 CHROMO, PRESET, SET

mez2 Zm. 894 341 SET

In the "Gene name" column we list the standard names of the proteins, although in some cases we also provide alternative names that are
frequently used in the literature. In the "Species” column H.s., M.m., D.m., C.e., O.s., X.l. and Z.m. mean Homo sapiens, Mus musculus, Drosophila
melanogaster, Caenorhabditis elegans, Oryza sativa, Xenopus laevis and Zea mays, respectively. The sizes of the different isoforms are given in amino
acid number. *In this case, although the ANK protein interaction domain is lost, the NFSP transcription factor binding domain is retained.
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Figure 5

Alternative splicing of human ubiquitin-conjugating
enzyme E2 A UBE2A. The part of the protein affected by
alternative splicing is shown in yellow, and the remaining in
blue. One can see that a a-helix and a whole B-sheet are lost
in one of the isoforms, with a potentially very disruptive
effect. The figure was obtained using the MOLSCRIPT soft-
ware [65].

Conclusion

A common effect of alternative splicing is to produce iso-
forms lacking a given functional domain, pointing to an
inhibitory role of the fully functional isoforms [17,36,39].
This correspondence between alternative splicing and
protein function changes is a consequence of the modular
structure of protein function, having been experimentally
demonstrated in different instances [17]. Here we show
that epigenetic regulators are no exception and that their
alternative splicing patterns usually involve loss of the cat-
alytic or the binding domain, resulting in short isoforms
that could easily play the above-mentioned inhibitory
role. They can also be the consequence of alternative splic-
ing-based mechanisms for the regulation of product
amount.

Thus, our results show how alternative splicing may regu-
late the functional role of chromatin-modifying enzymes.
This is a first step towards the goal of understanding the
biological impact of alternative splicing on epigenetic
gene expression regulation. This goal, which in general is
very difficult to attain [17], becomes particularly hard in
our case, as epigenetic regulators act both at gene-specific
and whole-genome levels [2,40]. They are involved in rel-
evant biological processes like development [5] or disease
[6] and, in addition, they may also act on proteins other
than histones. Nonetheless, our results clearly support the
idea that alternative splicing is likely to have a substantial

http://www.biomedcentral.com/1471-2164/8/252

impact on the epigenetic regulation of large sets of genes,
by regulating the activity of chromatin-modifying
enzymes. One of the simplest mechanisms would be the
co-expression of two alternative splice isoforms of one of
these enzymes, a fully functional isoform and a domi-
nant-negative inhibitor of the former, which may result in
a reduced repression or activation of the set of genes con-
trolled by this enzyme. To illustrate how this could hap-
pen, we can mention the case of G9a (EHMT2), a histone
dimethyltransferase likely to play an important role in the
repression of a large set of neuronal genes [9]. This repres-
sion, which can affect between 30 and 800 genes, is based
on a chromatin-level mechanism [9] (Figure 6): (i) NFSP
transcription factor would recruit histone dimethyltrans-
ferase G9a to the target genes; (ii) the latter would be
silenced by G9a's dymethylation of histone tails at that
location. It has been observed, that dominant-negative
inhibition of G9a results in abrogation of this gene silenc-
ing [9]. In our case, we find that one of the G9a's isoforms
has all the characteristics of a dominant-negative regulator
(Table 2), as it has lost all its domains but the binding
domain to NFSP transcription factor. We can speculate
that this isoform could modulate the repression of this set
of neuronal genes, in a similar way as G9a dominant-neg-
ative designed constructs [9] (Figure 6).

Methods

Dataset of epigenetic regulators

The list of chromatin-modifying enzymes was taken from
five recent reviews on chromatin-modifying enzymes
[2,3,19,41,42]. Note that DNA methyltransferases have
not been considered. Subsequently we checked for the
existence of alternative splicing for the corresponding
genes in different databases: SwissProt [29], NCBI-Gene
[43], Ensembl [44] and ASAP [45]. These databases have
different annotation protocols, from manual annotation
in SwissProt [29] to highly automatic procedures in
Ensembl [44]. This allows increasing the coverage of our
study. A discussion on possible error sources can be found
at the end of the Materials and Methods section.

As shown in Table 5, the final dataset was constituted by
78 genes with alternative splicing, together with addi-
tional information on the species, protein name and func-
tion. Due to the different procedures followed in the
different databases to obtain alternative splicing informa-
tion we expect a complementary coverage of the alterna-
tive splicing patterns.

In general, the gene names used follow the international
standards set for each species. Standard gene names were
obtained: for human from the Human Gene Nomencla-
ture Database [46]; for mouse from the Mouse Genome
Database (MGD) [47]; for D.melanogaster from the Fly-
Base [48], version FB2006_01; for C.elegans from the
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Figure 6

Hypothetical mechanism of regulation by alternative splicing of histone dimethyltransferase G9a function. (A)
Experimental evidence indicates that histone dimethyltransferase G9a plays an important role in the silencing of neuronal genes
in non-neuronal tissues [9]. In the proposed mechanism [9], shown here with red arrows, in non-neuronal tissues the tran-
scription factor NFSP (shown in magenta) recruits the fully functional isoform of G9a (shown here with two domains: a binding
domain in blue, and a catalytic domain in yellow) to a series of target genes that are subsequently silenced by G9a dimethylation
of lysine-9 from histone H3. This mechanism may be inhibited/modulated by expression of the G9a short isoform (which only
retains the NFSP transcription factor binding domain, Table 2), as shown here with green arrows. This isoform may behave as
a dominant-negative inhibitor, as shown by the green arrows, blocking the access of the catalytically active isoform to the chro-
matin of the target gene. Absence of methylation marks in histone H3's lysine-9 would then result in an active gene. (B) The
expression state of the target genes in both the nervous system (active, green colour) and in other tissues (silenced, red col-
our), as a result of the silencing, combined, action of NFSP and G9a. Co-expression of both the long and the short isoforms
may result in the modification of the expression state of the target genes in non-neuronal tissues. These target genes may now
show varying degrees of activity, as a result of the dominant-negative inhibitor role played by the short isoform (described in

(A))-

ble sources of error affect the main conclusions of our
work.

WormBase [49], from

MaizeGDB [50].

release 'WS166; for Z.mays

The detailed exon structure of the isoforms studied in this
work is provided in an additional file [see Additional file
ExonStructure.xls].

Possible error sources

As explained in the previous section, alternative splicing
data are obtained from different databases and come from
different sources -e.g. literature, processing of ESTs- there-
fore they will have a different error attached to them.
Unfortunately, it is not possible to provide a reliability
measure for each observation, but we can discuss the reli-
ability of the general trends observed and how the possi-

First, we observe that the overall trends we find in our
dataset coincide with those previously observed by other
authors that have studied alternative splicing in more gen-
eral sets of genes. In particular, the fact that insertions/
deletions of domain size prevail in our dataset is in agree-
ment with previous observations [39]. Also the corre-
sponding mechanisms for function modulation -
dominant-negative inhibition, amount regulation- have
been proposed and observed for other genes [17],
although the biological context and expected impact are
obviously different. Some of the very short isoforms we
have obtained can be artifactual but they may also consti-
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Table 5: List of genes showing alternative splicing

Gene Symbol Species  Function Protein name

CDY-I H.s. A chromodomain protein, Y-linked, |

GCN5L2 H.s. A GCNS5 general control of amino-acid synthesis 5-like 2 (yeast)

HATI H.s. A histone acetyltransferase |

HTATIP (TIP60) H.s. A HIV-I Tat interacting protein

MORFA4LI H.s. A mortality factor 4 like |

MYSTI H.s. A MYST histone acetyltransferase |

NCOA-I H.s. A Nuclear receptor coactivator |

TAFI (TAF250) H.s. A TATA box binding protein (TBP)-associated factor, 250 kDa

CARMI (PRMT4) H.s. M coactivator-associated arginine methyltransferase |

DOTIL H.s. M DOT I-like, histone H3 methyltransferase (S. cerevisiae)

EHMT2 (G9%2) H.s. M euchromatic histone-lysine N-methyltransferase 2

EZH2 H.s. M enhancer of zeste homolog 2 (Drosophila)

MLL H.s. M Myeloid/lymphoid or mixed-lineage leukemia

PRMTI H.s. M protein arginine methyltransferase |

SETD8 (PR-SET7, SET8) H.s. M SET domain containing (lysine methyltransferase) 8

SETDBI H.s. M SET domain, bifurcated |

SUV39HI H.s. M suppressor of variegation 3—9 homolog | (Drosophila)

SUV39H2 H.s. M suppressor of variegation 3—9 homolog 2 (Drosophila)

ATM H.s. P ataxia telangiectasia mutated

ATR H.s. P ataxia telangiectasia and Rad3 related

AURKB H.s. P aurora kinase B

MAP3K 12 (DLK/ZIP) H.s. P Mitogen-activated protein kinase |2

PRKDC (DNA-PK) H.s. P protein kinase, DNA-activated, catalytic polypeptide

RPS6KA5 (MSK1I) H.s. P ribosomal protein Sé6 kinase, 90kDa, polypeptide 5

RPS6KA4 (MSK?2) H.s. P ribosomal protein S6 kinase, 90kDa, polypeptide 4

CHD-3 H.s. R chromodomain helicase DNA binding protein 3

CHD-4 H.s. R chromodomain helicase DNA binding protein 4

SMARCAI (SNF2L) H.s. R SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member |

SMARCAZ2 (BRM) H.s. R SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 2

SMARCA4 (BRGI) H.s. R SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 4

UBE2A H.s. U ubiquitin-conjugating enzyme E2A (RADé homolog)

CKil H.s. P casein kinase 2, alpha | polypeptide

EHMTI H.s. M Histone-lysine N-methyltransferase, H3 lysine-9 specific 5

GSG2 (HASPIN) H.s. P Serine/threonine-protein kinase Haspin

FBXLII JHDMIA) H.s. DM JmjC domain-containing histone demethylation protein |A

FBXLI0 JHDMIB) H.s. DM JmjC domain-containing histone demethylation protein |B

JMJDIB (JHDM2B) H.s. DM JmjC domain-containing histone demethylation protein 2B

JM)JD2B (JHDM3B) H.s. DM JmjC domain-containing histone demethylation protein 3B

JMJD2C (JHDM3C) H.s. DM JmjC domain-containing histone demethylation protein 3C

AOF2 (LSDI) H.s. DM Lysine-specific histone demethylase |

MLL2 H.s. M Myeloid/lymphoid or mixed-lineage leukemia protein 2 (ALLI-related protein)

MLL3 H.s. M Mpyeloid/lymphoid or mixed-lineage leukemia protein 3 homolog

WBP7 (MLL4) H.s. M WW domain-binding protein 7 (Myeloid/lymphoid or mixed-lineage leukemia protein 4) (Trithorax
homolog 2)

MLLS H.s. M myeloid/lymphoid or mixed-lineage leukemia 5 (trithorax homolog, Drosophila)

NSDI H.s. M H3-K36-HMTase and H4-K20-HMTase

PRMT5 H.s. M Protein arginine N-methyltransferase 5

PRDM2 (RIZ1) H.s. M PRDM2 (PR domain containing 2, with ZNF domain)

RNF40 H.s. U E3 ubiquitin-protein ligase BREIB (RING finger protein 40)

SETDB2 H.s. M Histone-lysine N-methyltransferase SETDB2

SIRT2 H.s. DA NAD-dependent deacetylase sirtuin-2

Gtf3c4 M.m. A General transcription factor IIIC, polypeptide 4

Htatip M.m. A HIV-1 tat interactive protein, homolog (human)

Morf4l| M.m. A mortdlity factor 4 like |

Ncoa-| M.m. A Nuclear receptor coactivator |

Ehmt2 M.m. M euchromatic histone lysine N-methyltransferase 2

Ezh2 M.m. M enhancer of zeste homolog 2 (Drosophila)

Prmtl M.m. M protein arginine N-methyltransferase |

Carm| (Prmt4) M.m. M protein arginine N-methyltransferase 4

Setdb| M.m. M SET domain, bifurcated |
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Table 5: List of genes showing alternative splicing (Continued)

JmjC domain-containing histone demethylation protein |A
JmjC domain-containing histone demethylation protein |B
JmjC domain-containing histone demethylation protein 2A
JmjC domain-containing histone demethylation protein 2B
JmjC domain-containing histone demethylation protein 3A
JmjC domain-containing histone demethylation protein 3B

JmjC domain-containing histone demethylation protein |B

Suv3%hl M.m. M suppressor of variegation 3—9 homolog | (Drosophila)
Suv3%h2 M.m. M suppressor of variegation 3—9 homolog 2 (Drosophila)
Stk4 M.m. P serine/threonine kinase 4

Myst2 (Hbol) M.m. A Histone acetyltransferase MYST2

FbxIl I (Jhdmla) M.m. DM

FbxI10 (JhdmIb) M.m. DM

Jmjdla (Jhdm2a) M.m. DM

JmjdIb (Jhdm2b) M.m. DM

Jmjd2a (Jhdm3a) M.m. DM

Jmjd2b (Jhdm3b) M.m. DM

Ringl A M.m. U E3 ubiquitin-protein ligase RING |

Rnf20 M.m. U E3 ubiquitin-protein ligase BREIA

Su(var)3-9 D.m. M Suppressor of variegation 3—9

trx D.m. M trithorax

Tafl D.m. P TBP-associated factor |

brm D.m. R Brahma

cbp-1 Ce. A Bromodomain

foxI10 (jhdm1b) Xl DM

mez2 Zm. M Polycomb protein EZ2

In the "Species" column H.s., M.m., C.e., O.s., X.I. and Z.m. mean Homo sapiens, Mus musculus, Caenorhabditis elegans, Oryza sativa, Xenopus laevis and
Zea mays, respectively. In the column "Function" A, DA, DM, M, P, U and R mean Acetylation, deacetylation, demethylation, methylation,

phosphorylation, ubiquitination and chromatin remodelling, respectively.

tute a possible regulatory mechanism [51]. In fact very
short isoforms have been described for the genes in our
study, e.g. for MLL [52].

At a more detailed level, in the case of data from ASAP
[45], the authors provide an error estimate of less than 2
% [53]. To decrease it more, we discarded all the ASAP iso-
forms for a given gene, when none of them coincided with
the longest isoform provided by another database. For the
remaining databases the error estimates will vary, even
within the database. For example, in the case of SwissProt
[29], protein records are manually annotated, but the evi-
dence supporting a given isoform may vary from one gene
to another. Nonetheless, SwissProt [29] has been utilised
in many bioinformatics studies on alternative splicing due
to the high quality of the data [39,54-59]. In the case of
Ensembl [44], the predictive nature of the annotations
suggests that there may be a certain amount of false posi-
tives. The latter may be more frequent in the case of very
short isoforms, although it has to be mentioned that these
isoforms are usually supported by a substantial amount of
evidence from EST data and other databases.

For all these reasons, we believe that the overall conclu-
sions of this work will not be substantially affected by pos-
sible errors in the data.

Domain annotation

The domain structure of the different isoforms was
obtained utilising CD-Search [60]. This program identi-
fies the functional domains present in a protein sequence.
We focused our analysis on the Pfam [61] and Smart [62]
domain definitions. COG (Tatusov et al., 2001) defini-
tions were not available for all the species and for this rea-

son they were not utilised (no significant differences were
observed when utilised in this analysis). Because in some
cases domain boundaries for the same domain would
change slightly from one database to another, we com-
bined the two definitions in a consensus domain defini-
tion, as follows: the location of the N-terminal domain
was taken to be the minimum of the Pfam [61] and Smart
[62] values; for the C-terminal end, instead of the mini-
mum, we took the maximum of the Pfam [61] and Smart
[62] values. For example, if a given domain occupies posi-
tions 3-75 and 8-82 according to the Pfam and Smart
definitions, respectively, in our consensus definition it
will go from position 3 to position 82.

We eliminated from the domain mapping all the domains
with functional annotations of no, or unclear, meaning
within the context of this work, that is: microbial
domains, like viral capsid domains, and Pfam B domains
[61]. In Table 6 we provide a list of the domains affected
by alternative splicing mentioned in this work.

Classification of the alternative splicing events

Our study focused on those alternative splicing events that
affect any of the known domains, as it is easier to infer
their functional impact [17]. In general, epigenetic regula-
tors are multidomain proteins that have both catalytic
and interaction domains. Because the functional role of a
given isoform will depend on which of these domains has
been affected by alternative splicing, we grouped the
observed isoforms according to the biochemical nature of
the affected domain(s): (i) alternative splicing affects the
catalytic domains; (ii) alternative splicing affects the pro-
tein interaction domains; and (iii) alternative splicing
affects results in drastic sequence reductions. An alterna-

Page 10 of 14

(page number not for citation purposes)



BMC Genomics 2007, 8:252 http://www.biomedcentral.com/1471-2164/8/252

Table 6: List of domains affected by alternative splicing in chromatin-modifying enzymes

Domain name Function Enzyme name

AMINO_OXIDASE Catalytic AOF2

ANK Protein-Protein Interaction EHMTI, EHMT2

BRK Unknown SMARCA2, SMARCA4

BROMO Interaction (Acetylated Lysines) SMARCAZ2, SMARCA4, MLL

CHROMO Interaction (Methylated Lysines) SUV39HI, SUV39H2, Suv39h2, Su(var)3-9, MYST-1, MORF4LI, Morf4ll, Htatip

DEXHC Catalytic SMARCAI, SMARCA?2, SMARCA4

FAT Interaction/Modulate catalysis ATM

FATC Interaction/Modulate catalysis ATM

FYRC Probably not-catalytic MLL, WBP7

FYRN Probably not-catalytic MLL, WBP7

HELICASE_C SMARCA2

HSA Probably DNA binding SMARCA2, SMARCA4

JMJC Catalytic FBXLI I, foxI10 (from Mus musculus and Xenopus laevis), jmjdIb

LRR_RI Interaction FBXLI0

MBD DNA binding SETDBI, Setdbl

MOZ_SAS Catalytic Htatip

MRG Interaction MORF4LI

PCAF_N Interaction with CBP GCN5L2

PHD Intra- and Intermolecular interactions MLL, MLL2, MLL3, JMJD2B, Jmjd2a, WBP7

PI3_Pl4_KINASE Catalytic PRKDC, ATM

PKINASE Catalytic AURKB, GSG2, RPS6KAS, stk4

PRESET Interaction-Catalysis SUV39HI, SUV39H2, Suv39h2, Su(var)3-9, SETDBI, Setdbl, EHMTI, EHMT2

PWWP Unknown NSDI

RING Interaction MLL2, RNF40

SET Catalytic PRDM2, SUV39H 1, SUV39H2, suv39h2, Su(var)3—-9,SETDBI, Setdbl, mez2, MLL,
WBP7, EHMT I, EHMT?2, EZH2

SKBI Catalytic CARMI

UBCC Whole protein UBE2A

TUDOR Interaction Jmjd2a, Jmjd2b, JMJD2B, SETDBI, Setdbl|

ZF C3HC4 Interaction RNF40

ZF_CXXC Interaction FbxI10, FbxI1 1, MLL, WBP7,

ZNF TAZ Interaction cbp-1

Table 7: Templates utilised for comparative modelling

Protein name Size Ref. Species Domain name PDB code % Seq. Id.
cbp-1 2056 Ce. ZNF_TAZ IL8C 75
SMARCAI (SNF2L) 1054 H.s. DEXHC 1Z6A 38
SMARCAZ2 (BRM) 1590 H.s. BROMO IN72 26
SUV39H2 410 H.s. CHROMO IKNA 47
SUV39H2 410 H.s. SET IMVH 39
UBE2A 154 H.s. UBCC 1JAS 95
PRKDC (DNA-PK) 4127 H.s. PI13-P14 KINASE |E8Y 29

In the "Species” column H.s. and C.e., mean Homo sapiens and Caenorhabditis elegans, respectively. The size of the whole protein is given in amino
acid number. % Seq.ld. is the percentage of sequence identity between the target and the template sequences. The PDB code is the code of the
template structure utilised for the comparative modelling in the PDB database [64].
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tive splicing event belongs to the first class when the cor-
responding sequence change mainly affects the catalytic
domains, but the resulting isoform retains at least one of
its binding domains (i.e. keeps its binding ability). Alter-
native splicing events are classified in the second group
when the sequence change mainly affects the interaction
domains, but not the catalytic unit. Finally, alternative
splicing events belong to the third class when both the cat-
alytic and the binding domains are affected by the
sequence change. Four proteins were not included in this
classification,  ubiquitin-conjugating enzyme E2A
(UBE2A, 154 aas), casein kinase 2, alpha 1 polypeptide
(CKII, 391 aas), NAD-dependent deacetylase sirtuin-2
(SirT2, 389 aas) and aurora kinase B (AURKB, 344 aas)
because they only have a single domain which plays both
a catalytic and a binding role and therefore large alterna-
tive splicing sequence changes are very likely to affect both
functions simultaneously.

Structure analysis

Direct structural information was not available for none
of the proteins considered in this work. However, in some
cases the changes produced by alternative splicing
embraced a part of the sequence for which structural
information was available from a homolog. In these cases,
this part was modelled utilising the well known, standard,
modelling package MODELLER [63], and using the struc-
ture of the homolog as a template. The latter was obtained
from the PDB database [64]. A list of cases, together with
the domains involved, the homologs utilised, and the
sequence identities between the latter and our proteins, is
shown in Table 7.

Structural models are utilised throughout the article to
illustrate the location of alternative splicing changes and
to help understand/infer their functional impact. The con-
clusions that can be drawn from the use of these models
are limited by the following facts: (i) in general, epigenetic
regulators are multidomain proteins, while the structures
correspond to only one of these domains; (ii) the struc-
tural changes resulting from certain sequence changes
may be difficult to predict. It is clear that the structural
analysis would benefit from taking into account the struc-
ture of the whole protein, but this information is not yet
available for the proteins in our dataset or for their
homologs, neither close nor remote. This would be a seri-
ous problem if our aim were to predict with high accuracy
the structural/functional changes resulting from alterna-
tive splicing. However, our goal is more coarse-grained, as
what we want to see is whether alternative splicing
changes result in the presence or absence of the biochem-
ical function associated to a given domain. When the
sequence change affects the whole domain, by far the
most frequent situation, it is reasonable to assume that
the resulting protein has lost this activity and that it may

http://www.biomedcentral.com/1471-2164/8/252

function as a regulator (e.g. a dominant-negative inhibi-
tor) of the full-length isoform, something that has been
experimentally confirmed in the case of transcription fac-
tors [17], among others.

If the sequence change does not reach the domain size the
situation is more complex, because it is more difficult to
decide whether it will result in complete function loss,
modulation of an original function or creation of a new
function. Without further structural data we cannot pro-
vide a definite answer for none of our cases. However, in
some instances the nature of the sequence change is not
compatible with preservation, or smooth modulation, of
the domain's function. This happens when the domain is
small and the sequence change is large, or it affects the
protein core or any important secondary structure ele-
ment. In these cases we have proposed that the most likely
effect of alternative splicing is that of a regulator of the
fully functional isoforms, something that has been
already observed in the case of the epigenetic regulator
SMARCAL1 [22].

Finally, we cannot reject the possibility that some of the
regions affected by alternative splicing may be intrinsi-
cally disordered, as has been recently proposed [59].
However, if the sequence stretch affected by alternative
splicing encompasses a whole protein domain the func-
tional interpretation will remain the same, as it is inde-
pendent of whether the domain in question is structured
or disordered. If the affected stretch is of sub-domain size,
the situation could be different if we knew that the
domain involved is disordered. However, this is unlikely
as the domains affected by alternative splicing discussed
here are homologues, sometimes very close, of domains
with known three-dimensional structure (Table 7).
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aas: amino acids.
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Additional material

Additional file 1

Exon structure of the isoforms studied. The file provides a description of
the exon structure of the isoforms analysed in the present article (Table 2).
Most of the data were obtained after querying the ENSEMBL [44] and
NCBI Gene databases [43]. Part of the data were also obtained after
aligning the target isoform with the genome of the corresponding species
or using the SEDB package [66]. Finally, in four cases (GSG2, Jmjdb1,
fox110 and mez2, from human, mouse, frog and maize, respectively) no
information could be retrieved. The structure of the file is the following:
the first column corresponds to the name of the genes; the second column
corresponds to the isoform size; the third column corresponds to the organ-
ism; and the following columns correspond to the exons constituting the
isoform. Each gene is preceded by a line with these fields and the order of
each exon within the gene (exons with no order number correspond to
parts of the isoform sequence for which the exon could not be identified).
For each gene the data given in the first line correspond to the longest, full-
length, isoform; data in the following lines correspond to the remaining
isoforms. The numbers within each exon cell correspond to its size in
amino acids. A colour code was used to distinguish constitutive exons
(red), alternative initiation sites (yellow), intron retentions (green), and
sequence stretches with no exon(s) assigned (lilac).

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-8-252-S1.xls]
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TITULO:
La caracterizacion de la variabilidad estructural vierte luz sobre los factores
determinantes de la especificidad de la interaccion entre los dominios efectores

y las colas de las histonas.

RESUMEN:

La caracterizacién estructural de la interacciéon entre el extremo N-terminal de las
histonas y los dominios efectores (Bromodominios, Cromodominios, PHD fingers,
etc....) es fundamental para la comprensidon de los aspectos mecanicos de la
regulacién epigenética de la expresion génica. En los Uultimos afios muchos
investigadores han aplicado esta aproximacibn a sistemas especificos,
proporcionando una vision cada vez mas rica, pero todavia fragmentaria, de la
interaccion histona-dominio. En este articulo, se ha utilizado esta informaciéon para
caracterizar estructuralmente los dos componentes de esta interacciéon: los péptidos
de histona y los lugares de union de los dominios de interaccidn (centrandonos en
aquellos que reconocen lisinas metiladas), y enriquecer nuestro conocimiento sobre

los determinantes de su especificidad.

Los resultados obtenidos muestran que los lugares de unién de los dominios efectores
son estructuralmente variables, pero presentan ciertas caracteristicas comunes que
permiten su clasificacibn en tres grupos principales: flat-groove, narrow-groove y
cavity-insertion. Adicionalmente, el resultado de nuestro analisis, en contexto con los
trabajos de otros investigadores, contribuye a clarificar los origenes de la especificidad
de la interacciéon entre la cola de la histona y el dominio efector: (a) existencia de
diferentes regiones en el lugar de unién vy, (b) diferencias en la transicion desorden-
orden experimentadas por diferentes péptidos de histona tras la unién con la proteina

efectora.
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Characterization of structural variability sheds
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of the interaction between effector domains
and histone tails
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Abbreviations: BS, whole binding site; MBS, binding site of the modified residue; AUTODOM, comparisons between BS from
different versions of the same structure (experimental replicas, or different binding states, etc.); INTRADOM, INTERDOM,
comparisons between BS from effectors with the same fold or different folds, respectively; ASA, accessible surface area

Structural characterization of the interaction between histone tails and effector modules (bromodomains, chromodo-
mains, PHD fingers, etc.) is fundamental to understand the mechanistic aspects of epigenetic regulation of gene
expression. In recent years many researchers have applied this approach to specific systems, thus providing a valuable but
fragmentary view of the histone-effector interaction. In our work we use this information to characterize the structural
features of the two main components of this interaction, histone peptides and the binding site of effector domains
(focusing on those which target modified lysines), and increase our knowledge on its specificity determinants.

Our results show that the binding sites of effectors are structurally variable, but some clear trends allow their clas-
sification in three main groups: flat-groove, narrow-groove and cavity-insertion. In addition, we found that even within
these classes binding site variability is substantial. These results in context with the work from other researchers indicate
that the there are at least two determinants of binding specificity in the binding site of effector modules. Finally, our
analysis of the histone peptides sheds light on the structural transition experienced by histone tails upon effector bind-
ing, showing that it may vary depending on the local properties of the sequence stretch considered, thus allowing us to

identify an additional specificity determinant for this interaction.
Overall, the results of our analysis contribute to clarify the origins of specificity: different regions of the binding site
and, in particular, differences in the disorder-order transitions experienced by different histone sequence stretches upon

binding.

Introduction

Post-translational modifications—acetylation, methylation,
ubiquitination, etc.—of the histone tails play a fundamen-
tal role in the regulation of gene expression by altering the
chromatin state to either active or repressed.! These marks
are recognized by a set of effector modules able to bind the
modified amino acids and part of their neighboring resi-
dues."? Consequently, the structural characterization of the
histone-effector interaction constitutes an important step
towards understanding the molecular mechanisms of epige-
netic regulation of gene expression, and how their failure leads
to disease.

*Correspondence to: Xavier de la Cruz; Email: xdmcri@ibmb.csic.es
Submitted: 11/13/09; Accepted: 12/29/09

In recent years many studies have addressed this goal®> and
there is now available a significant number of effector structures
in either their apo- and/or holo-forms (where the bound com-
pounds are usually histone peptides carrying different marks).
The results of these studies have shed light on different aspects
of the histone-effector interaction.”* Structural analyses have
been used to comprehend the binding specificities of trimethy-
lated lysines towards different chromodomains;* they have also
enhanced our mechanistic understanding of the recognition of
specific histone marks, particularly of the lysine methylation
states (mono-, di- and trimethylation). In particular, it has been
shown that modified lysines bind to an aromatic cage constituted
by two to four residues and an acidic side chain, with cation-w
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interactions and steric restraints playing a fundamental role.?
Considering together the known structures of histone-effector
complexes, Taverna and colleagues® have identified two main
binding modes for marked lysines related to binding specific-
ity: cavity-insertion and surface-groove. In the cavity-insertion
mode, the modified lysine side chain is buried in a deep, nar-
row pocket with the ability to filter out ligands by size; on the
contrary, in the surface-groove mode the lysine side chain is not
subjected to such strict restraints. Histone peptides are intrinsi-
cally disordered;* however, when bound to effectors they adopt
an extended conformation.” On this basis it has been proposed
that the conformational transition experienced by histone tails
between unbound and bound states corresponds to a disorder-
order transition,* rather than to an induced-fit mechanism.? This
is important because binding energetics depends on whether
structural transitions are involved, and their kind.

The above findings clarify our view of the histone-effector
interaction and point to some important open issues about the
structural properties of the histone-effector interaction, and the
corresponding biophysical/biochemical consequences. For exam-
ple, our knowledge of specificity determinants is still incomplete.
Data from different authors®?® suggest that apart from the bind-
ing site of the modified residue (to which we will refer as MBS
from now on) the remainder of the binding site may also play
a role. Therefore, classifying whole binding sites (to which we
will refer as BS from now on), and relating the resulting classes
with the known MBS classes would allow a better understand-
ing of how binding specificity is distributed over the different
BS components. In addition, although it will not be considered
here, good classifications of BS (1) can be used to improve com-
parative modeling and docking studies of histone-effector com-
plexes, facilitating the identification of BS and binding modes
in domains for which no structural information is available or is
restricted to their apo forms, (2) allow a better understanding of
the evolution of function mechanisms within protein families,’”
and (3) allow the identification of possible sources of cross-reac-
tions in designed ligands.® In addition, to improve our knowledge
of specificity determinants it is also important to understand how
binding affects the histone peptide structure. For example, the
degree to which the extended conformations in the different
complexes are similar (it is known that extended conformations
are structurally heterogeneous?), if there are conserved structural
motifs indicating the existence of structural propensities that
could favor/disfavor the unbound-bound transition, whether this
transition is the same for all modified lysines (e.g., H3K4, H3K9,
H3K?27, etc.). Identification of any structural trend in histone
peptides would help to improve our quantitative understanding
of the disorder-order transition associated to histone binding and
to see if histone modifications owe part of their functional effect
to shifts in this transition.

In this article we present the results of our work on two of
these issues: the structural characterization of the BS of effectors,
and that of the bound histone peptides. The BS of a series of
effectors were compared using both visual and automatic struc-
ture comparison methods; peptide structures were also compared
following a similar approach. Our results showed that BS could
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be classified in three main structural classes: cavity-insertion,
flat-groove and narrow-groove. These classes did not completely
coincide with those identified for the MBS? pointing to a par-
tition of the BS in specificity determinants. Regarding histone
peptides, our results indicated that apart from a certain amount
of structural heterogeneity, almost all of them shared a small,
hook-like motif involving the side chain atoms of the modified
lysine and some of the nearby main chain atoms. The different
sequence propensities for the ARK and RTK sequences corre-
sponding to this motif show that these tripeptides undergo a dif-
ferent disorder-order transition upon binding that constitutes a
specificity determinant for the histone-effector interaction.

Results

Visual analysis of the BS. Visual analysis was done using a
molecular surface'® representation of the BS, as it averages out
atomic detail thus providing a global-shape view which allowed
the classification of BS. Inspection of the available complexes
(Table 1) showed that BS could be classified in three classes: flat-
groove, narrow-groove and cavity-insertion. We found that there
was not an exact mapping between these classes and Taverna and
colleagues™ classes. Our cavity-insertion class was essentially the
same as theirs. However, their MBS surface-groove class mapped
to our two remaining BS classes: the flat-groove (Fig. 1) and
narrow-groove (Fig. 2). The former included BS from the PHD,
the Tudor and the double chromodomain effectors. The narrow-
groove class was constituted only by BS from single chromodo-
mains. It was the more homogeneous class and for this reason we
used it to illustrate BS structural variability arising from struc-
tural homology by choosing three representatives. It should be
noted that two of these (chromodomains from mouse HP1 beta,
PDB code: IGUW; and from Polycomb, PDB code: 1PDQ) had
to be slightly trimmed before identifying them as members of
this class.

The cavity insertion class (Fig. 3) included BS from the bro-
modomain, the tandem Tudor and the WDRS5 effectors. For
these cases, apart from the tunnel-like cavity, it was hard to iden-
tify other common features. Probably the most different case was
that of the bromodomain complex as it also displayed features
from the narrow-groove class.

Use of the molecular surface representation highlighted
a prominent feature in the members of the flat-groove class
(Fig. 1): a protruding part from the effector (corresponding to
an aromatic ring) anchored the histone peptide, which adopted a
hook-like structure at this locus. This motif was also found in the
representatives of the narrow-groove class (Fig. 2), although the
role of the tryptophan aromatic ring was not so relevant. A more
different variant of the motif was also found in the bromodomain
member of the cavity-insertion mode (Fig. 3). Interestingly, in all
cases the peptide local structure was very similar.

Automatic structure comparison of the BS. Use of a hard-
sphere representation, which preserves atomic detail, served to
evidence a clear structural heterogeneity among BS (Figs. 1-3),
between and within the classes previously defined. Both for the
flat-groove and narrow-groove representatives we found that the
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aromatic cage was relatively well preserved, but the remainder of
the BS showed clear intra-class differences (Figs. 1 and 2). When
looking at the conserved motif, we found that while the struc-
ture of the histone atoms involved looked well preserved, this
was not the case for the effector’s contacting atoms (Figs. 1-3).
We decided to use automatic structure comparison methods to
assess this structural variability and see whether it was relevant
or, on the contrary, it was comparable to experimental noise and
therefore negligible.

We did an all-against-all comparison of the BS structures
using the program MAMMOTH!" (see Materials and Methods).
For each comparison we obtained an alignment and an associated
rmsd (root-mean-square deviation) value. The rmsd was used as
a measure of the structural variability between BS. As mentioned
before BS from effectors with the same fold, which corresponded
to instances of structure divergence, looked relatively similar on
visual inspection (Fig. 2). On the contrary, BS from effectors
with different folds (e.g., Tudor and PHD effectors from the
flat-groove class), which corresponded to examples of structure
convergence, looked more different (Fig. 1). Consequently, in
these cases similarities could be harder to find by MAMMOTH.
To take into account this heterogeneity in the comparisons we
grouped them into two separate classes: INTRADOM and
INTERDOM, which corresponded to comparisons between BS
from effectors with the same and different folds, respectively. The
rmsd distributions for these two classes were compared with (1)
the coordinate uncertainty of experimental origin, which varies
between 0.1 A and 1 A,”? and (2) the rmsd values resulting from
the comparison between different versions of the same effector
(apo- and holo-forms, complexes with different ligands), what we
called the AUTODOM class.

We found that all INTRADOM values were above 1 A,
therefore the corresponding structural diversity could not be
attributed to noise of experimental origin. In accordance with
this, we found that INTRADOM and AUTODOM distribu-
tions were significantly different (Kolmogorov-Smirnov test:
p value ~ 0), although they showed a certain degree of overlap
(Fig. 4A). This small overlap was mostly due to the fact that
values of AUTODOM above 3 A corresponded to comparisons
involving BS defined from different ligands, more prone to give
incorrect alignments. The fact that INTRADOM was different
from AUTODOM indicated that structural differences between
homologs were larger than those arising from a mere local side-
chain rearrangement such as that occurring after substrate
binding. To complete the rmsd analysis we computed the frac-
tion of degenerate positions (those positions where the aligned
atoms were different, e.g., C and O) present in the alignments
(Fig. 4B). We found that AUTODOM and INTRADOM dis-
tributions were different (Kolmogorov-Smirnov test: p value ~ 0)
although their overlap was larger than in the case of rmsd.

AUTODOM and INTERDOM rmsd distributions were dif-
ferent (Kolmogorov-Smirnov test: p value ~ 0), and only had a
small overlap, but INTERDOM and INTRADOM distribu-
tions showed a substantial overlap (Fig. 4A) suggesting that
the structural variability for convergent and divergent cases was
similar. However, inspection of the INTERDOM alignments

www.landesbioscience.com
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Table 1. Histone-effector complexes used in this work

Modified

Ligand Effector domain residues PDB codes
:ei;?(;]:s Chromodomain ~ H3K4me2K9me2? 1GUW®P
H3K9mel 1Q3L
H3K9me2 TKNA
H3K9me3 TKNE
H3K27me3 1PDQ, 1PFB
Chro?;’:g’c';am H3K4me3T3ph 2B2T
H3K4me3R2me2 2B2U
H3K4mel 2B2V
H3K4me2 2B2W
Bromodomain H4K16ac 1E6l
PHD finger H3K4me2 2FSA
H3K4me3 2F62J,Gél(:)U o
Tandem Tudor H4K20me2 21G0
Double Tudor H3K4me3 2GFA
WDR5 H3K4 2C00
H3K4me 2H6K
2H6N, 2CNX,
H3K4me2 2G99, 2G9A,
2H13
H3K4me3 2H6Q
Noﬂ;alrs]:jone CCI;:::;:;ZI;?:;:I(/ Chr. Ass. Fac. 1542
EMPSY 2FMM
Bromodomain TAT peptide 1JM4B
p53 C-t 1JSPB
NP1 1WUG
NP2 1WUM
MIB 1ZS5A
TTR 2D82A

2Ligand. For histones only the modified, or the normal target, residues
are shown. ®PDB code. <Chromo Shadow domains were treated as chro-
modomains, as their structural comparison with chromodomains gave
excellent alignments.

showed that this was not true. For a set of the most promising
cases from this distribution we found that all MAMMOTH
alignments were meaningless (when analyzed visually) and their
low rmsd values (near 4 /f\) were essentially due to the small num-
ber of aligned atoms. There was only one exception: the compari-
son between the human CHDI tandem chromodomains (PDB
code: 2B2W) and the PHD finger from human BPTF (PDB
code: 2FSA) (Fig. 5). In this case the alignment superimposed
the motif found in the previous section and present in both BS.
These results confirmed our visual analysis of the hard-sphere
representations showing that structural variability among con-
vergent cases was larger than what was suggested by overall shape
similarity. Indeed, while MAMMOTH was able to produce
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(PDB code: 1Q3L), arbitrarily chosen as reference. The
resulting multiple structure alignment allowed us to iden-
tify two regions in the bound peptides (Fig. 6A): a highly
conserved hook-like motif (shown in red) and a non-con-
served region, corresponding to the remainder of the pep-
tide (the parts upstream and downstream the conserved
motif). Within the non-conserved regions we could dis-
tinguish a clear cluster corresponding to peptides binding
narrow-groove class members (Fig. 6B). As expected, pep-
tides bound to flat-groove class members showed a larger
variability in the non-conserved regions (Fig. 6C). Most of
this variability could be attributed to the peptide bound to
the tandem chromodomains (PDB code: 2B2T); the simi-
larity between the remaining peptides was closer to that
found between narrow-groove members.

The hook-like motif was highly conserved (Table

Figure 1. Classification of the effector BS. The flat-groove class. In this figure
and in the next two figures (Figs. 2 and 3) we show three representative mem-
bers of each class with their names and PDB codes, plotted using two repre-
sentations: molecular surface (upper row) and hard sphere (lower row). Shown

2), irrespective of the effector’'s BS class. It involved the
following atoms: the side chain (except the terminal N
and its bound methyl or acetyl groups) and the N and C
main chain atoms from the modified lysine; the main chain

in yellow are the BS atoms in contact with the histone peptide, and in orange
those included in the BS to improve shape representation.?> The remainder
of the effector is represented with a grey mesh. The peptide is represented
in green, except for the part corresponding to the conserved hook-like motif,

atoms of the residue at position -1 relative to the modified
lysine; and the C and O main chain atoms of the residue at
position -2. An incomplete version of the hook-like motif
was also found in the peptides bound to the bromodomain

shown in red.

(PDB code: 1E6]) and to the tandem Tudor effector (PDB
code: 2IGO0), which lacked the residue at position -2 and

therefore the corresponding C and O main chain atoms.

The motif was not found in the WDRS5 complexes, were
the peptide adopted a different structure upstream the
modified lysine.

Given the high conservation degree of the hook-like
motif, we decided to characterize its contribution to the
histone-effector interaction. To this end we computed the

percentage of accessible surface area (ASA) buried by the

motif upon complex formation, relative to the ASA buried
by the peptide and by the whole histone. The first percent-
age was directly obtained from the structures of the com-
plexes. The average ASA buried by the motif was ~113 A2
(Table 2). Relative to the ASA buried by the whole peptide,
the values of the hook-like motif are high, between 10%
and 25% of the total, indicating that the motif identified

also played an important role in the binding affinity of the

peptide-effector interaction.

Figure 2. Classification of the effector BS. The narrow-groove class. For an

Figure 1.

explanation on the molecular representations and color codes, see legend to

The size of the histone peptides in our dataset varies
substantially (Table 1) and may not properly reflect what

reasonable alignments between divergent BS, this was not the
case for convergent BS.

Common ligand features. Histone peptides tend to adopt
an extended conformation when bound to effectors.” Here we
explore the degree of conservation of this extended conformation.
To this end we superimposed a series of representative histone pep-
tides (PDB codes: 1IGUW, 2B2T, 1PDQ, 2FUU, 2G6Q, 2GFA,
1E61, 2IGO0) against the structure of the histone peptide from the
histone-chromodomain complex from Drosophila melanogaster
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happens in complexes in which whole histones are involved.
For this reason we decided to obtain an estimate of the ASA
buried by the motif relative to that buried by the whole
histone. The latter could not be directly computed from the
structures available and was estimated applying the following
assumptions: (i) that the ASA buried by histones had to have
an upper threshold, i.e., it had to tend asymptotically to a given
value; and (ii) that this value should resemble for all effectors,
given the similar sizes of their BS. The first assumption was based
on the fact that in our dataset the largest peptides tended to have
unbound terminal ends. The second assumption, which implies
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an averaging over all binding modes, was motivated by
visual inspection of the peptide-effector complexes, which
showed that peptide-effector interfaces had similar sizes. A
plot of the peptide buried ASA vs. peptide length for the
complexes in our dataset showed an asymptotic behavior,
with buried ASA approaching 1,160 A2 (Fig. 7) as peptide
length increased. We took this value as an approximation

of the ASA buried by whole histones upon effector bind-

BROMO (1E6I)

ing. Using this value we found that the contribution of the
hook-like motif to an average histone-effector interaction
was near 10% (Table 2), confirming its relevance when an
approximate but more realistic scenario was considered.

To refine our analysis we broke down the motif’s buried
ASA into atomic contributions. The result (Fig. 8) showed
a clear general trend defined by the presence of two peaks:

.

one for the C and O main chain atoms of the residue at

position -2 relative to the modified lysine, and the other
for the lysine side chain itself. However, underlying this

Figure 3. Classification of the effector BS. The cavity-insertion class. For an
explanation on the molecular representations and color codes, see legend to

trend there was a clear variability that reflected both the BS Figure 1.
and the histone sequence variabilities. This was established
by grouping the results according to the residue
sequence of the hook-like motif (two tripeptides
only: ARK and RTK, Fig. 8B). The variability | A
within groups reflected the underlying BS variabil- o8
ity: ARK motifs, which were bound to homolog BS
(belonging to the narrow-groove class), had smaller *e
variability than RTK motifs, which were bound to 0,4
BS from the flat-groove class (more structurally H
heterogeneous). The differences between groups o2 H
reflected the sequence differences between hook- o [ - - [
llke I’IlOtlfS. 0,5 1 1,5 2 2,5 3 3,5 4 4,5
rmsd (A)

Discussion B °* -
The availability of structural information for dif- 0.4 ]
ferent histone-effector complexes provides a good
opportunity to advance our understanding of the o
molecular basis of epigenetic regulation, by shed- 0.2 -
ding light on the biophysical/functional proper-
ties of this interaction and of its components. In o
this article we have studied the structural variabil- o i =N . N AN AN
ity of histone-effector complexes focusing on the et o2z 03 04 05 O0e 07 o8 09 *
effector BS, and on the bound histone peptides. Fraction of non-degenerate sites
We found that there was an incomplete equiva-
lence between our BS-level classes and Taverna ; ) : -
and collsgues” MBS lvlclscss et sufuce: | TSI Mot f e it ) acion o degrte s
groove class could be found in both our flat-groove | \NTRADOM (black) and INTERDOM (dark grey).

(Fig. 1) and narrow-groove (Fig. 2) representatives.
This discrepancy is not contradictory, as these
classes arise from considering BS at two different levels (whole
and part, respectively). It indicates that the BS of effectors can be
broken down in two complementary parts, MBS and remainder
of the BS, and that for effectors with the same MBS (like chro-
modomain and PHD) differences in binding specificity/affinity
will be determined by the rest of the BS. This idea is supported
by both mutagenesis and sequence data. For example, for the
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second Tudor domain (PDB code: 2GFA) of Jumonji domain-
containing protein 2A, mutations Asp945Ala and Asp945Arg
reduce and eliminate H3K4me3 binding, respectively.'® Because
this residue is in contact with the histone peptide-but not with
the modified lysine, this result is in accordance with the role
of specificity-responsibles proposed for BS residues outside the
MBS." This is also the case for the TyrI500Ala mutant of Tumor
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Figure 5. Structure alignment of the BS from the tandem chromodomains of human CHD1 (PDB code: 2B2W) and the PHD finger from human BPTF
(PDB code: 2FSA). The alignment was obtained with MAMMOTH,"" without using the structure of the bound peptides. The BS of the CHD1 chromodo-
mains (represented with a mesh) and the bound peptide are shown in magenta, the remainder of the structure was represented with a green ribbon.
The BS of the PHD finger (represented with a continuous molecular surface) and the bound peptide are shown in yellow, the remainder of the struc-
ture was represented with a red ribbon. The good coincidence of the peptide structures shows the location of the common structural motif, formed
by a protruding tryptophan side chain and a hook-like peptide substructure.

suppressor pS3-binding protein 1 tandem Tudor domain (PDB
code: 2IG0) and the Val26Met mutant of Drosophila HP1
chromodomain (PDB code: 1Q3L) which reduce binding affin-
ity for H4K20me2," and abolish H3 binding,” respectively. In
both cases the mutated residues belong to the BS but are outside
the MBS region, i.e., they are not in contact with the modified
histone residues, thus confirming their contribution to histone
binding. From the sequence point of view, comparison of the
chromodomain sequences from HP1 and Polycomb, shows that
some BS residues outside the MBS region are very different in
nature, in spite of occupying equivalent positions in the struc-
ture alignment of both effectors. For example, residues from
the Drosophila HP1 chromodomain (PDB code: 1Q3L) Glu23,
Val26, Asp62 and Cys63 are respectively paired with residues
Val25, Ala28, Leu64 and Asp65 from the Drosophila Polycomb
chromodomain (PDB code: 1PDQ). While sequence evidence
is not as strong as mutagenesis studies, the fact that residues in
contact with the bound histone peptide are so different in their
physico-chemical nature supports the idea that they contribute to
the substrate specificity differences between these two families.?
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Results of the automatic comparison of BS from homolog
effectors (BS of the chromodomains from the narrow-groove
class) point in the same direction. It would seem that because of
the high structural similarity of these BS, which have the same
MBS, they would have the same substrate specificity. However,
this is not always the case, as shown for the Polycomb and HP1
chromodomains. In spite of both belonging to the same BS class,
narrow-groove and MBS class, surface-groove, these chromodo-
mains bind two different substrates,® as mentioned before: H3
trimethylated lysines K27 and K9, respectively. Fischle and col-
leagues® have shown that distinct BS features outside the MBS
can play an important role determining the different substrate
specificities of Polycomb and HP1 chromodomains. Our results
generalize this observation, first by showing that the variability
between homolog BS, described by the INTRADOM distribu-
tion (Fig. 4A), is larger than experimental noise. Therefore, there
are non-trivial structural differences between BS that may result
in their having different interaction profiles likely to introduce
subtle specificity differences, such as those described in the case
of the Polycomb and HP1 chromodomains.® In addition, the
comparison between the INTRADOM and AUTODOM rmsd
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Figure 6. The hook-like motif in bound histone peptides. (A) Structural alignment of the histone peptides bound a set of representative effectors (PDB
codes: 1Q3L, 1GUW, 2B2T, 1PDQ, 2FUU, 2G6Q, 2GFA, 1E6l and 21G0). Shown in red is the common motif, the upstream (N-terminal end) and the down-
stream (C-terminal end) variable regions are shown in dark and light blue, respectively. (B) Same as in (A) but only for the peptides bound to the BS of
the narrow-groove class only (PDB codes: 1Q3L, 1GUW and 1PDQ). (C) Same as in (A) but only for the peptides bound to the BS of the flat-groove class
only (PDB codes: 2B2T, 2FUU, 2G6Q and 2GFA).

Table 2. Structural characterization of the hook-like motif in a set of representative effectors

Chromodomain? 1Q3LP - 150.0¢
Chromodomain 1GUW 0.7 125.0
Chromodomain 1PDQ 0.4 138.0
Chromodomain 2B2T 1.0 126.0
PHD 2FUU 0.7 70.0
PHD 2G6Q 0.7 107.0
Tudor 2GFA 0.3 107.0
Tudor 2I1GO 1.0 71.0

25.0° 13.0f ARK® (9.9%9)"
15.0 11.0 ARK (9.9%9)
16.0 12.0 ARK (979%9)
25.0 11.0 RTK (9.9%9)
10.0 6.0 RTK (979%9)
18.0 9.0 RTK (97.9%9)
19.0 9.0 RTK (979%9)
22.0 6.0 RK -

2Effector module. °PDB code. ‘rmsd relative to 1Q3L. YASA buried by the hook-like motif upon binding. ¢Percentage of the hook-like buried ASA rela-
tive to the peptide’s total. Percentage of the hook-like buried ASA relative to the whole histone estimate. 9Residue sequence of the hook-like motif.
"State of the rotational angles determining the hook-like main chain structure (see text).

distributions (Fig. 4A) can be used to shed some light on the mech-
anism underlying the structural differences between homolog
BS. It has been shown that distributions equal in nature to the
AUTODOM rmsd distribution reflect the native-state dynamics
of the protein.'® The fact that INTRADOM and AUTODOM
rmsd distributions are different indicates that structural differ-
ences between homolog BS are unlikely to arise from the stabi-
lization, through substrate binding, of common conformational
states from their native dynamics. Rather, they are more likely to
correspond to states specific to each effector that, in turn, deter-
mine the substrate binding mode. In other words, specificity
differences between homolog effectors would have a structural
component, complemented by the chemical differences result-
ing from sequence divergence, of which the percentage of non-
degeneratesites (Fig. 4B)isanapproximate measure. Confirmation
of this idea constitutes a challenging problem that would require
the use of simulation techniques beyond the structure analysis
tools used in this article.

Our analyses of the peptide structures gave a picture consistent
with the BS classification: we found a substantial degree of vari-
ability arising from differences between the corresponding effec-
tors (Fig. 6B and C). However, we could also identify a structural
motif, the hook-like motif, present in most peptides regardless of
the effector class (Fig. 6). Analysis of the interaction pattern of
this motif allows refining our view on the partition of the BS
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according to specificity determinants. When the residue sequence
of the hook-like motif was RTK we could see a high variabil-
ity in its interaction pattern (Fig. 8B). As explained before, this
variability was related to differences in the binding effectors.
This indicates that the structure of atoms nearby, but outside,
the MBS are involved in specificity-determining interactions.
On the contrary, when the sequence of the hook-like motif was
ARK its interaction pattern was well conserved. As all the ARK
motif-carrying peptides were bound to homolog effectors (the
chromodomains from the narrow-groove class) this confirms that
the substrate specificity determinants towards different histone
peptides involve effector atoms in contact with histone atoms
outside the conserved sequence residue. This is in accordance
with the results obtained by Fischle and colleagues® in the case of
Polycomb and HP1 chromodomains.

Our view on specificity determinants was completed by the
analysis of the histone peptide structures and of their local struc-
ture propensities. It is known that histone N-terminal tails are
intrinsically disordered* and undergo a disorder-order transi-
tion when binding effectors. Because for interactions involving
disordered proteins specificity depends on this transition,” we
decided to see whether our data could shed some light upon its
nature, by focusing on the composition of the disordered state.
We restricted our analysis to the disordered state of ARK and
RTK tripeptides, as they correspond to the residue sequence of
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with a triangle. The dashed line represents the curve of equation 1159.5 - [7611.6/(6.0 + peptide length)], obtained after a non-linear fit of the data.

the hook-like motifs (Table 2) and contribute an average of 44%
of the ASA buried by histone peptides upon binding. The high
conservation degree of the hook-like motif (Fig. 6 and Table 2)
suggested that ARK and RTK tripeptides could have a strong
propensity towards this structure. To test whether this was the
case we analyzed all the tripeptides with these sequences pres-
ent in a non-redundant set of the PDB."® We found that ARK
and RTK adopted a variety of structures (Table 3), many of
them different from those found in bound histone peptides. In
addition, the structural propensities of these tripeptides varied
between them: for example, RTK was most commonly found in
the state it adopts in histone-effector complexes than ARK. We
also checked the secondary structure of both tripeptides, finding
again clear differences: ARK tripeptides were more frequently
found as part of o-helices (59%) than B-strands (3%), while
for RTK tripeptides the differences between both states where
smaller (18 and 11%, respectively). These results are in accor-
dance with recent molecular dynamics simulations of an 18-resi-
due peptide encompassing the first fifteen residues of histone
H3." These simulations show that the sequence stretch between
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K4 and K9 (which includes the ARK motif associated to K9)
populates more frequently the helical state, while the first four
N-terminal residues (which include the RTK motif associated to
K4) populate more frequently the extended structure (Fig. 2 in
Liu and Duan'). The consistency between (1) Liu and Duan’s
simulations' and (2) our database statistics strongly supports the
idea that the disordered state, and consequently the disorder-
order transition, of ARK and RTK are different. The balance'”
between the contribution of this transition and the atomic con-
tacts made upon binding will determine the strength of the his-
tone-effector interaction and the binding specificity of effectors
towards given modifications. Experimental results®® together
with results from the aforementioned molecular dynamics simu-
lation" suggest that histone modifications could modulate the
formation of the histone-effector complex by shifting the his-
tone tail equilibrium population from the helical to the extended
state, or vice versa. The resulting effect will combine with the
contribution of the interaction between the histone peptides
and the binding sites specificity determinants to produce the
final binding specificity for the histone-effector interaction.
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The specificity of whole multidomain epigenetic regulators for
given chromatin loci could then be the result of several specific
histone-effector interactions, as postulated by Ruthenburg and
colleagues®! in their multivalence model.

We are still far from a quantitative model embracing all
these effects and allowing the raising of very general, experi-
mentally testable predictions on the histone-effector interaction.
However, our results can already be used to make concrete pre-
dictions on how specificity of the histone-effector interaction is
modulated. For example, it has been shown that the chromodo-
mains of Polycomb family members display differential binding
to H3K27me3.?? In particular, some of them are able to bind
H3K9me3, like the chromodomains from HPI1 proteins. For
example, Cbx7 chromodomain is able to bind both H3K9me3
and H3K27me3, and Cbx4 chromodomain prefers H3K9me3.
Interestingly, in the list of Polycomb BS residues outside the
MBS region and their equivalent HP1 residues (first paragraph
of the Discussion) we find that Ala28 from Polycomb is paired
with Val26 from HPI, a residue shown to play an important role
in histone binding.” A look at the multiple sequence alignment
for the Polycomb family?® shows that the Cbx4 and Cbx7 resi-
dues equivalent to Drosophila Polycomb Ala28 are valines. This
strongly suggests that this mutation in one of Polycomb’s speci-
ficity determinants may play an important role in the specific-
ity shift towards H3K9me3 observed for Cbx4 and Cbx7. While
there may be other associated residue changes, this example illus-
trates how our results can be used to shed light on the regulation
of the histone-effector interaction. Also, low-resolution knowl-
edge of the disordered state populated by histone peptides nearby
modified residues, such as that provided by our database study
(Table 3), may be used to obtain clues on the nature of the effec-
tor BS. For example, peptides with disordered states populating
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Table 3. Distribution of states of the torsional dihedrals ¢, ., v, and ¢,
from the ARK and RTK tripeptides found in a non-redundant subset of
the PDB

6.2 v, o, ARK"® RTK®
g° t g 50,6 28,3
g t t 15, 1 8,2

t t g 12,2 3,3

g° g* g 11,6 38,6

g gt t 5,1 1,4

t t t 2,8 0,5

gt t g 1,1 0

g g g 0,6 4,3

g t gt 0,3 1,1

t g* t 0,3

t g* gt 0,3

g g t 0 2,7
g* g 0 1,6

3 indicates the position of the last residue, the lysine. Total number
of observations: 352. “Total number of observations: 184. “The three
states are defined as follows: 60 < g* < 180; -60 < t < 60;-180 < g" < -60.
eShown in bold is the state found in the histone-effector complexes.

many conformations may require more interactions with the
effector BS to form a stable complex than those with less het-
erogeneous disordered states. This in turn will require larger or
deeper BS, able to form more interactions with the histone than
flatter BS.

The work presented here focuses on lysine modifications,
which represent a subset of all histone tail modifications.” A com-
plete reproduction of our analyses for other target residues—Arg,
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Figure 9. Performance of the structure comparison program MAMMOTH'" for the alignment of binding sites. Automatic structure alignment of the
BS of two HP1 beta chromodomains, from mouse (pink, PDB code: 1GUW) and fruit fly (orange, PDB code: 1KNE), respectively. The alignment was
obtained with MAMMOTH," without using the structure of the bound peptides. These are shown here, in dark blue (bound to the mouse chromodo-
main) and light blue (bound to the fruit fly chromodomain), to highlight the quality of the BS alignment. The oval green box shows the good coinci-
dence in the aromatic residues (signaled with white arrows) defining the aromatic cage.

Ser, Tyr, etc. and modifications—phosphorilation, sumoylation,
etc., is not yet feasible for lack of structural data on effectors and
their complexes with histone peptides. However, one can follow
the protocol described here and use PDB'® data to obtain a first
characterization of the disordered state in the neighborhood of the
different histone target residues. Indeed, one can obtain approxi-
mately 477 and 24 observations for each possible tri- (20° amino
acid combinations) and quadripeptide (20* amino acid combina-
tions), respectively (values obtained using the size distribution in
the structure list available at Dunbrack’s server,?* non-redundant
at 90% sequence identity and 2.5 A resolution). While not all
peptides are equally sampled, these sample sizes indicate that one
could obtain a first idea of the disordered state of each peptide,
and compare them as done in this work (Table 3) to explore how
their disorder-order transitions vary.

Materials and Methods

Structure of the histone-effector complexes. The structures of
the complexes used are listed in Table 1, with their PDB'® codes.
The effectors involved were: bromodomain, chromodomain,
Tudor, PHD and WDRS5. Most of the histone tails were from
histone H3 and variants (from different species), although in
two cases they were from histone H4. They had residues, mostly
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lysines, with different modifications. In a very few cases the
complexes involved non-histone molecules (proteins and organic
molecules) instead of histone peptides. These complexes were
included to increase the sampling of the BS variability, although
in some cases the automatic alignment procedure could not iden-
tify the common parts between them (see below).

The BS. BS atoms are: all effector atoms contacting any ligand
atom (atom-atom distance lower than 5 /f\), and some neighbor-
ing atoms, included to improve the shape representation of the
BS.% The latter are obtained from the cavity pattern of the effec-
tor. First, we computed the effector cavities using SURFNET.?
Second, we found all cavities with more than 50% of their atoms
in contact with the ligand; all the atoms of these cavities were
considered as BS atoms. Finally, atoms from other cavities were
added if they were in contact with all the previously included
effector atoms (atom-atom distance lower than 5 A).

The automatic alignment of BS. BS were aligned using the
program MAMMOTH." This program was conceived for the
alignment of C_-traces and is very fast. Because its alignment
algorithm is based on geometrical principles it can be applied to
our problem.

To confirm that MAMMOTH alignments were meaning-
ful, we explored manually a large number of them with the
package PyMol.”” We found that for the vast majority of cases
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MAMMOTH would give reasonable results, aligning sets of
atoms that defined a similar shape. As an example, in Figure 9
we show the alignment between two chromodomains binding
two slightly different histone peptides.

It has to be mentioned that the contouring atoms that define
a BS may remain constant or vary among different versions of a
given structure. That is, at some locations we may find different
atoms, e.g., an aromatic carbon or a polar nitrogen, depending
on the BS version considered. This degeneracy has three differ-
ent origins: sequence divergence, natural dynamics of the protein
and technical indeterminacies. When comparing BS, degener-
ate positions may be excluded or included in the alignment. We
decided to include them (i.e., MAMMOTH was allowed to align
any pair of atoms, regardless of their nature) and complement our
results with a measure of their abundance, i.e., the percentage
of non-degenerate positions in the alignment. This may help to
understand the degree of structural and chemical divergence at
the BS.

Peptide alignment. Eight representative peptides were aligned
following a semi-automatic procedure. We aligned eight pep-
tides (taken from the complexes with PDB codes: 1IGUW, 2B2T,
1IPDQ, 2FUU, 2G6Q, 2GFA, 1E6I, 2IG0) against the histone
peptide in the histone-chromodomain complex from Drosophila
melanogaster (PDB code: 1Q3L), which was arbitrarily chosen.
For each comparison the protocol followed was: (1) visually
identify an initial set of equivalent atoms in both peptides; (2)
superimpose this atom set using the Kabsch algorithm? and if
the rmsd is above 1.1 A the alignment is discarded; (3) explore
visually the resulting alignment and identify any possible addi-
tional atom pairs; (4) if there are new possible pairs, add them to
the original atom set and go to step (2), otherwise the protocol
is finished.

Atomic surface area computations. Buried atomic
accessible surface area (ASA) is an atomic contact descriptor
related to the contact’s free energy contribution® and for this
reason constitutes a valuable tool in the study of molecular
interactions. The percentage of accessible surface area buried
by the hook-like motif upon complex formation was computed
as follows: ASA  (peptide in isolation) - ASA, ~(complexed
peptide)/BASA . . where BASA .~ was the estimate of
the ASA buried by the whole histone upon complex forma-
tion (it was obtained as explained in the RESULTS section).
The two peptide ASA values, ASA__ (peptide in isolation) and

hook

ASA,  (complexed peptide), were obtained with the program
NACCESS.*®

Structural propensity of the ARK and RTK tripeptides. In
the hook-like motif we can distinguish two sources of structural
variety: the lysine side chain torsional angles, and the main chain
angles @ _, v, and @. We focused our analysis on the latter,
which are related to the main structural features of the disorder-
order transition experienced by histone tails upon binding. To
see if their highly conserved states on bound peptides were due
to intrinsic sequence propensities, we looked in a non-redundant
subset of the PDB'® structural database for instances of ARK and
RTK tripeptides (corresponding to the hook-like motifs in our
dataset) and obtained the values of their ¢, , ., and @, torsionals
(60 < g* < 180; -60 < t < 60; -180 < g < -60) from the output of
the DSSP program.*!

Conclusions

Using structural analyses of a series of histone-effector complexes
we have characterized the structural variability of the two main
components of the histone-effector interaction: histone tails and
the binding site of effector modules. The results of this analysis
have crystallized in a coherent classification for the latter that
allows us to propose that, in general, the BS of effector domains
is partitioned in two different specificity determinants (the MBS
and the remainder of the BS). In addition, structural analysis of
the bound histone peptides and their sequences led to the iden-
tification of an additional specificity determinant: the disorder-
order transition. This transition, which takes place upon histone
binding, would be a specific property of the sequence nearby
the post-translationally modified histone residue (e.g., it would
be different for H3K4 and H3K9). Overall, our results con-
tribute to clarify the specificity origins for the histone-effector
interaction.
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