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SINOPSIS GENERAL

RESUMEN

Las modificaciones post-traduccionales de las histonas repercuten en numerosas funciones biologicas,
regulando procesos esenciales como la transcripcion, la replicacion, la reparacion del DNA, la recombinacion
o el control del ciclo celular. En la presente tesis doctoral se ha estudiado la influencia de la metilacién de la
lisina 79 de la histona H3 (H3K79me), mediada en exclusiva por la singular enzima Dot1, en mecanismos
celulares implicados en el mantenimiento de la integridad gendmica. Asi, hemos dilucidado las bases
moleculares de la funcién de Dot1 en el checkpoint de recombinacién meidtica en Saccharomyces cerevisiae,
un mecanismo de vigilancia que asegura la correcta distribucion del material genético a los gametos. La
metilacion de H3K79me es necesaria para la apropiada localizacion y activacion de proteinas adaptadoras y
efectoras del checkpoint, que consiguen disparar este mecanismo de supervivencia celular. Ademas, hemos
expandido nuestra investigacion a la meiosis en mamiferos analizando la distribucién de DOT1L y de la
metilacién de H3K79me en espermatocitos de ratdn. Los patrones diferenciales de localizacién de las
distintas formas de H3K79me, apuntan a funciones especificas para cada marca epigenética durante la
espermatogénesis. Por otro lado, puesto que Dot1 también actua durante el ciclo mitético, hemos
determinado la relevancia funcional de la metilacion de H3K79 en la tolerancia al dafio por alquilacion en el
DNA mediado por sintesis a través de lesion (TLS) en la levadura de gemacién. En conclusion, las
modificaciones epigenéticas catalizadas por la proteina conservada evolutivamente Dot1 participan en
multiples procesos cruciales para la estabilidad del genoma tanto durante el ciclo de division meiotico, como

mitotico.

1. ANTECEDENTES sin estructurar que sobresalen del mismo. Estas

, proteinas, y particularmente sus colas, son
El DNA eucariota se condensa dentro del

. , o susceptibles  de  experimentar  numerosas
nucleo celular gracias a la asociacion de

, modificaciones  covalentes  post-traduccionales,
aproximadamente 147 pares de bases alrededor de

. , . siendo las mejor conocidas la acetilacion,

un octamero de histonas (un heterotetramero H3/H4
. metilacién, fosforilacién, ubiquitilacion y sumoilacion,

y dos dimeros H2A/H2B) para formar el

, . siempre en unos residuos concretos y con
nucleosoma, la unidad fundamental y repetitiva de

, diferentes grados de reversibilidad.  Estas
la cromatina (Kornberg and Lorch 1999). Las

, o , modificaciones alteran el grado de compactacioén de
histonas poseen un dominio globular que constituye

) , la cromatina, modificando su accesibilidad, y la
el nucleo del nucleosoma, y unas colas terminales

capacidad de otras proteinas para interaccionar con

3



Dot1/DOT1L metil-transferasa de H3K79

el DNA. Ademas, existen chaperonas, variantes de
histonas, otras proteinas estructurales y complejos
remodeladores de la cromatina, que también
influyen en la estructura de la cromatina. De esta
forma se regulan numerosos procesos biolégicos,
como la actividad transcripcional, el establecimiento
de regiones de heterocromatina, la replicacion o la
reparacion del DNA (Kouzarides 2007; Luger et al.
2012; Becker and Workman 2013)

Un proceso esencial para todos los
organismos con reproduccién sexual, y del que
cada vez se conocen mas aspectos de su
regulacién por factores que afectan a la dinamica de
la cromatina, es la division celular meiética. Esta
division reduccional consigue generar productos
meidticos haploides (esporas en levaduras o
gametos en metazoos) desde una célula diploide,
ya que se suceden dos rondas de segregacion
cromosomica precedidas por una unica ronda de
replicacion del DNA. La etapa mas caracteristica de
la meiosis es una particularmente prolongada
profase I, en la que se lleva a cabo el apareamiento,
la sinapsis y la recombinacion entre los
cromosomas homologos (Cohen et al. 2006). El
correcto desarrollo y finalizacion de estos eventos
es supervisado por un mecanismo de vigilancia
especifico, el checkpoint de recombinacion meidtica
0 checkpoint de paquitene. En caso de detectar
defectos en dichos procesos, este checkpoint
meidtico bloquea o retrasa la progresién de la
meiosis para evitar la segregacion aberrante de los
cromosomas Yy la consiguiente formacion de

gametos portadores de alteraciones gendmicas

(Roeder and Bailis

Hochwagen 2011).

2000; Macqueen and

Precisamente, en un escrutinio genético para
descubrir mutantes defectivos en este checkpoint en
Saccharomyces cerevisiae se aisld dot1, ya que
eliminaba el bloqueo de la progresion meidtica que
sufre un mutante defectivo en sinapsis como zip1.
Asi se comprob6 que la proteina codificada por
DOT1, cuya actividad catalitica se desconocia en
ese momento, es necesaria para inducir el
checkpoint tanto en mutantes con defectos en
(zip1),
recombinacién meiética (dmc1) (San-Segundo and
Roeder 2000). DOT1 también habia sido aislado en

un escrutinio genético independiente dirigido a

sinapsis como con defectos en la

identificar genes cuya sobreexpresién alterase el
silenciamiento telomérico, de donde proviene su
nombre “Disruptor Of Telomeric silencing 1” (Singer
et al. 1998). Poco después, varios grupos, también
de forma independiente y con diferentes
aproximaciones, demostraron que la proteina Dot1
de S. cerevisiae y su homdloga en mamiferos
DOT1L (Dot1-Like) catalizan la metilacion la lisina
79 de la histona H3 (H3K79me). Esta metilacién en
H3K79 solo ocurre con el nucleosoma como
sustrato y es el Unico sitio de metilacion descubierto
dentro del dominio globular de las histonas (Figura
1A; Feng et al. 2002; Lacoste et al. 2002; van

Leeuwen et al. 2002; Ng et al. 2002).

Desde el descubrimiento de su actividad
enzimatica como N-metiltransferasa de lisina en
histonas (EC 2.1.143), se ha

profundizando en su caracterizacion funcional. Dot1

seguido



es la Unica metiltransferasa que tiene por residuo
diana la H3K79, ya que su eliminacion en levadura,
mosca Y raton conlleva la pérdida total de metilacion
en esta lisina (van Leeuwen et al. 2002; Shanower
et al. 2005; Jones et al. 2008). Dot1 cataliza la
mono-, di- y trimetilacién de la H3K79 (H3K79met1, -
me2 y -me3) mediante un mecanismo distributivo,
lo que la diferencia de otras metil-transferasas de
histonas, englobadas en la familia SET y que
poseen un mecanismo de accién procesivo (Figura
1B; Frederiks et al. 2008). Hasta el momento, no se
conoce ninguna demetilasa que revierta la accion
de Dot1.

Asi mismo, también se han conseguido
grandes avances en el esclarecimiento de las
numerosas funciones biologicas de Dot1/DOT1L
(Figura 2; Nguyen and Zhang 2011). Comenzando
con los papeles de Dot! en Saccharomyces
cerevisiae, se ha establecido que la funcion de Dot1
inicialmente descrita en el silenciamiento telomérico
se debe a la competencia con la proteina de
silenciamiento Sir3 por el mismo sitio de unién en
los nucleosomas, y a la imposibilidad de Sir3 de
unirse a nucleosomas portadores de H3K79me (van
Welsem et al. 2008). Por otro lado, se ha
encontrado que Dot1 interviene en numerosos
aspectos de la respuesta al dafio en el DNA durante
el ciclo vegetativo. Asi, Dot1 es necesario para la
activacion de Rad53 mediada por Rad9 en los
checkpoints de dafio en DNA Gi/S e intra-S
(Giannattasio et al. 2005; Wysocki et al. 2005).
Ademas, Dot1 modula distintas vias de reparacion

del DNA ante radiacion ionizante o ultravioleta

(Game et al. 2006; Toh et al. 2006; Bostelman et al.
2007).

En nuestro grupo, también se ha estudiado el
papel de Dot1 en la respuesta al dafio en el DNA
generado por el agente alquilante metil-metano-
sulfonato (MMS) y en la reparacion de las roturas de
doble cadena por recombinacion con la cromatida
hermana (Conde and San-Segundo 2008; Conde et
al. 2009). Sorprendentemente, el mutante dot1
presenta una mayor resistencia al tratamiento
cronico con MMS que la cepa silvestre. Estos
estudios  demostraron que  Dot1  regula
negativamente la ruta de tolerancia al dafio en el
DNA mediante sintesis a través de lesion (TLS), y
que la mayor resistencia a MMS de dot1A se debe a
una actividad TLS aumentada, aunque a expensas
de una mayor tasa de mutagénesis (Conde and
San-Segundo 2008). Pero quisimos profundizar en
este mecanismo y conocer mejor los detalles de
como Dot1 estaba regulando este proceso. Para
ello, llevamos a cabo los experimentos publicados
en el tercer articulo que compone esta tesis
doctoral: “Regulation of tolerance to DNA alkylating
damage by Dot1 and Rad53 in Saccharomyces
cerevisiae” (Conde et al. 2010), en el que he
contribuido determinando que el papel de Dot1 en
TLS esta mediado por su actividad catalitica metil-

transferasa sobre H3K79.

Retomando el estudio de la funcion de Dot1

en la meiosis, como se ha comentado
anteriormente, se sabia que es esencial para el
funcionamiento del checkpoint de recombinacion

meidtica en S. cerevisiae (San-Segundo and
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Roeder 2000). pero se desconocian los
mecanismos moleculares responsables. Asi que
éste fue el principal objetivo de esta tesis, siendo el
trabajo resultante publicado en el primer articulo
que se presenta en esta memoria: “Dot1-dependent
histone H3K79 methylation promotes activation of
the Mek1 meiotic checkpoint effector kinase by

regulating the Hop1 adaptor” (Ontoso et al. 2013a).

La proteina Dot1 esta conservada a lo largo
de la evolucion, y progresivamente se han ido
describiendo mas funciones de sus homoélogos en
distintos  organismos  como:  Dictyostelium,
Trypanosoma, Caenorhabditis, Drosophila, ratdn y
humano (Feng et al. 2002; Shanower et al. 2005;
Jones et al. 2008; Muller-Taubenberger et al. 2011;
Cecere et al. 2013). Sin embargo, una de las pocas
excepciones de organismos que no poseen ni Dot1,

ni H3K79me es Schizosaccharomyces pombe.

En mamiferos, DOT1L participa en multiples
procesos bioldgicos (Nguyen and Zhang 2011). Asi,
desempefia importante papeles en la regulacién de
la transcripcion (Steger et al. 2008; Kim et al.
2012a),

embrionario y la diferenciacion (Jones et al. 2008;

es esencial durante el desarrollo
Barry et al. 2009; Ooga et al. 2013), necesaria para
la funcion cardiaca (Nguyen et al. 2011), la
hematopoyesis (Feng et al. 2010; Jo et al. 2011), la
proliferacion celular y el envejecimiento (Kim et al.
2012b) y la condrogénesis (Castafio Betancourt et
al. 2012). Alteraciones de la funcién de DOTIL
estan relacionadas con algunos tipos de leucemia
de linaje mixto (Okada et al. 2005; Krivtsov et al.

2008; Bernt et al. 2011), la apariciéon de defectos

en la formacién del tubo neural (Zhang et al. 2013)
y osteoartritis (Castafio Betancourt et al. 2012).
Esta asociacion entre disfunciones de DOTIL y
patologias ha convertido a esta proteina en un
prometedora diana terapéutica (Daigle et al. 2011;
Yao et al. 2011; Anglin et al. 2012; Helin and Dhanak
2013). A pesar de lo relevante de la funcién de Dot1
durante la meiosis en levadura, se sabe muy poco
del papel de DOT1L en la meiosis de mamiferos,
existiendo un unico articulo al respecto en oocitos
de ratén (Ooga et al. 2008). Por tanto, un segundo
objetivo de esta tesis fue la caracterizacion
citologica inicial de DOT1L y la H3K79me durante
la profase meidtica | en espermatocitos de ratén.
Los resultados obtenidos han sido publicados en el
segundo articulo de la tesis: “Dynamics of DOT1L
localization and H3K79 methylation during meiotic
prophase | in mouse spermatocytes” (Ontoso et al.
2013b).

Asi, la presente memoria de tesis doctoral
titulada “Funcion de Dot1 en el checkpoint de
recombinacion meidtica y en la tolerancia al dafio en
el DNA", elaborada por compendio de articulos,
queda estructurada en tres apartados, cada uno de

los cuales corresponde a una publicacion:

ARTICULO 1:
H3K79 methylation promotes activation of the Mek1

‘Dot1-dependent histone
meiotic checkpoint effector kinase by regulating the
Hop1 adaptor”
http://dx.plos.org/10.1371/journal.pgen.1003262




ARTiCULO 2 DOTIL

localization and H3K79 methylation during meiotic

‘Dynamics  of

prophase | in mouse spermatocytes”
http://dx.doi.org/10.1007/s00412-013-0438-5

ARTICULO 3: “Regulation of tolerance to
DNA alkylating damage by Dot1 and Radd3 in
Saccharomyces cerevisiae”
http://dx.doi.org/10.1016/j.dnarep.2010.07.003

2. HIPOTESIS DE TRABAJO

Las modificaciones post-traduccionales de las
histonas configuran la estructura y dinamica de la
cromatina, regulando asi los numerosos procesos
biolégicos que ocurren asociados a ella. La
metilacion de H3K79, mediada por Dot1, es un
marca epigenética abundante, presente durante
todo el ciclo celular, tanto en el proceso de division
mitdtico como meidtico, y que se sabe que
interviene en numerosos procesos bioldgicos. Asi,
cabia esperar un papel relevante para H3K79me en
mecanismos que regulan el mantenimiento de la
integridad genomica tanto en meiosis como en

mitosis.

3. OBJETIVOS GENERALES

- Estudiar la funcion de la metilacion de
H3K79, mediada por Dot1, en un mecanismo de
vigilancia de la meiosis como es el checkpoint de

recombinacion meiotica.

- Determinar la contribuciéon funcional de

H3K79me a la regulacién de la tolerancia al dafio

alquilante en el DNA mediada por TLS durante el

ciclo mitético.

4. CONCLUSIONES GENERALES

1- Dot1 es crucial para el funcionamiento del
checkpoint de recombinacion meidtica en S.
cerevisiae, ya que la metilaciébn de H3K79 es
necesaria para permitir la correcta localizacion y
activacion de proteinas adaptadoras y efectoras del
checkpoint (Hop1 y Mek1, respectivamente), y asi

activar este mecanismo de supervivencia.

2- DOTIL vy los diferentes estados de
metilacion de H3K79me presentan dinamicas de
localizacién espacio-temporal diferenciales a lo
largo de la profase meiética | en espermatocitos de
raton, lo que sugiere funciones especificas para

cada estado de metilacion.

3- La metilacién de H3K79, catalizada por
Dot1, regula la tolerancia al dafio por alquilacién en
el DNA modulando la actividad de la quinasa
efectora del checkpoint de dafio en DNA Rad53 y la

unién a la cromatina del factor de TLS Rev1.
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GENERAL SYNOPSIS

SUMMARY

Histone posttranslational modifications affect multiple biological functions, regulating essential
processes such as transcription, replication, DNA repair, recombination or cell cycle control. During this thesis
work, we have studied the role of methylation of histone H3 at lysine 79 (H3K79me) solely mediated by the
enzyme Dot1, in cellular mechanisms involved in the maintenance of genomic integrity. Thus, we have
uncovered the molecular basis of Dot1 function in the meiotic recombination checkpoint in Saccharomyces
cerevisiae, a surveillance mechanism that monitors the correct distribution of genetic material to gametes.
H3K79me is required for proper localization and activation of adaptor and effector checkpoint proteins in order
to trigger this quality control mechanism. Moreover, we have expanded our studies to mammalian meiosis,
analyzing DOT1L and H3K79me distribution in mouse spermatocytes. We found that each H3K79 methylation
state exhibits differential localization patterns, suggesting specific functions for each epigenetic mark during
mouse spermatogenesis. On the other hand, since Dot1 is also active during the mitotic cell cycle, we
determined the functional relevance of H3K79me in the tolerance to alkylating DNA damage mediated by
translesion synthesis (TLS) in budding yeast. In conclusion, epigenetic modifications catalyzed by the
evolutionarily conserved Dot1 protein are involved in a variety of crucial biological processes to ensure

genomic stability, during both meiotic and mitotic cell divisions.

ubiquitylation and sumoylation, being always

1. BACKGROUND

, , , residue-specific and with different degree of
Eukaryotic DNA is condensed in the cell

, , reversibility. PTMs modify chromatin condensation,
nucleus through the interaction of roughly 147 base

, , thus controlling the accessibility of other DNA-
pairs wrapped around each histone octamer (an
H3/H4 heterotetramer and two H2A/H2B dimers) to

form the nucleosome, the basic repeating unit of

binding proteins. Moreover, there are histone

chaperones,  histone  variants,  architectural
, , chromatin proteins and chromatin remodelers that

chromatin (Kornberg and Lorch 1999). Histones are
, , also transform chromatin structure. Many biological

composed of a globular domain, which forms the
. processes are regulated in this way; for example,

nucleosome core, and unstructured tails that
. . transcription, heterochromatin formation, replication

protrude from the core. Histone proteins are

subjected to multiple posttranslational modifications
(PTMs) especially at the tails. Well-known PTMs

include acetylation, methylation, phosphorylation,

and DNA repair (Kouzarides 2007; Luger et al.
2012; Becker and Workman 2013).
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An essential process in all sexually
reproducing organisms, influenced by chromatin
modifications, is the meiotic cell division. This
specialized reductional division generates haploid
products (spores in yeast or gametes in Metazoa)
from a single diploid cell, because two rounds of
chromosome segregation are preceded by a single
phase of DNA replication. During meiosis, the
unique meiotic prophase | is the most prolonged and
elaborate stage, during which pairing, synapsis and
recombination between homologous chromosomes
occur (Cohen et al. 2006). Progression and
completion of meiotic events are specifically
monitored by a surveillance mechanism, the meiotic
recombination checkpoint or pachytene checkpoint.
Thus, in response to meiotic defects this checkpoint
is triggered and blocks or delays meiotic progression
in order to prevent aberrant chromosome
segregation and the ensuing formation of aneuploid
(Roeder and Bailis 2000;

Macqueen and Hochwagen 2011).

meiotic  products

Precisely, the dot? mutant was isolated in a
genetic screen for pachytene-checkpoint defective
In the

absence of DOT1, whose enzymatic activity was

mutants in Saccharomyces cerevisiae.

unknown at that time, the checkpoint-induced
meiotic arrest of a synapsis-defective mutant (i.e.,
zip1) or recombination-defective mutant (i.e., dmc?)
is abolished (San-Segundo and Roeder 2000).
DOT1 had already been independently isolated in a
genetic screen for high-copy disruptors of telomeric
silencing, hence its name “Disruptor Of Telomeric

silencing 1” (Singer et al. 1998). A few years later,
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several groups, independently and using different
approaches, discovered that Dot1 in budding yeast,
and its mammalian homolog DOT1L (for Dot1-like),
are the methyltransferase of lysine 79 on histone H3
(H3K79). This methylation reaction occurs in the
context of nucleosomes and H3K79 is the only
known methylated residue that lies within a histone
globular domain (Figure 1A; Feng et al. 2002;
Lacoste et al. 2002; van Leeuwen et al. 2002; Ng et
al. 2002).

Since the discovery of Dot1 activity as
histone-lysine N-methyltransferase (EC 2.1.1.43),
more and more work has been done to improve its
characterization. Dot1 is the only methyltransferase
that targets H3K79, Dot1-deficient mutants in yeast,
flies or mice do not exhibit any methylation at this
lysine (van Leeuwen et al. 2002; Shanower et al.
2005; Jones et al. 2008). Dot1 is responsible for
catalyzing mono-, di- and trimethylation of H3K79
(H3K79me1, -me2 y —me3, respectively) in a non-
processive (or distributive) manner, which differs
from the rest of histone methyltransferases, which
possess a SET-domain and a processive
mechanism of action (Figure 1B; Frederiks et al.
2008). To date, there is no demethylase known

capable of reverting H3K79me.

Major advances have been made in
uncovering the multiple Dot1/DOT1L biological
functions (Figure 2; Nguyen and Zhang 2011).
Starting with the roles of Dot1 in Saccharomyces
cerevisiae and regarding its first described function
in telomeric silencing, it is now known that is

mediated by Dot1 competing with the silencing
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protein Sir3 for same binding site on the
nucleosomes and the inability of Sir3 for binding to
methylated H3K79 nucleosomes (van Welsem et al.
2008). Furthermore, Dot1 plays numerous roles in
the DNA damage response during the vegetative
cycle. Thus, Dot1 is needed for Rad9-mediated
activation of Rad53 in the G4/S and intra-S DNA
damage checkpoints (Giannattasio et al. 2005;
Wysocki et al. 2005). In addition, Dot1 modulates
DNA damage repair pathways in response to
ionizing or ultraviolet radiation (Game et al. 2006;
Toh et al. 2006; Bostelman et al. 2007).

Our laboratory has been interested in
studying the role of Dot1 in the response to
alkylatng DNA damage caused by methyl
methanesulfonate (MMS) and in double-strand
(DSB)
recombination (Conde and San-Segundo 2008;
Conde et al. 2009). Unexpectedly, deletion of DOT1

results in increased resistance to chronic MMS

break repair by sister chromatid

exposure. Our results indicate that Dot1 negatively
regulates the tolerance to DNA alkylating damage
response mediated by translesion synthesis (TLS).
The MMS resistance observed in dot1 results from
the enhanced TLS activity, but at the expense of
elevated mutagenesis frequency (Conde and San-
2008). We further

characterizing in more detail how Dot1 regulates

Segundo focused on
DNA damage tolerance. The results are presented
in the third research article that composes this
doctoral thesis, entitled “Regulation of tolerance to
DNA alkylating damage by Dot1 and Radd3 in

Saccharomyces cerevisiae” (Conde et al. 2010). My

contribution to this work consisted in demonstrating
that the role of Dot1 in the TLS pathway relies in its

methyltransferase activity on H3K79.

Regarding the research on the meiotic roles
of Dot1, it was previously shown to be essential for
meiotic recombination checkpoint function in S.
2000).

involved

cerevisiae (San-Segundo and Roeder

However, the molecular mechanisms
remained largely unknown. Therefore, the main goal
of my thesis was to uncover the role of Dot1-
H3K79 methylation in

checkpoint activation. The results obtained were

dependendent meiotic
published in the first article presented in this thesis
report, entitled “Dot1-dependent histone H3K79
methylation promotes activation of the Mek1 meiotic
checkpoint effector kinase by regulating the Hop1
adaptor” (Ontoso et al. 2013a).

Dot1 is conserved through evolution and the
biological functions of Dot1 homologues in a wide
range of organisms, such as Dictyostelium,
Trypanosoma, Caenorhabditis, Drosophila, mice and
humans have been progressively discovered (Feng
et al. 2002; Shanower et al. 2005; Jones et al. 2008;
Mller-Taubenberger et al. 2011; Cecere et al.
2013). Of note, Schizosaccharomyces pombe lacks
Dot1 and H3K79me. DOT1L-

mediated H3K79me participates in  multiple

In  mammals,

biological processes (Nguyen and Zhang 2011).
Thus, DOTIL performs

transcriptional regulation (Steger et al. 2008; Kim et

important  roles in

al. 2012a), is involved in embryonic development
and differentiation (Jones et al. 2008; Barry et al.
2009; Ooga et al. 2013), cardiac function (Nguyen et

1
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al. 2011), hematopoiesis (Feng et al. 2010; Jo et al.
2011), cell proliferation and aging (Kim et al. 2012b)
and chondrogenesis (Castafio Betancourt et al.
2012). Alteration of DOT1L function is related with
some types of mixed lineage leukemia (Okada et al.
2005; Krivtsov et al. 2008; Bernt et al. 2011), neural
tube defects (Zhang et al. 2013) and osteoarthritis
(Castafio Betancourt et al. 2012). The discovery of
an increasing number of pathologies related with
altered DOT1L-mediated H3K79me patterns points
to DOT1L as a promising therapeutic target (Daigle
et al. 2011; Yao et al. 2011; Anglin et al. 2012; Helin
and Dhanak 2013). However, little was known about
DOT1L activity in mammalian meiosis; only a study
in mouse oocytes has been reported (Ooga et al.
2008). Therefore, another aim of my thesis was the
initial cytological characterization of DOT1L and
H3K79me during meiotic prophase | in mouse
spermatocytes. The findings were published in the
second article presented in this report, entitled
‘Dynamics of DOT1L localization and H3K79
methylation during meiotic prophase | in mouse

spermatocytes” (Ontoso et al. 2013b).

Thus, three sections compose the present
thesis report entitled “Function of Dot1 in the meiotic
recombination checkpoint and in DNA damage
tolerance”; each of one is based on a published

research article:

ARTICLE 1: “Dot1-dependent histone H3K79
methylation promotes activation of the Mek1 meiotic
checkpoint effector kinase by regulating the Hop1
adaptor”
http://dx.plos.org/10.1371/journal.pgen.1003262
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ARTICLE 2: “Dynamics of DOT1L localization
and H3K79 methylation during meiotic prophase | in
mouse spermatocytes”
http://dx.doi.org/10.1007/s00412-013-0438-5

ARTICLE 3: “Regulation of tolerance to DNA
alkylating damage by Dot! and Radd3 in
Saccharomyces cerevisiae”

http://dx.doi.org/10.1016/j.dnarep.2010.07.003

2. WORKING HYPOTHESIS

Histone  posttranslational ~ modifications
influence chromatin structure and dynamics, thus
controlling multiple biological processes that take
Dot1-mediated

represents an

place associated to chromatin.
H3K79  methylation

epigenetic mark, which is present during both mitotic

abundant
and meiotic cell cycles. Previous work has

uncovered its function in multiple biological

processes. Therefore, an important role for
H3K79me in mechanisms contributing to the
maintenance of genome integrity during mitosis and

meiosis was expected.

3. GENERAL OBJECTIVES

- We aimed to investigate the molecular
mechanisms underlying the function of Dot1-
mediated H3K79 methylation during meiosis;
particularly, in surveillance pathways such as the

meiotic recombination checkpoint.

- We aimed to determine the functional

contribution of H3K79me to the regulation of
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alkylating DNA damage tolerance by TLS during the

mitotic cell cycle.

4. GENERAL CONCLUSIONS

1- Dot1 is crucial for meiotic recombination
checkpoint function in S. cerevisiae, because
H3K79me is required to promote the correct
localization and activation of adaptor and effector
checkpoint proteins (Hop1 and Mek1, respectively),

thus sustaining the meiotic checkpoint response.

2- DOTIL and the different H3K79
methylation states exhibit characteristic spatio-
temporal localization patterns during meiotic
prophase | in mouse spermatocytes, suggesting

differential meiotic roles for each methylation state.

3- Dot1-mediated H3K79  methylation
regulates alkylating DNA damage tolerance by
modulating the activity of the Rad53 DNA damage
checkpoint effector kinase and chromatin binding of
the Rev1 TLS factor.

13
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Figure 1. Methylation of histone H3 at lysine 79 is mediated by Dot1/DOT1L. (A) Two views of the
nucleosome structure, highlighting the position of H3K79 and its trimethylated state. Lys79 is positioned in a
loop region between two a-helixes on the solvent-accessible surface of the nucleosome, without contact with
DNA or other histones (Ng et al. 2002). Unlike most other histone PTMs located on histone tails, methylation
of H3K79 occurs within the histone globular domain. UCSF Chimera software was used to display PDB ID
3AFA. (B) Dot1/DOT1L catalyzes mono-, di- or trimethylation of H3K79 in a non-processive step-by-step
mechanism using S-Adenosyl Methionine (SAM) cosubstrate as the methyl-donor group (Frederiks et al.
2008).
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DNA damage
response

Meiotic recombination
checkpoint

"+ io

Dot1/DOT1L-mediated .
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Figure 2. Multiple biological functions of Dot1/DOT1L-mediated H3K79 methylation. The
constitutive H3K79 methylation catalyzed by Dot1/DOT1L plays important roles in fundamental biological
processes, such as the DNA damage response, meiotic recombination checkpoint, transcriptional regulation,
telomeric silencing, embryonic development and erythropoiesis. Misregulation of DOT1L leads to generation of
mixed-lineage leukemia (Nguyen and Zhang 2011).
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ARTICULO 1

La metilacion de la lisina 79 de la histona H3 dependiente de Dot1 promueve la
activacion de la quinasa efectora del checkpoint meiético Mek1, mediante la regulacion

del adaptador Hop1
RESUMEN

Durante la meiosis, la segregacion correcta de los cromosomas depende de la interaccion apropiada
entre los homologos mediante la sinapsis y recombinacion. El checkpoint de recombinacion meiética es un
mecanismo de control de calidad que supervisa estos eventos cruciales. En respuesta a defectos en sinapsis
ylo recombinacion, este checkpoint bloquea o retrasa la progresion de la meiosis, evitando la formacién de
gametos aberrantes. La recombinacion meidtica ocurre en el contexto de la cromatina y, de hecho, las
modificaciones post-traduccionales de las histonas tienen un papel fundamental en el mantenimiento de la
integridad gendmica. En este trabajo, describimos la funcion de Dot1 en el checkpoint de recombinacion
meidtica en Saccharomyces cerevisiae. Dot1 es una proteina conservada evolutivamente que lleva a cabo la
metilacion de la lisina 79 en la histona H3 (H3K79me). Demostramos que la funcién de Dot1 en el checkpoint
meiodtico se debe exclusivamente a la metilacion de H3K79, ya que las mutaciones H3-K79A o H3K79R
recapitulan todos los fenotipos meiéticos de la delecién de DOT1. Ademas, manipulando genéticamente la
actividad catalitica de Dot1, encontramos que el grado de metilacion de H3K79 modula la respuesta del
checkpoint meidtico. También, mediante ensayos de western blot con Phos-tag, definimos los eventos
secuenciales de fosforilacion involucrados en la activacion del la quinasa efectora Mek1. La actividad
catalitica de Dot1 es necesaria para la autofosforilacion de Mek1, pero no para su fosforilacion inicial
dependiente de Mec1/Tel1. Mediante inmunofluorescencia de extensiones de cromosomas y microscopia de
fluorescencia en células vivas, observamos que Dot1 también promueve la activacion de Hop1y su adecuada
distribucion a lo largo de los cromosomas meié6ticos en el mutante zip? defectivo en sinapsis. Es mas, la
sobreexpresion de HOP1 suprime el requerimiento de Dot1 para la activacion del checkpoint. También hemos
encontrado que la regulacion de la distribucién cromosomica de Hop1 llevada a cabo por Dot1 se ejerce, al
menos en parte, mediante la exclusion de la cromatina de la proteina del checkpoint Pch2. Proponemos que
la remodelacién de la cromatina resultante de las roturas de doble cadena meidticas sin reparar y/o de
interacciones defectivas entre los homologos, conlleva la exposicion de H3K79 metilada por Dot1 que, a su
vez, excluye a Pch2 de los cromosomas. Puesto que Pch2 regula negativamente la abundancia de Hop1 en
los cromosomas, la exclusion de Pch2 permite la localizacion continua del adaptador Hop1 a lo largo de los
ejes cromosomicos lo que, a su vez, promueve la plena activacién de Mek1 para disparar las respuestas

correspondientes, como el bloqueo meidtico.
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Activation of the Mek1 Meiotic Checkpoint Effector
Kinase by Regulating the Hop1 Adaptor

David Ontoso’, Isabel Acosta’, Fred van Leeuwen?, Raimundo Freire®, Pedro A. San-Segundo'*

1Instituto de Biologia Funcional y Gendmica, Consejo Superior de Investigaciones Cientificas and University of Salamanca, Salamanca, Spain, 2 Division of
Regulation, Netherlands Cancer Institute, Amsterdam, The Netherlands, 3 Unidad de Investigacion, Hospital Universitario de Canarias, Tenerife, Spain

Gene

Abstract

During meiosis, accurate chromosome segregation relies on the proper interaction between homologous chromosomes,
including synapsis and recombination. The meiotic recombination checkpoint is a quality control mechanism that monitors
those crucial events. In response to defects in synapsis and/or recombination, this checkpoint blocks or delays progression
of meiosis, preventing the formation of aberrant gametes. Meiotic recombination occurs in the context of chromatin and
histone modifications, which play crucial roles in the maintenance of genomic integrity. Here, we unveil the role of Dot1-
dependent histone H3 methylation at lysine 79 (H3K79me) in this meiotic surveillance mechanism. We demonstrate that the
meiotic checkpoint function of Dot1 relies on H3K79me because, like the dot1 deletion, H3-K79A or H3-K79R mutations
suppress the checkpoint-imposed meiotic delay of a synapsis-defective zip7 mutant. Moreover, by genetically manipulating
Dot1 catalytic activity, we find that the status of H3K79me modulates the meiotic checkpoint response. We also define the
phosphorylation events involving activation of the meiotic checkpoint effector Mek1 kinase. Dot1 is required for Mek1
autophosphorylation, but not for its Mec1/Tel1-dependent phosphorylation. Dot1-dependent H3K79me also promotes
Hop1 activation and its proper distribution along zip T meiotic chromosomes, at least in part, by regulating Pch2 localization.
Furthermore, HOP1 overexpression bypasses the Dot1 requirement for checkpoint activation. We propose that chromatin
remodeling resulting from unrepaired meiotic DSBs and/or faulty interhomolog interactions allows Dot1-mediated H3K79-
me to exclude Pch2 from the chromosomes, thus driving localization of Hop1 along chromosome axes and enabling Mek1
full activation to trigger downstream responses, such as meiotic arrest.
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Introduction

During the specialized meiotic cell cycle, two rounds of
chromosome segregation follow a single phase of DNA replica-
tion dividing the number of chromosomes by half to generate
haploid gametes. One of the hallmarks of meiosis is the complex
interaction between homologous chromosomes (homologs)
involving synapsis and recombination. During meiotic prophase
I, homologs find each other, get aligned and finally closely
associate along their entire length (synapsis) in the context of the
synaptonemal complex (SC). The SC is a tripartite structure
composed of two lateral elements (LEs), connected by transverse
filaments, which constitute the central region. The chromatin of
both sister chromatids of each homolog is organized in loops
attached at their base to each of the LEs [1,2]. In budding yeast,
the Redl and Hop! proteins localize to the LEs [3], whereas the
Zipl protein is a major component of the SC central region
[4,5]. Concomitant with SC development, meiotic recombina-
tion takes place. Meiotic recombination initiates with pro-
grammed double-strand breaks (DSBs) introduced by Spoll and
accessory proteins [6]. Meiotic DSBs are preferentially repaired
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using an intact non-sister chromatid resulting in physical
connections between homologs (chiasmata), which promote
proper chromosome segregation.

Accurate distribution of chromosomes to the progeny is essential
for generation of functional gametes; thus, meiotic cells are
endowed with a meiosis-specific surveillance mechanism, the so-
called pachytene checkpoint or meiotic recombination checkpoint,
which contributes to faithful chromosome segregation. In response
to defects in meiotic recombination and/or chromosome synapsis,
the pachytene checkpoint is triggered and blocks or delays exit
from prophase of meiosis I to prevent aberrant chromosome
segregation and the formation of aneuploid meiotic products [7,8].

This evolutionary-conserved quality-control mechanism oper-
ates from yeast to mammals. In S. cerevisiae, the meiotic
recombination checkpoint responding to unrepaired resected
DSBs shares the same sensors with the DNA damage checkpoint
operating in vegetative cells, including the Mecl/Ddc2 kinase,
Rad24 and the 9-1-1 complex [9-11]. However, the Rad9 adaptor
and the Rad53 checkpoint kinase are dispensable for this meiotic
checkpoint. On the contrary, given the special chromosomal
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Author Summary

In sexually reproducing organisms, meiosis divides the
number of chromosomes by half to generate gametes.
Meiosis involves a series of interactions between maternal
and paternal chromosomes leading to the exchange of
genetic material by recombination. Completion of these
processes is required for accurate distribution of chromo-
somes to the gametes. Meiotic cells possess quality-control
mechanisms (checkpoints) to monitor those critical events.
When failures occur, the checkpoint blocks meiotic
progression to prevent the formation of aneuploid
gametes. Genetic information is packaged into chromatin;
histone modifications regulate multiple aspects of DNA
metabolism to maintain genomic integrity. Dot1 is a
conserved methyltransferase, responsible for histone H3
methylation at lysine 79, that is required for the meiotic
recombination checkpoint. Here we decipher the molec-
ular mechanism underlying Dot1 meiotic checkpoint
function. We show that Dot1 catalytic activity correlates
with the strength of the checkpoint response. By regulat-
ing Pch2 chromatin distribution, Dot1 controls localization
of the chromosome axial component Hop1, which, in turn,
contributes to activation of Mek1, the major effector kinase
of the checkpoint. Our findings suggest that, in response
to meiotic defects, the chromatin environment created by
a constitutive histone mark orchestrates distribution of
structural components of the chromosomes supporting
activation of the meiotic checkpoint.

context where meiotic recombination takes place, the meiosis-
specific axial chromosomal components Redl and Hopl act as
adaptors between the upstream sensors and the downstream Mek1
meiotic effector kinase, which, like Rad53, is hyperphosphorylated
upon checkpoint activation [12,13]. In turn, the meiotic cell cycle
delay 1s imposed by inhibition of crucial regulators of meiosis I
progression, including the cyclin-dependent kinase Cdc28, the
transcription factor Ndt80 and the polo-like kinase Cdc) [14-19].
Budding yeast meiotic mutants, such as zip! (defective in SC and
crossover formation) or dmel (defective in the strand invasion step
of interhomolog recombination), are invaluable genetic tools to
activate the meiotic recombination checkpoint.

Meiotic recombination as well as detection and signaling of
recombination intermediates by the checkpoint machinery occur
in the context of chromatin; therefore, histone posttranslational
modifications are expected to play important roles on these
processes [20]. For example, Setl-dependent H3K4 methylation
is linked to meiotic DSB formation [21,22]. On the other hand,
the Dotl histone methyltranferase, which targets H3K79 [23—
25], is largely dispensable for unperturbed meiosis, but is
essential for meiotic checkpoint function. Mutation of DOT]I
relieves the meiotic prophase arrest of zipl and dmel mutants
resulting in defective meiotic products [26]. Dot is also involved
in several aspects of the DNA damage response in vegetative
yeast cells and the DOTIL mammalian homolog also plays
crucial cellular functions [27]. However, the molecular mecha-
nisms underlying the meiotic checkpoint function of Dotl are
unknown.

Here, we investigated the role of Dotl-dependendent H3K79
methylation in zip/-induced checkpoint activation. By manip-
ulation of Dotl catalytic activity and levels, we found that the
extent of H3K79 trimethylation correlates with the strength of
checkpoint-imposed meiotic delay. We demonstrate that while
the meiotic defects of a synapsis and recombination-deficient
zipl mutant are correctly sensed by Mecl-Ddc2 in the absence
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of H3K79me, activation of the downstream effector kinase
Mekl is impaired. We dissected the Mekl phosphorylation
events and found that Dotl promotes its Hopl-dependent
dimerization and auto-phosphorylation. Finally, we show that
the effect of Dotl-dependent H3K79me on Hopl localization is
exerted, at least in part, by excluding Pch2 from the
chromosomes. Our results indicate that constitutive methylation
of H3K79 by Dotl is required for proper chromosomal
recruitment of Hopl to relay the checkpoint signal to Mekl in
response to meiotic defects.

Results

Histone H3K79 methylation regulates the meiotic
recombination checkpoint

Dotl catalyzes the mono-, di- and tri-methylation of histone
H3K?79 (Figure 1A) by a non-processive mechanism [27,28] and
plays a crucial role in the meiotic recombination checkpoint [26].
Notably, we found that overall levels of H3K79me do not
significantly change upon meiosis induction (Figure 1A, compare
vegetative and meiotic cells; Figure S1A) or upon melotic
checkpoint activation (Figure 1A, compare wild type and zip!
meiotic cells; Figure S1A). Moreover, H3K79me meiotic levels
were not significantly altered in the spo/] mutant, lacking meiotic
recombination [6], or in other mutants defective in the meiotic
recombination checkpoint, such as rad24, pch2 and ddc2 [10,11,29]
(Figure S1B). Therefore, to determine whether regulation of the
melotic recombination checkpoint by Dotl relies on H3K79me,
we generated and analyzed H3-R79R and H3-K794 mutants, in
which the lysine 79 targeted by Dotl cannot be methylated
(Figure 1A). Importantly, like dot/, both methylation-site mutants
suppressed the pronounced checkpoint-imposed meiotic delay of
the zipl mutant (Figure 1B). In an otherwise wild-type back-
ground, DOTI deletion has no or little meiotic effects and spore
viability is high [26,30]; likewise, the H3-K79R and H3-K794
single mutants showed wild-type levels of spore viability
(Figure 1C), suggesting that H3K79me is dispensable in unper-
turbed meiosis. However, similar to zip! dotl, spore viability was
strongly reduced in zipl H3-K79R and zipl H3-K794 (Figure 1C),
indicating that the defects conferred by zip! persist in the double
mutants despite their wild-type kinetics of meiotic progression.
Thus, Dotl-dependent H3K79me is essential for meiotic recom-
bination checkpoint function.

To further investigate the regulation of the meiotic checkpoint
by H3K79me, we monitored checkpoint function in zzp! diploid
strains exhibiting gradually decreased Dotl activity. In order to
generate this set of strains, we used the combination of the dotI-
G4014 allele, which confers partial catalytic activity [28], with the
expression of DOT] (or dotl-G4014) from a plasmid, which results
in lower protein levels (Figure 1Dj; [31]). Analysis of H3K79-mel, -
me2 and -me3 levels in meiotic cells confirmed a gradually
reduced Dotl activity following this order: DOTI>p[DOTI|>
dot1-G401A>p|dot]1-G4014]>dot1 A, as manifested by progressively
reduced H3K79-me3 and, conversely, progressively increased
H3K79-mel (Figure 1D). Interestingly, meiotic checkpoint activ-
ity, monitored as the ability to impose the zip/ meiotic delay, also
showed a gradual decrease mirroring the drop in Dotl catalytic
function (Figure 1E). Quantification of the relative levels of each
H3K79 methylation state revealed a marked correlation between
H3K79-me3 and checkpoint function (Figure 1F). Thus, the status
of H3K79 methylation modulates the meiotic recombination
checkpoint, with the H3K79-me3 form being the most relevant to
sustain the checkpoint response.
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Figure 1. Methylation of H3K79 by Dot1 is essential for meiotic recombination checkpoint function. (A) Western blot analysis of H3K79
methylation in vegetative (VEG) and meiotic (MEI) cells to compare H3K79 methylation levels in different mutant backgrounds. Samples of meiotic
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cells were taken 15 h after meiosis induction. Total histone H3 is shown as a loading control. (B) Suppression of zip1 meiotic delay by dot1 or by H3-
K79A and H3-K79R mutations. Time course of meiotic nuclear divisions; the percentage of cells containing more than two nuclei is represented. (C)
Spore viability determined by tetrad dissection. At least 240 spores were scored for each strain. Means and standard deviations are shown. Strains for
(A), (B) and (C) are: DP806 (wild type), DP807 (H3-K79A), DP808 (H3-K79R), DP809 (zip1), DP812 (zip1 dot1), DP810 (zip1 H3-K79A) and DP811 (zip1 H3-
K79R). (D) Western blot analysis of H3K79 methylation in zip1 strains producing different versions of Dot1 either from the endogenous loci (DOTT and
dot1-G401A) or from a centromeric plasmid (p[DOT1] and p[dot1-G401A]). Samples were taken 24 h after meiosis induction. Dot1 levels are also
shown. Total histone H3 serves as a loading control. (E) Time course of meiotic nuclear divisions; the percentage of cells containing more than two
nuclei is represented. (F) Quantification of the relative levels of H3K79 mono-, di-, and tri-methylation. The maximum value of each methylation state
was considered 100%. Checkpoint activity represents the ability to impose the zipT meiotic delay according to data in (E). The meiotic nuclear division
values for the latest time point (60 h) were considered in the calculations. Maximum checkpoint activity (100%) was assigned to the zip1 strain
expressing endogenous wild-type DOT]1. Strains for (D), (E) and (F) are: DP421 + pRS315 (wild type), DP555 + pRS315 (zip1 dot14), DP555 + pRS315-

DOT1 (zip! pIDOTT]), DP555 + pFvL54 (zip1 pldoti-G401A]), DP556 + pRS315 (zip] DOT1) and DP560 + pRS315 (zip] dot1-G407A).

doi:10.1371/journal.pgen.1003262.g001

Dot1 is required for activation of the Mek1 effector
kinase

Next, we sought to determine where in the meiotic recombi-
nation checkpoint pathway Dotl-dependent H3K79me is acting.
We first analyzed checkpoint sensor function by monitoring the
formation of zip/-induced Ddc2-GFP foci [11]. Formation of
Ddc?2 foci was not disrupted in the absence of Dotl (Figure 2A),
suggesting that H3K79me is not required for the ability of Mecl-
Ddc2 to detect meiotic recombination intermediates. Upon
checkpoint activation, the Mekl effector kinase forms nuclear
foci that can be detected both on chromosome spreads ([9]; see
below) and in live meiotic cells (Figure 2A). Strikingly, we found
that the zip/ mutant accumulated multiple discrete Mek1-GFP foci
during meiotic prophase, whereas most zip! dot! cells displayed a
diffuse Mek1 nuclear signal and only occasional foci were observed
(Figure 2A) indicating that Dotl promotes checkpoint-induced
association of Mekl to meiotic chromosomes (see below).

Mekl is activated by phosphorylation in mutants that trigger the
meiotic recombination checkpoint, including zip! [12,14,32,33];
therefore, we followed Mekl phosphorylation throughout meiosis
in wild-type, zip and zipI dot] cells using Phos-tag gels (Figure 2B).
In the wild type, Mek1 was weakly and transiently activated during
the peak of meiotic prophase in this strain background (around
12-15 h). In contrast, Mekl was hyperactivated in zip!l cells as
evidenced by the presence of additional, more persistent, and
stronger phosphorylated forms. However, Mekl hyperactivation
was not observed in the zip! dotl double mutant; like in wild type,
only a weak and transient phosphorylated form was detected. To
rule out the possibility that the difference between zip/ and zip!
dot] were due to their different kinetics of meiotic progression (zip!
exhibits a marked delay that is bypassed in zip! dotl; Figure 1B),
we monitored Mekl phosphorylation in ndt80 pachytene-arrested
cells. As presented in Figure 2C, zipl-induced hyperphosphoryla-
tion of Mekl was severely impaired in the absence of Dotl.

In summary, these results place Dotl function upstream of
Mekl in the meiotic recombination checkpoint pathway and
indicate that, whereas Mecl/Ddc2 act independently of H3K79
methylation to sense meiotic defects, Dotl is required for
checkpoint-induced activation of Mekl.

Autophosphorylation of Mek1 depends on Dot1

In ndi80-arrested cells, using high-resolution Phos-tag gels, we
were able to resolve several zip/-induced shifted forms of Mekl
above the basal band (Figure 3A-3D). Phosphatase treatment
eliminated all band shifts indicating that they represent distinct
phosphorylated forms (Figure 3A). We used different mek! versions
carrying specific mutations, as well as mutants in upstream
components of the checkpoint pathway, in order to determine the
contribution of different phosphorylation events to the observed
checkpoint-induced Mekl forms in zipl ndt80 cells (Figure 3E).
Mekl phosphorylation was completely abolished in the fopl
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mutant, lacking a LE-component meiotic checkpoint adaptor
[3,34,35] (Figure 3B) and in the spol/ mutant, which does not
initiate recombination [36] (Figure 3C). However, in the absence
of Dotl, only the upper phosphorylated bands were eliminated
(Figure 3B-3D, white arrowheads), but the form immediately
above the basal Mekl band remained intact (IFigure 3B-3D, black
arrowhead). Interestingly, this moderately-shifted form was
reduced in mecl cells and virtually disappeared in mec! tell and
rad24 tell mutants (Figure 3C and 3D, black arrowhead),
suggesting that it arises from Mecl/Tell-dependent phosphory-
lation. On the other hand, the kinase-dead mekl/-K199R allele, as
well as the autophosphorylation-defective mekl-T5274 and mekI-
73314 mutants [33], specifically lacked the upper bands
displaying the stronger mobility shift, suggesting that they result
from Mekl autophosphorylation (Figure 3D, white arrowheads).
In contrast, the Mekl1 form immediately above the basal band (i.e.,
resulting from Mecl/Tell action) remained invariable in those
mek! mutants (Figure 3D, black arrowhead). Thus, interestingly,
the zip! dot] mutant showed a similar pattern to that of zip! mekl-
KI99R, zipl mek1-T3274 or zipl mekl-T5514 (Figure 3D), strongly
suggesting that Dotl is mainly required for Mekl autophospho-
rylation, but not for its Mecl/Tell-dependent phosphorylation
(Figure 3E).

It has been proposed that dimerization of Mekl promotes its
function, likely by facilitating i trans autophosphorylation [33,37].
Thus, we hypothesized that Dotl could be required for Mekl
dimerization. Importantly, we found that GST-driven forced
dimerization of Mekl restored its full phosphorylation even in the
absence of Dotl, although Mekl activation was not maintained at
late time points (Figure 2B). Consistently, expression of GST-
MEKT in zip] dotl strains conferred a brief, but significant, meiotic
delay (Figure 2D). As previously reported, the zip! GST-MEK]
mutant was completely halted (Figure 2D) [37], and we found that
this block was accompanied by the persistent hyperphosphoryla-
tion of GST-Mek!1 (Figure 2B). The permanent or transient arrest
conferred by GST-Mekl in zipl or zipl dotl, respectively, was
completely relieved when inactive kinase (GST-mekl-K199R) or
autophosphorylation-defective (GST-mekl-T3274) versions were
introduced (Figure 2D), confirming that in GST-MEK] strains,
melotic progression was slowed down by forced Mekl activation
and not by another unrelated cause. To further support this
conclusion, we monitored another downstream molecular marker
of pachytene checkpoint activation, such as the inhibition of the
production of the Cdcd polo-like kinase [14,18]. As expected,
whereas induction of Cdc) was delayed in zip! cells, the zipl dot!
double mutant displayed wild-type kinetics of Cdc5 production
(Figure 2B). Strikingly, consistent with the kinetics of meiotic
progression (Figure 2D), expression of GST-MEKT in zip1 dot1 cells
restored a significant delay in Cidc5 induction. Furthermore, Cdc5
production was severely impaired in the arrested zip! GST-MEK]
strain (Figure 2B). In summary, these observations indicate that
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pachytene. The graphs show the quantification of Ddc2 and Mek1 foci formation from the same samples determined as the intensity of the total focal
GFP signal relative to total nuclear signal (a.u., arbitrary units). Error bars represent the median with interquartile range. Each spot in the plot
represents the foci intensity of every nucleus measured. 175 and 150 nuclei were analyzed for Ddc2-GFP and Mek1-GFP, respectively. (B) Western blot
analysis of Mek1 activation by phosphorylation and Cdc5 production throughout meiosis in wild type (DP421), zip1 (DP422), zip1 dot1 (DP555), zip1
dot1 GST-MEK1 (DP785) and zip1 GST-MEK1 (DP792) using Phos-tag gels. PGK was used as a loading control. (C) Analysis of Mek1 activation in ndt80-
arrested cells. Strains are DP424 (wild type), DP428 (zip1) and DP655 (zip1 dot1). (D) Time course of meiotic nuclear divisions; the percentage of cells
containing more than two nuclei is represented. Strains are: DP421 (wild type), DP422 (zip1), DP555 (zip1 dot1), DP785 (zip1 dot1 GST-MEK1), DP783
(zip1 dot1 GST-mek1-K199R), DP784 (zip1 dot1 GST-mek1-T327A), DP792 (zip1 GST-MEKT), DP790 (zip1 GST-mek1-K199R) and DP791 (zip1 GST-mek1-

T327A).
doi:10.1371/journal.pgen.1003262.9002

artificial dimerization of Mekl partially overcomes Dotl require-
ment for Mek] activation and further supports the conclusion that
Dotl function promotes Mekl autophosphorylation.

Dot1 is required for localization and activation of the
Hop1 meiotic checkpoint adaptor

It has been reported that activated Hopl promotes Mekl
dimerization via a C-terminal domain [33,38]; therefore, we
investigated whether the effect of Dotl on Mekl phosphorylation
was mediated by Hopl. First, we studied Hopl localization on
chromosome spreads of ndt80-arrested zipl and zipl dotl strains.
As previously described [3], Hopl displayed a predominantly
linear staining along the lateral elements of zi/ chromosomes. In
contrast, only short stretches of Hop1 could be detected in the zip!
dot! mutant, which showed a predominating Hopl punctate
pattern (Figure 4A and 4B, left panel). Consistent with our
observations in live cells (Figure 2A), we also detected a marked
reduction of Mekl chromosomal foci in zip! dotl, compared to the
zipl single mutant (Figure 4A and 4B, right panel). In addition, we
also analyzed Hopl localization in zip! and zipl dot! live meiotic
cells expressing HOPI-GFP. In line with the aberrant distribution
on spreads, we observed that Hopl-GFP signal was weaker and
less continuous in zipl dotl cells. (Figure 4C and 4D; Video S1).
This discontinuous localization of Hopl does not result from a
pronounced alteration of overall chromosome structure, because
the SC lateral component Red1 [3] displayed a linear distribution
in both zipl and zipl dotl strains (Figure S2). On the other hand,
the dot! single mutant only showed a modest decrease of Hopl-
GFP signal compared with the wild type (see Figure 7C and 7D
below). Thus, upon zipl-induced checkpoint activation, Dotl
enables proper loading or maintenance of Hopl onto chromo-
somes.

Since Mecl/Tell-dependent phosphorylation of Hopl at
defined S/T-Q motifs is required for Mekl activation and
localization [34], we examined zip/-induced Hopl phosphoryla-
tion in the absence of Dotl, by monitoring its gel mobility shift. As
shown in Figure 4E, the zip! dot] mutant displayed a severe defect
in Hopl phosphorylation, similar to the zip! mecl and zipl spoll
mutants also analyzed as controls (Figure 4E and Figure S3). Even
after long overexposure of the gels, only a barely visible
phosphorylated form of Hopl could be detected in the absence
of Dotl (Figure 4E).

These observations suggest that the defect in Mekl autophos-
phorylation observed in the absence of Dotl stems from impaired
Hopl function. To confirm this notion, we overexpressed HOP]
from a high-copy plasmid in zip! dot! cells. As shown in Figure 5,
whereas the zip/ dot] mutant transformed with empty vector
showed defective Mekl localization and activation, HOPI
overexpression in zipl dotl restored Mekl chromosomal foci
(Figure 5A), Mekl phosphorylation (Figure 5B), and reestablished
a substantial meiotic delay (Figure 5C). We found that Hopl
overproduction also conferred a slight reduction in the efficiency
of meiotic progression in the wild type (Figure 5C) and further
enhanced the zip! meiotic delay, as expected from the strong
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hyperphosphorylation of Mekl (Figure 5B and 5C). Notably, in all
cases (wild type, zipl or zipl dotl), the further delay in meiotic
progression imposed by high levels of Hopl was suppressed by the
absence of Mekl (Figure 5C), proving that it was caused from
amplified pachytene checkpoint signaling and not from an
unrelated cause.

H3K79me is required for Mek1 and Hop1
phosphorylation and localization

We have shown that, like dot/, mutation of H3K79 to non-
methylatable residues completely bypasses the checkpoint-induced
meiotic delay of zipl (Figure 1B). On the other hand, we have
revealed that, in zipl cells, Dotl orchestrates Hopl and Mekl
activation and chromosomal distribution (Figure 2, Figure 3,
Figure 4, and Figure 5). To confirm that Hopl and Mekl
checkpoint functions are also directly regulated by H3K79me, and
not by another possible methyltransferase-independent function of
Dotl, we examined their phosphorylation and localization in the
zipl H3-K79R and zipl H3-K794 mutants. We found that, indeed,
these histone point mutants phenocopy the dot/ defects in Mek]
foci formation (Figure 6A and 6B) and Mekl autophosphorylation
(Figure 6D; Figure S4). Likewise, the zip! H3-K79R and zipl H3-
K794 mutants resemble dot! in the impaired Hopl chromosomal
distribution (Figure 6A and 6C; Figure S5) and checkpoint-
induced phosphorylation (Figure 6E; Figure S4).

Thus, taken together, our results indicate that, upon meiotic
recombination checkpoint triggering, Dotl-dependent H3K79
methylation promotes proper chromosomal localization and
activation of Hopl, which in turn, is required to sustain Mekl
autophosphorylation and the ensuing checkpoint response.

H3K79me partially controls Hop1 chromosomal
localization via Pch2

Previous studies have shown that whereas in the zip/ mutant the
Pch2 meiotic checkpoint protein is detected only in the nucleolar
(rDNA) region, in the zip! dot! double mutant Pch2 is distributed
throughout all chromatin [26]. To confirm that the regulation of
Pch2 localization by Dotl depends on the histone H3 methyl-
transferase activity, we analyzed Pch?2 distribution on spread
meiotic chromosomes of the zip! H3-K79R and zipl H3-K794
mutants. Although global Pch2 protein levels remained fairly
invariable in the different mutants (Figure S4), we found that, like
in zipl dotl, Pch2 mislocalized to chromatin outside the rDNA in
zipl H3-K79R and zpl H3-K794 strains (Figure 7A), suggesting
that H3K79me excludes Pch?2 from chromosomes.

Several lines of evidence support a role for Pch? in promoting
the turnover of Hopl from meiotic chromosomes, at least in
unperturbed meiosis [29,39,40]; therefore, it was possible that the
reduced localization of Hopl in the absence of Dotl could stem
from the action of the Pch2 protein aberrantly present at
chromosomal locations removing Hop!l from zip/ chromosomes.
To investigate this possibility, we monitored Hopl localization in
zipl dotl pch?2 strains. Interestingly, we found that deletion of PCH2
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Figure 3. Dot1 contributes to Mek1 activation by autophosphorylation. (A) Whole cell extracts (WCE) from a zip1 ndt80 culture at 24 h in
meiosis were incubated in the presence (+) or absence (—) of lambda phosphatase (APPase). (B), (C) and (D) Detection of different phosphorylated
forms of Mek1 in ndt80-arrested cells after 24 h in meiosis using high-resolution Phos-tag gels. Basal Mek1 (line) and several phosphorylated forms
(black and white arrowheads) are indicated; see text for explanation. PGK or Ponceau S staining were used as loading controls. Asterisk in (D) marks a
weak non-specific band. (E) Schematic representation of a model for the sequential phosphorylation events leading to Mek1 activation and the
relevant mutations analyzed above. (1) Priming phosphorylation by Mec1/Tel1 (black arrowhead in B, C, D) is followed by (2) autophosphorylation of
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Mek1 (white arrowheads in B, C, D) leading to its full activation and (3) the checkpoint response. H3K79 methylation by Dot1 contributes to Mek1
autophosphorylation. Strains were: (A); DP428 (zip1). (B); DP428 (zip1), DP701 (zip1 hop1) and DP655 (zip1 dot1). (C); DP428 (zip1), DP655 (zip1 dot1),
DP680 (zip1 mec1), DP861 (zip1 mec1 tell), DP877 (zip1 rad24 tel1), DP728 (zip1 spo11) and DP674 (zip1 mek1A4). (D); DP885 (zip1), DP890 (zip1 dot1),
DP886 (zip1 mek1-T327A), DP887 (zip1 mek1-T331A), DP888 (zip1 mek1-K199R), DP674 (zip1 mek14), DP680 (zip1 mecl) and DP861 (zip1 mecl tell).

doi:10.1371/journal.pgen.1003262.9003

alleviated to some extent the defective Hop1 localization pattern of
zipl dotl, although it did not fully restore the high and continuous
Hopl levels present in zip! (Figure 7B—7D). To determine whether
the increased abundance of Hopl along chromosomes in zip! dot!
pch2 restores the checkpoint-induced delay we analyzed meiotic
divisions and Mekl1 phosphorylation (Figure 7E-7F). We found
that the checkpoint was still impaired in the zipl dotl pch2 triple
mutant because, like the zipl dotl and the zpl pch2 double
mutants, it displayed wild-type kinetics of meiotic progression
(Figure 7E) and defective Mek1 activation (Figure 7F), implying a
more complex contribution of Pch2’s function to the pachytene
checkpoint response (see Discussion).

In summary, these observations indicate that in the 2/ mutant,
methylation of H3K79 by Dotl controls proper chromosomal
distribution of Hopl by maintaining Pch2 confined in the
nucleolar region. The fact that Hopl localization is still partially
impaired in the zip! dotl pch2 triple mutant suggests that Dotl may
also regulate Hop1 chromosomal recruitment by a Pch2-indepen-
dent mechanism (Figure 8).

Discussion

Previous studies have shown that Dotl is important for the
pachytene checkpoint, but the molecular mechanism underlying
such function remained unclear. Here, we provide evidence that
methylation of H3K79 by Dotl contributes to the meiotic
recombination checkpoint response by enabling proper Hopl
chromosomal recruitment, which, in turn is a requisite for Mekl
activation by autophosphorylation.

We demonstrate that the function of Dotl in the meiotic
recombination checkpoint specifically relies on the methylation of
H3K79, since the non-methylatable H3-K794 and H3-K79R
mutations confer essentially the same meiotic phenotypes as the
lack of Dotl. Moreover, by modulating Dotl catalytic activity, we
found that high levels of the H3K79-me3 are required for full
checkpoint activation raising the possibility that this methylation
state is particularly critical for promoting the proper localization of
the Hopl meiotic checkpoint adaptor (see below).

In mitotic cells, methylated histones are well-known chromatin
marks for recognition of DSBs by checkpoint adaptors. In S.
cerevisiae, the Rad9 adaptor is recruited to DSB sites by H3K79me
[41,42], whereas in §. pombe, which lacks H3K79me, the
recruitment of the Crb2 adaptor relies on H4K20me [43]. In
mammalian cells, the Rad9 and Crb2 homolog 53BP1 appears to
recognize both H3K79me and H4K20me [44-46]. All these DNA
damage checkpoint adaptors (Rad9, Crb2 and 53BP1) contain
tandem tudor domains that mediate the interaction with the
methylated histones. Rad9, Crb2 and 53BP1 also possess BRCT
motifs; in fact, the recognition of DSBs by Rad9 and Crb2 in .
cerevisiae and  S. pombe, respectively, is also mediated by their
binding to phosphorylated histone H2A (hereafter YH2AX) via the
BRCT domains [47,48]. However, the Hopl meiotic checkpoint
adaptor lacks either tudor or BRCT motifs and contains a
HORMA domain likely involved in protein-protein interactions
[49], raising the possibility that its chromosomal recruitment can
be mediated by different mechanisms.

As mentioned before, in DNA damaged vegetative cells, Rad9
function depends both on H3K79me and YH2AX [47,50-52];
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however, the relevance of both histone modifications appears to be
different in meiotic cells. Dotl-dependent H3K79me is crucial for
checkpoint function, at least in Zipl-deficient cells, because
deletion of DOTI (or mutation of H3K79) results in complete
bypass of the zipl meiotic block. In contrast, an H24-5129*
mutant, lacking the four C-terminal amino acids of histone H2A
including the SQ phosphorylation site [53], has no defect in the
zipl-induced checkpoint (Figure S6A). Moreover, like in both
single mutants, meiotic progression and spore viability are
essentially normal in the dot! H24-S129* double mutant (Figure
S6A, S6B).

We show here that Dotl is required for Mekl and Hopl
activation in meiotically-challenged cells, but in addition to the
checkpoint function, Mekl and Hopl promote the repair of
meiotic DSBs by Dmc1-dependent interhomolog recombination
[34,37,38,54]. Consistent with this function, in the absence of
Dmcl, Dotl prevents the repair of DSBs by Rad54-dependent
sister-chromatid recombination, which is controlled, at least in
part, by inhibitory phosphorylation of Rad54 by Mekl [26,54].
In principle, it could be possible that impaired Hopl/Mekl
function in the absence of Dotl could induce an alternative
intersister recombination pathway resulting in meiotic progres-
sion because of the disappearance of the meiotic defects initially
triggering the checkpoint. However, deletion of DOT1 alleviates
the meiotic arrest of zipl rad54 and dmcl rad54 mutants, where
Intersister repair is impaired, strongly suggesting that Dotl
performs a bona-fide meiotic checkpoint function [26]. The fact
that, unlike Mekl and Hopl, the Dotl protein is dispensable in
otherwise unperturbed meiosis implies the H3K79me is mostly
relevant to signal defects when meiotic chromosome metabolism
is disturbed (i.e., zip! or dmc! mutants). Consistent with this
notion, Hopl localization on zi! chromosomes is dramatically
altered in the absence of Dotl, but it is only slightly reduced in
the dot! single mutant as compared with the wild type (Figure 7C
and 7D).

In other studies, activation of the Mekl effector meiotic kinase
has been monitored either by a slight electrophoretic mobility shift
[32,34] or by using an anti-phospho-Ser/Thr Akt substrate
antibody, which specifically recognizes phosphorylation of Mekl
at 1327 [33,37,55]. However, those assays do not permit one to
delineate the different events contributing to Mekl activation.
Here, by using high-resolution Phos-tag gels, we identify several
phosphorylated Mekl forms and dissect the genetic requirements
for sequential Mekl activation. Our findings support a model
(Figure 3E; Figure 8) in which the presence of unrepaired DSBs
and/or unsynapsed chromosomes results in the initial phosphor-
ylation of Mekl by the redundant action of Mecl/Tell. This
priming phosphorylation is followed by autophosphorylation of
Mekl at T327 and T331 leading to full Mekl activation
supporting the checkpoint response. We found that Dotl is chiefly
required for this last step, which is mediated by Mek1 dimerization
promoted by the Hopl C-terminal domain [38]. Thus, the altered
localization of Hopl on zip! dot! chromosomes likely explains the
defect in Mek1 autophosphorylation. Interestingly, GST-mediated
forced dimerization of Mekl bypasses Dotl requirement for its
activation; however, this activation is only transient in the absence
of Dotl, suggesting that proper chromosome axis architecture is
required for maintenance of Mek1 activity.
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Figure 4. Dot1 is required for zip7-induced localization and activation of the Hop1 meiotic checkpoint adaptor. (A)
Immunofluorescence of meiotic chromosome spreads stained with DAPI (blue), anti-Hop1 (green) and anti-myc (red) antibodies. Representative
nuclei are shown. The same exposure time was used to capture the signal from the different strains. Spreads were prepared 24 h after meiotic
induction of ndt80 cells. Strains are: DP848 (zip1) and DP849 (zip1 dot1). (B) Quantification of the Hop1 staining pattern (left) and the number of Mek1
foci (right) on spread chromosomes analyzed as in (A). 14 and 21 nuclei were scored for zip1 and zip1 dot1, respectively. (C) Representative images of
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ndt80-arrested cells expressing HOP1-GFP in zip1 (DP964) and zip1 dot1 (DP965) captured after 24 h in meiosis. (D) Quantification of the Hop1-GFP
signal intensity on fluorescence images (a.u., arbitrary units). 300 individual nuclei were analyzed for each strain. (E) Dot1 is required for Hop1
phosphorylation. Western blot analysis of Hop1 in cell extracts obtained 24 h after meiotic induction in ndt80 cells. The middle panel corresponds to
an overexposure (OEx) of the blot shown in the upper panel. PGK was used as a loading control. Strains are: DP428 (zip1), DP655 (zip1 dot1), DP680
(zip1 mec1) and DP674 (zip1 mek1). Means, standard deviations and P-values are shown in (B) and (D).

doi:10.1371/journal.pgen.1003262.g004
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more than two nuclei is represented. Strains are DP421 (wild type), DP713 (mekT), DP422 (zip1), DP714 (zip1 mek1), DP555 (zip1 dot1) and DP716 (zip1
dot1 mek1), transformed either with empty vector or with 2uHOP1.

doi:10.1371/journal.pgen.1003262.9005
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Figure 6. The H3-K79R and H3-K79A mutations recapitulate dot7 defects in checkpoint-induced Mek1 and Hop1 phosphorylation
and localization. (A) Immunofluorescence of meiotic chromosome spreads stained with DAPI (blue), anti-Hop1 (green) and anti-GFP (red)
antibodies. Representative nuclei are shown. The same exposure time was used to capture the signal from the different strains. (B) and (C)
Representative images of meiotic cells expressing MEK1-GFP and HOP1-GFP, respectively. The scattered plots represent the quantification of the
Mek1-GFP focal signal (B) and total Hop1-GFP signal intensity (C) on fluorescence images (a.u., arbitrary units). Error bars represent the median with
interquartile range. 300 individual nuclei were analyzed for each strain. (D) Western blot analysis of zip7-induced Mek1-GFP phosphorylation in a
Phos-tag gel using anti-Mek1 antibodies. The basal Mek1-GFP form (line), and the forms resulting from Mec1/Tel1-dependent phosphorylation (black
arrowhead) and autophosphorylation (white arrowheads) are indicated. Ponceau S staining of the membrane is shown as a loading control. (E)
Western blot analysis of zip7-induced Hop1-GFP phosphorylation using anti-GFP antibodies. Tubulin is shown as a loading control. Strains in (A), (B)
and (D) are: DP1046 (zip1), DP1049 (zip1 dot1), DP1048 (zip1 H3-K79R) and DP1047 (zip1 H3-K79A). Strains in (C) and (E) are: DP1042 (zip1), DP1045
(zip1 dot1), DP1044 (zip1 H3-K79R) and DP1043 (zip1 H3-K79A). In all cases (A-E), spreads were made, GFP images were captured and cell extracts were
prepared after 24 h of meiotic induction in ndt80 strains.

doi:10.1371/journal.pgen.1003262.g006

We found that global levels of H3K79me do not significantly consequence of the synapsis defects of zip!/, the H3K79me mark

change in response to the meiotic defects of the z/ mutant, but becomes exposed functioning as an anti-binding signal for Pch2,
this methylation is critical for the checkpoint response. The nature thus permitting the extensive Hopl distribution found on zipl
of the signal that triggers the meiotic checkpoint in zip/ is still chromosomes (Figure 8). In the absence of Dotl (or H3K79me),
unclear. Like in mammals [56], the existence of a synapsis the presence of chromosomal Pch2 triggers the removal of Hopl
checkpoint in yeast has also been proposed [7,55,58]. Neverthe- and the consequent defect in Mekl activation. The reduced global
less, Dotl is also required for the meiotic cell cycle arrest of the levels of Hop1 detected in zip! dotl (Figure S3 and Figure 6E) are
dmel mutant that accumulates unrepaired DSBs [26], indicating also consistent with a higher protein turnover.

that H3K79me is also involved in the response to meiotic DSBs. It Interestingly, like in zipl dotl, the synapsis checkpoint is still

has been reported that, under certain conditions, DSBs are completely defective in the zipl dotl pch2 triple mutant, despite the
efficiently repaired in zip/ mutants [37] implying that the signal partial restoration of Hopl localization. Since the excess of Hopl
triggering the checkpoint could be different. However, Ddc2 foci induced by other means, such as HOPI overexpression, but in the

marking the presence of recombination intermediates are detected presence of Pch2, does confer a meiotic delay in zip! dotl and
in zipl [11] (Figure 2A), consistent with at least some DSBs restores Mekl phosphorylation (Figure 5), it is conceivable that
remaining unrepaired in zp/ mutants [57,59,60] sufficient to nucleolar Pch?2 performs an additional downstream function in
induce the checkpoint. Alternatively, or in addition, Mecl-Ddc2 Mekl activation (Figure 8) and/or that the excess of Hopl in the
may also sense defects in structural aspects of interhomolog absence of Pch2 is not correctly assembled on chromosome axes to
interactions resulting from the lack of the central region of the SC support checkpoint activation. In fact, the zep! pch2 mutant itself is
[39]. In any case, independently of the nature of the signal also checkpoint deficient. Future studies will address these
triggering the meiotic checkpoint response(s), the question of how intriguing possibilities.

a constitutive histone mark, such as H3K79me, contributes to Dotl/DOTIL is structurally conserved throughout evolution
Hopl-mediated Mek! activation specifically in challenged meiosis from budding yeast to worms, flies, mice and humans; therefore, it
remains to be elucidated. In the DNA damage response in is possible that members of the Dotl family play similar roles in
vegetative yeast cells or somatic mammalian cells it has been Metazoa. DOTIL is essential in mammals [65] functioning in
proposed, though never proven, that chromatin remodeling in the embryogenesis, hematopoiesis and cardiac development [27];
vicinity of DNA lesions may locally expose constitutive marks (i.e., however, much less is known about the impact of mammalian
H3K79me, H4K20me) supporting the recruitment of DNA DOTIL in the DNA damage response. It would be interesting to
damage checkpoint adaptors to activate the checkpoint [44,45]. determine whether, like the yeast counterpart, Dotl orthologs are
In meiotic cells, the DSB metabolism is linked to the special involved in meiotic checkpoint control in higher eukaryotes.

architecture of the chromosome axis [61]. Therefore, we envision
that unrepaired DSBs and/or defects in interhomolog connections Materials and Methods
may provoke chromatin conformational changes unmasking
H3K79me capable to drive proper Hopl distribution along the Yeast strains and plasmids

axes, enabling its activation by Mecl to elicit the downstream Yeast strains genotypes are listed in Table 1. All the strains are
checkpoint events including Mekl full activation by autophospho- in the BR1919 background [66]. Gene deletions were made using
rylation (Figure 8). a PCR-based approach [67,68] except for dotl::URAS3, zipl::LYS2

Although it is formally possible that H3K79me may directly and ndt80::LEU2, which were previously described [19,26,29].
facilitate Hopl recruitment to some extent, we provide evidence MEKI-13myec, MEK1-GFP and HOPI-GFP were made by a PCR
indicating that the control of Hopl chromosomal distribution by approach [68]. The C-terminally tagged Mekl-13myc and Mek1-
H3K79me is substantially driven by regulation of the Pch2 GFP proteins are functional because spore viability of homozygous
protein. Pch2 was initially discovered as a meiotic checkpoint tagged wild-type diploids was similar to that of untagged strains
protein required for the zip/-induced meiotic arrest [29], but more and, in addition, they supported the checkpoint-induced delay of a
recent studies have shown that Pch2 impacts multiple aspects of hop2 mutant. In zipl HOPI-GFP strains the meiotic block was less
meiotic chromosome dynamics [55,62-64]. In particular, Pch2 tight, but Hopl-GFP displayed a localization pattern indistin-
acts as a negative regulator of Hopl chromosomal abundance guishable from that of the untagged protein (Figure S5); therefore,
[39,40]. In wild-type pachytene chromosomes, Pch2 localizes to we used the native GFP fluorescence for quantitation of Hopl
the unsynapsed rDNA region (nucleolus) and also along synapsed localization. N-terminal tagging of Pch2 with three copies of the
chromosomes [29,40]. In contrast, Pch2 is solely detectable at the HA epitope has been previously described [29]. Strains carrying
nucleolar region in the zip/ mutant [29]; remarkably, in the DOTI or dot1-G4014 at its genomic locus or in the pRS315 vector
absence of H3K79me, Pch2 is redistributed throughout all (plasmids pRS315-DOT1 and pFvL534, respectively) were de-
chromatin of zp! nuclei (Figure 7A). We hypothesize that, as a scribed [28,31]. The H3-K794 and H3-K79R strains are deleted
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Figure 7. H3K79me controls Hop1 localization by excluding Pch2 from chromosomes. (A) H3K79me is required to prevent Pch2
localization outside of the rDNA. Immunofluorescence of meiotic chromosome spreads stained with DAPI (blue), anti-HA (red) and anti-Red1 (green)
antibodies. Strains are: DP1050 (zip7), DP1053 (zip1 dot1), DP1052 (zip1 H3-K79R) and DP1051 (zip1 H3-K79A). (B-D) The absence of Pch2 partially
restores Hop1 chromosomal abundance in zip1 dot1. (B) Immunofluorescence of meiotic chromosome spreads stained with DAPI (blue) and anti-
Hop1 antibody (red). Strains are: DP428 (zip1), DP655 (zip1 dot1) and DP1054 (zip1 dot1 pch2). (C) Representative images of cells expressing HOP1-GFP
in wild type (DP963), dot1 (DP966), zip1 (DP964), zip1 dot1 (DP965) and zip1 dot1 pch2 (DP1027). (D) Quantification of the Hop1-GFP signal intensity
on fluorescence images (a.u., arbitrary units). 300 individual nuclei were analyzed for each strain. Each spot in the plot represents the fluorescence
intensity of every nucleus measured. Error bars represent the median with interquartile range. P<<0.01 in pairwise comparisons. In all cases (A-C),
spreads were prepared and GFP images were taken 24 h after meiotic induction in ndt80 strains. (E, F) The absence of Pch2 does not restore the
pachytene checkpoint response in zip1 dot1. (E) Time course of meiotic nuclear divisions; the percentage of cells containing more than two nuclei is
represented. Strains are: DP421 (wild type), DP422 (zip1), DP555 (zip1 dot1), DP1029 (zip1 pch2) and DP1041 (zip1 dot1 pch2). (F) Western blot analysis
of zip1-induced Mek1 phosphorylation in ndt80 strains. PGK was used as a loading control. The asterisk marks a presumed non-specific band (see
Figure 3D). Strains are: DP428 (zip1), DP655 (zip1 dot1), DP881 (zip1 pch2) and DP1054 (zip1 dot1 pch2).

doi:10.1371/journal.pgen.1003262.g007

for all genomic copies of the histone H3-H4 encoding genes
(HHTI1-HHFI and HHT2-HHF?) and express different versions of
H3 from centromeric plasmids carrying either the Aht2(K794)-
HHF?2 or hht2(K79R)-HHF2 mutant genes (pI'vL.87 and plFvL88,
respectively). The mekl-T327A, mekl1-T351A, mekl-K199R muta-

Western blotting and analysis of Mek1 phosphorylation

TCA cell extracts from 5-10 ml of sporulating cultures were
processed as described [14]. To resolve the phosphorylated forms
of Mekl or Mek1-GFP, 10% or 7% gels (acrylamide:bisacrylamide
29:1), respectively, containing 37.5 pM Phos-tag (Wako Chemi-

tions, as well as the GST-MEKI construct were introduced as
described [33], using plasmids kindly provided by N. Hollings-
worth (Stony Brook University, NY). The high-copy HOPI
plasmid was also described [69]. Strains harboring the htal-

cals) and 75 uM MnCl, were used. Gels were run on ice at 100
volts in a MiniProtean3 (Bio-Rad) for 3 h. After running, gels were
washed with 1 mM EDTA before transfer to PVDF membranes.

For dephosphorylation assays, total TCA cell extracts solubi-

$§129% and hta2-5129* mutations lacking the last four amino acids
of the C-terminal tail of histone H2A including the serine 129
phosphorylated by Mecl/Tell [53] were made using plasmids
pJHA16 and pJHA17 (provided by J. Downs, University of Sussex)
following a pop-in/pop-out strategy. For meiotic time courses,
strains were grown in 2xSC (3.5 ml) for 20-24 hours, then
transferred to YPDA (2.5 ml) and incubated to saturation for
additional 8 hours. Cells were harvested, washed with 2%
potassium acetate (KAc), resuspended into 2% KAc (10 ml) and
incubated at 30°C with vigorous shaking to induce meiosis and
sporulation. Both YPDA and 2% KAc were supplemented with
20 mM adenine and 10 mM uracil. The culture volumes were
scaled-up when needed.

lized in Laemmli buffer were diluted 10 times with phosphatase
buffer supplemented with 1 mM MnCl,. Diluted extracts were
treated with 2000 units of lambda phosphatase (New England
Biolabs) for 30 min at 30°C. As control, a similar aliquot of the
diluted extract was incubated under the same conditions but
without adding phosphatase. Samples were re-precipitated with
20% TCA, washed with acetone, boiled in Laemmli buffer and
loaded in Phostag gels.

The following antibodies were used: rabbit polyclonal anti-
Mekl (1:1000 dilution) [11] and anti-Dotl (1:2000 dilution) [31].
Rabbit polyclonal anti-H3K79-mel (ab2886; 1:1000 dilution),
anti-H3K79-me2 (ab3594; 1:2000 dilution), anti-H3K79-me3
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Figure 8. Model for Dot1 function in the meiotic recombination checkpoint. See text for details.
doi:10.1371/journal.pgen.1003262.9g008
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Table 1. Saccharomyces cerevisiae strains.
Strain Genotype*
BR1919-2N MATa/MATo leu2-3,112 his4-260 ura3-1 ade2-1 thri-4 trp1-289
DP409 BR1919-2N zip1:LEU2
DP419 BR1919-2N hta1-S129* hta2-5129*
DP420 BR1919-2N hta1-S129* hta2-5129* zip1:LEU2
DP421 BR1919-2N lys24Nhel
DP422 DP421 zip1:LYS2
DP424 DP421 ndt80:LEU2
DP428 DP421 zip1:LYS2 ndt80:LEU2
DP460 DP421 zip1:LYS2 ndt80:LEU2 DDC2-GFP:TRP1
DP555 DP421 zip1::LYS2 dot1::kanMX6
DP556 DP421 zip1:LYS2 dot1:kanMX6:DOT1::URA3
DP560 DP421 zip1::LYS2 dot1::kanMX6::dot1-G401A::URA3
DP579 DP421 zip1::LYS2 ndt80::LEU2 dot1::URA3 DDC2-GFP::TRP1
DP582 DP421 zip1::LYS2 ndt80:LEU2 MEK1-GFP::kanMX6
DP583 DP421 zip1::LYS2 ndt80:LEU2 MEK1-GFP::kanMX6 dot1::URA3
DP622 BR1919-2N hta1-S129* hta2-S129* dot1::kanMX6
DP623 BR1919-2N hta1-S129* hta2-S129* dot1:kanMX6 zip1:LEU2
DP624 DP421 dot1::URA3
DP625 DP421 dot1::kanMX6
DP655 DP421 zip1::LYS2 ndt80::LEU2 dot1::kanMX6
DP674 DP421 zip1::LYS2 ndt80::LEU2 mek]1::kanMX6
DP680 DP421 zip1::LYS2 ndt80::LEU2 sml1::kanMX6 mec1:KIURA3
DP701 DP421 zip1::LYS2 ndt80::LEU2 hop1:hphMX4
DP713 DP421 mek1::kanMX6
DP714 DP421 zip1::LYS2 mek1::kanMX6
DP716 DP421 zip1::LYS2 mek1::kanMX6 dot1:hphMX4
DP728 BR1919-2N zip1::kanMX6 ndt80:LEU2 spo11:hphMX4
DP783 DP421 zip1::LYS2 mek1::kanMX6 dot1::hphMX4 GST-mek1-K199R::URA3
DP784 DP421 zip1::LYS2 mek1::kanMX6 dot1::hphMX4 GST-mek1-T327A::URA3
DP785 DP421 zip1:LYS2 mek1:kanMX6 dot1::hphMX4 GST-MEK1::URA3
DP790 DP421 zip1::LYS2 mek1::kanMX6 GST-mek1-K199R::URA3
DP791 DP421 zip1:LYS2 mek1::kanMX6 GST-mek1-T327A::URA3
DP792 DP421 zip1:LYS2 mek1::kanMX6 GST-MEK1:URA3
DP806 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[HHT2-HHF2]:TRP1
DP807 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[hht2-K79A-HHF2]:TRP1
DP808 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[hht2-K79R-HHF2]::TRP1
DP809 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[HHT2-HHF2]:TRP1 zip1::LYS2
DP810 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2):natMX4 p[hht2-K79A-HHF2]:TRP1 zip1:LYS2
DP811 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[hht2-K79R-HHF2]::TRP1 zip1::LYS2
DP812 DP421 (hht1-hhf1):kanMX6 (hht2-hhf2)::natMX4 p[HHT2-HHF2]::TRP1 zip1:LYS2 dot1:hphMX4
DP848 DP421 zip1:LYS2 ndt80:LEU2 MEK1-13myc::kanMX6
DP849 DP421 zip1:LYS2 ndt80:LEU2 MEK1-13myc::kanMX6 dot1::URA3
DP861 DP421 zip1:LYS2 ndt80:LEU2 sml1::kanMX6 mec1:KIURA3 tel1::hphMX4
DP877 DP421 zip1:LYS2 ndt80:LEU2 rad24:TRP1 tel1:hphMX4
DP881 DP421 zip1:LYS2 ndt80:LEU2 pch2:TRP1
DP883 DP421 zip1:LYS2 ndt80:LEU2 rad24:TRP1
DP884 DP421 zip1:LYS2 ndt80:LEU2 dot1:hphMX4 MEK1-13myc::kanMX6
DP885 DP421 zip1:LYS2 ndt80:LEU2 mek1:kanMX6 MEK1::URA3
DP886 DP421 zip1:LYS2 ndt80:LEU2 mek1::kanMX6 mek1-T327A::URA3
PLOS Genetics | www.plosgenetics.org 15 January 2013 | Volume 9 | Issue 1 | 1003262
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(ab2621; 1:2000 dilution), and anti-histone H3 (ab1791: 1:5000)
were from Abcam. Rabbit polyclonal anti-Hop1 (1:2000 dilution)
[3], was from S. Roeder (Yale University). Anti-Cdc) (sc-6733;
1:1000 dilution) was from Santa Cruz Biotechnology. Mouse
monoclonal anti-HA (12CA5; 1:2000 dilution) was from Roche.
Anti-phosphoglycerate kinase (PGK) (A-6457, 1:10000 dilution)
was from Molecular Probes. The ECL or ECL+ reagents were
used for detection. The signal was captured on film and/or with a
ChemiDoc XRS (Bio-Rad) system and quantified with the
Quantity One software (Bio-Rad).

Cytology

Immunofluorescence of chromosome spreads was performed
essentially as described [29]. To detect Mek1-myc and Mek1-GFP,
mouse monoclonal anti-myc (clone 4A6, Millipore) and mouse
monoclonal anti-GFP (JL-8, Clontech) antibodies, respectively,
were used at 1:200 dilution. Rabbit polyclonal anti-Red! and anti-
Hopl antibodies (gifts from S. Roeder) have been previously
described [3,5]. Anti-mouse and/or anti-rabbit AIF-488 and AF-
594 conjugated secondary antibodies (Molecular Probes) were
used at 1:200 dilution. Images were captured with a Nikon Eclipse
90i fluorescence microscope controlled with the MetaMorph
software and equipped with an Orca-AG (Hammamatsu) CCD
camera and a PlanApo VC 100x1.4 NA objective.

Whole cell images were captured with an Olympus IX71
fluorescence microscope equipped with a personal DeltaVision
system (Applied Precision), a CoolSnap HQ2 (Photometrics)

PLOS Genetics | www.plosgenetics.org
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Table 1. Cont.

Strain Genotype*

DP887 DP421 zip1:LYS2 ndt80:LEU2 mek1::kanMX6 mek1-T331A::URA3

DP888 DP421 zip1::LYS2 ndt80:LEU2 mek1::kanMX6 mek1-K199R::URA3

DP890 DP421 zip1:LYS2 ndt80:LEU2 mek1:kanMX6 MEK1::URA3 dot1::hphMX4

DP963 DP421 ndt80:LEU2 HOP1-GFP::kanMX6

DP964 DP421 zip1:LYS2 ndt80:LEU2 HOP1-GFP::kanMX6

DP965 DP421 zip1:LYS2 ndt80:LEU2 HOP1-GFP:kanMX6 dot1:URA3

DP966 DP421 ndt80:LEU2 HOP1-GFP:kanMX6 dot1::URA3

DP1024 DP421 zip1::LYS2 ndt80:LEU2 ddc2:TRP1 sml1::kanMX6

DP1027 DP421 zip1:LYS2 ndt80:LEU2 pch2::TRP1 dot1::URA3 HOP1-GFP::kanMX6

DP1029 DP421 zip1::LYS2 pch2:TRP1

DP1041 DP421 zip1:LYS2 pch2:TRP1 dot1::URA3

DP1042 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80::LEU2 HOP1-GFP::kanMX6 p[HHT2-HHF2]::TRP1
DP1043 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80:LEU2 HOP1-GFP::kanMX6 p[hht2-K79A-HHF2]:TRP1
DP1044 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80::LEU2 HOP1-GFP::kanMX6 p[hht2-K79R-HHF2]:TRP1
DP1045 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80:LEU2 dot1:URA3 HOP1-GFP::kanMX6 p[HHT2-HHF2]:TRP1
DP1046 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80:LEU2 MEK1-GFP:kanMX6 p[HHT2-HHF2]:TRP1
DP1047 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80:LEU2 MEK1-GFP:kanMX6 p[hht2-K79A-HHF2]::TRP1
DP1048 DP421 (hht1-hhf1):natMX4 (hht2-hhf2):hphMX4 zip1:LYS2 ndt80:LEU2 MEK1-GFP:kanMX6 p[hht2-K79R-HHF2]::TRP1
DP1049 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LYS2 ndt80::LEU2 dot1:URA3 MEK1-GFP::kanMX6 p[HHT2-HHF2]:TRP1
DP1050 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LEU2 PCH2-3HA p[HHT2-HHF2]:TRP1

DP1051 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LEU2 PCH2-3HA p[hht2-K79A-HHF2]::TRP1

DP1052 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LEU2 PCH2-3HA p[hht2-K79R-HHF2]::TRP1

DP1053 DP421 (hht1-hhf1):natMX4 (hht2-hhf2)::hphMX4 zip1:LEU2 PCH2-3HA dot1::kanMX6 p[HHT2-HHF2]::TRP1

DP1054 DP421 zip1::LYS2 ndt80:LEU2 pch2:TRP1 dot1::URA3

*All strains are isogenic diploids homozygous for the indicated markers.

doi:10.1371/journal.pgen.1003262.t001

camera and a 100 x UPLSAPO 1.4 NA objective. Exposure times
were 800 ms, 400 ms and 300 ms for Ddc2-GFP, Mek1-GFP, and
Hop1-GFP, respectively. Stacks of 20 planes at 0.2 pm intervals
were captured. Maximum intensity projections of deconvolved
images were generated with the SoftWoRx 5.0 software (Applied
Precision). Quantification of GFP signals in the projections of
individual nuclei was performed with the Image J software (http://
rsh.info.nih.gov/ij/). Background signal was subtracted using the
Otsu’s or the Renyi’s entropy threshold methods in Image J. To
outline the contour of the cells in the representative whole-cell
images presented, an overlay of the DIC image with 15-20%
transparency over the GFP signal is shown.

Other techniques

To analyze meiotic nuclear divisions, cells were fixed in 70%
ethanol, washed in PBS and stained with 1 pg/ul DAPI for
15 minutes at room temperature. At least 300 cells of every strain
were scored at each time point. Analyses of meiotic kinetics were
repeated several times; representative time courses are shown.
Spore viability was determined by tetrad dissection. To calculate
the statistical significance of differences a two-tailed Student #-test
was used. P-values were calculated using the GraphPad Prism 4.0
software. P<<0.01 was considered significant.

Supporting Information

Figure S1 H3K79 is constitutively methylated during meiosis.
(A) Western blot analysis of H3K79 methylation dynamics
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throughout meiosis. Total histone H3 is shown as a loading
control. Strains are: DP421 (wild type), DP625 (dotl), DP422 (zip1)
and DP555 (zip! dotl). (B) H3K79 methylation does not change in
other mutants defective in the meiotic recombination checkpoint.
Western blot analysis of H3K79me in ndt80-arrested cells at 24 h
after meiosis induction. Total histone H3 is shown as a loading
control. Strains are: DP428 (zip1), DP728 (zip1 spoll), DP881 (zipl
peh2), DP883 (zipl rad24) and DP1024 (zipl ddc?).

(TTF)

Figure $2 Redl linear localization in zz! chromosomes is not
significantly altered in the absence of Dotl. Immunofluorescence
of meiotic chromosome spreads stained with DAPI (blue) and anti-
Redl (green) antibody. Representative nuclei are shown. Spreads
were prepared 24 h after meiotic induction of ndt80 cells. Strains
are: DP848 (zipl) and DP849 (zipl dotl).

(TIF)

Figure 83 Dotl is required for zipI-induced Hopl phosphoryla-
tion. Western blot analysis of Hop1 in cell extracts obtained 24 h after
meiotic induction in ndt80 cells. Ponceau S staining of the membrane
was used a loading control. Strains are: DP428 (zip1), DP674 (zip]
mekl), DP655 (zip1 dotl), DP728 (zip1 spol 1) and DP680 (zep1 mecl).
(TIF)

Figure S4 Pch?2 protein levels do not change in the absence of
H3K79me. Western blot analysis of Pch2-HA in cell extracts
obtained 15 h after meiotic induction. PGK is shown as a loading
control. Hopl and Mekl phosphorylation were also analyzed in
the same samples to demonstrate their defective activation in the
H3-K79R and H3-K794 mutants. See Figure 3 for explanation of
the black and white arrowheads pointing to phosphorylated Mek1
forms. Strains are: DP1050 (zipl), DP1053 (zipl dotl), DP1052
(zipl H3-K79R) and DP1051 (zipl H3-K794).

(T1EF)

Figure 85 Hopl-GFP localization is impaired in the absence of
H3K79me. Immunofluorescence of meiotic chromosome spreads
stained with DAPI (blue), anti-Red]1 (green) and anti-GFP (red)
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antibodies. Representative nuclei are shown. Spreads were
prepared 24 h after meiotic induction of ndt80 cells. Strains are:
DP1042 (zipI), DP1045 (zip! dotl), DP1044 (zip! H3-K79R) and
DP1043 (zipl H5-K794).

(TIF)

Figure S$6 Analysis of YH2AX meiotic function. (A) Unlike
H3K79me, YH2AX i1s not required for the checkpoint-induced by
zipl because the H24-S129* mutation does not suppress zipl
meiotic block. Time course of meiotic nuclear divisions; the
percentage of cells containing more than two nuclei is represented.
Strains are: BR1919-2N (wild type), DP409 (zip1), DP419 (H24-
S129%), DP420 (zipl H24-S129%), DP622 (dot! H24-S129*) and
DP623 (zipl dot] H24-S129%). (B) Spore viability is high in the
absence of YH2AX and H3K79me, suggesting that both histone
modifications are not required in unperturbed meiosis. At least
288 spores were scored for each strain. Means and standard
deviations are shown. Strains are: BR1919-2N (wild type), DP419
(H24-5129%), DP622 (dot] H24-S129% and DP624 (dotI).

(TTF)

Video S1 Hopl chromosomal distribution is impaired in the
absence of Dotl. 3D reconstruction of deconvolved Z-stack images
showing Hop1-GFP signal in zip] and zip! dot! cells. Two different
nuclei of each strain are shown during the movie.

(MOV)
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Figure S1
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Figure S1 H3K?79 is constitutively methylated during meiosis. (A) Western blot analysis of H3K79
methylation dynamics throughout meiosis. Total histone H3 is shown as a loading control. Strains
are: DP421 (wild type), DP625 (dotl), DP422 (zipl) and DP555 (zipI dotl). (B) H3K79 methyla-
tion does not change in other mutants defective in the meiotic recombination checkpoint. Western
blot analysis of H3K79me in ndt80-arrested cells at 24 h after meiosis induction. Total histone H3
is shown as a loading control. Strains are: DP428 (zip1), DP728 (zipl spoll), DP881 (zipl pch2),

DP883 (zip!l rad24) and DP1024 (zipI ddc?2).
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Figure S2

Figure S2 Red] linear localization in zip/ chromosomes is not significantly altered in the absence
of Dotl. Immunofluorescence of meiotic chromosome spreads stained with DAPI (blue) and anti-
Red1 (green) antibody. Representative nuclei are shown. Spreads were prepared 24 h after meiotic
induction of ndt80 cells. Strains are: DP848 (zip1) and DP849 (zip! dotl).

Figure S3

zip1 zip1 zip1 zip1 zip1
mek1 dot1 spo11 mec1

J Hop1-®@

s g oo — HOP

C T

Figure S3 Dotl is required for zip/-induced Hop1 phosphorylation. Western blot analysis of Hop1
in cell extracts obtained 24 h after meiotic induction in nd¢80 cells. Ponceau S staining of the mem-
brane was used a loading control. Strains are: DP428 (zip1), DP674 (zipl mekl), DP655 (zipl dotl),
DP728 (zipl spoll) and DP680 (zipl mecl).
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Figure S4
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Figure S5 Hop1-GFP localization is impaired in the absence of H3K79me. Immunofluorescence of
meiotic chromosome spreads stained with DAPI (blue), anti-Redl (green) and anti-GFP (red)
antibodies. Representative nuclei are shown. Spreads were prepared 24 h after meiotic induction of
ndt80 cells. Strains are: DP1042 (zip1), DP1045 (zip! dotl), DP1044 (zipl H3-K79R) and DP1043

(zipl H3-K794).
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Figure S4 Pch2 protein levels do not change
in the absence of H3K79me. Western blot
analysis of Pch2-HA in cell extracts obtained
15 h after meiotic induction. PGK is shown
as a loading control. Hopl and Mekl1 phos-
phorylation were also analyzed in the same
samples to demonstrate their defective
activation in the H3-K79R and H3-K79A4
mutants. See Figure 3 for explanation of the
black and white arrowheads pointing to
phosphorylated Mek1 forms. Strains are:
DP1050 (zipI), DP1053 (zipI dotl), DP1052
(zipl H3-K79R) and DP1051 (zipl H3-
K794).
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Figure S6
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Figure S6 Analysis of YH2AX meiotic function. (A) Unlike H3K79me, YH2AX is not required for
the checkpoint-induced by zip/ because the H2A4-S129* mutation does not suppress zip/ meiotic
block. Time course of meiotic nuclear divisions; the percentage of cells containing more than two
nuclei is represented. Strains are: BR1919-2N (wild type), DP409 (zipl), DP419 (H24-S129%),
DP420 (zipl H2A-S129%*), DP622 (dotl H2A-S129%*) and DP623 (zip! dotl H2A-5129%). (B) Spore
viability is high in the absence of YH2AX and H3K79me, suggesting that both histone modifications
are not required in unperturbed meiosis. At least 288 spores were scored for each strain. Means and

standard deviations are shown. Strains are: BR1919-2N (wild type), DP419 (H2A4-S129%*), DP622
(dotl H2A-S129%*) and DP624 (dotl).
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Video S1 Available at:

www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1003262.s007
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Video S1 Hopl chromosomal
distribution is impaired in the
absence of Dotl. 3D reconstruction
of deconvolved Z-stack images
showing Hop1-GFP signal in zip!/
and zipl dotl cells. Two different
nuclei of each strain are shown
during the movie.

Available at:
www.plosgenetics.org/article/fetch
SingleRepresentation.action?uri=in
fo:doi/10.1371/journal.pgen.10032
62.s007
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m en el checkpoint de recombinacion meiética

CONCLUSIONES

1. Los niveles globales de H3K79me, catalizados en exclusiva por Dot1, no cambian ni por la induccidn
de la meiosis, ni ante defectos meiéticos. Sin embargo, esta modificacién epigenética es esencial para

permitir la respuesta del checkpoint de recombinacion meiotica en Saccharomyces cerevisiae.

2. La funcién de Dot1 en este checkpoint meidtico se debe exclusivamente a su actividad catalitica

metilando H3K79, siendo la forma H3K79me3 la mas relevante.

3. La activacion completa de la quinasa efectora del checkpoint de recombinacién meiotica, Mek1, se
produce por eventos secuenciales de fosforilacion por las quinasas sensoras Mec1/Tel1 y de autofosforilacion

en trans por la propia Mek1.

4. La metilacién de H3K79 es necesaria para el reclutamiento de Mek1 a los cromosomas meioticos y

su autofosforilacién, promoviendo asi su plena activacion y el establecimiento de la respuesta del checkpoint.

5. La metilacion de H3K79 catalizada por Dot1 controla la fosforilacion del adaptador Hop1 y su

localizacion en los ejes de los cromosomas del mutante zip1, lo que permite la activacion de Mek1.

6. La regulacion de la localizacion de Hop1 por H3K79me se ejerce, al menos en parte, mediante la

exclusion de la proteina Pch2 de la cromatina y su confinamiento en la region del DNA ribosémico (nucléolo).
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ARTICULO 1

CONCLUSIONS

1. Global levels of H3K79me, exclusively catalyzed by Dot1, do not change in response to either
meiosis induction or meiotic defects. However, this epigenetic modification is essential for proper meiotic

recombination checkpoint response in Saccharomyces cerevisiae.

2. Dot1 function in this meiotic checkpoint relies solely on the methylation of H3K79, with H3K79me3

being the most relevant form to sustain this function.

3. Full activation of the meiotic recombination checkpoint effector kinase, Mek1, is achieved in two
sequential phosphorylation events: initial phosphorylation of Mek1 mediated by the sensor kinases Mec1/Tel1

is followed by in trans autophosphorylation of Mek1 itself.

4. Dot1-dependent H3K79me is required for both Mek1 recruitment to meiotic chromosomes and Mek1

autophosphorylation, thereby promoting its full activation and the ensuing checkpoint response.

5. Dot1-dependent H3K79me controls phosphorylation of the Hop1 adaptor and its localization along

the chromosome axes of the zip1 mutant, thus enabling Mek1 activation.

6. Regulation of H3K79me-mediated Hop1 localization is exerted, at least in part, by excluding the Pch2

meiotic checkpoint protein from the chromatin and its confinement in the ribosomal DNA region (nucleolus).
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Dynamics of DOT1L localization and H3K79 methylation

during meiotic prophase | in mouse spermatocytes
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ARTICULO 2

Dinamica de la localizacion de DOT1L y de la metilacion de H3K79 durante la profase

meiodtica | en espermatocitos de raton

RESUMEN

Durante la profase meidtica | tienen lugar numerosas interacciones entre los cromosomas homélogos,
dando lugar a conexiones entre los mismos que promueven su correcta distribucion a la progenie meiotica.
Estos procesos se encuentran bajo la supervision de mecanismos de checkpoint meiéticos. En los seres
humanos, las aneuploidias resultantes de defectos meidticos causan abortos espontaneos y sindromes
genéticos. Los eventos de la profase meidtica ocurren en el contexto de la cromatina, por lo que las
modificaciones post-traduccionales de las histonas deben desempefiar funciones importantes en estos
procesos. En este articulo, describimos la localizaciéon de la metil-transferasa conservada evolutivamente,
DOT1L, y de los diferentes estados de metilacién de su diana, la lisina 79 de la histona H3 (mono-, di- y tri-
metilacion: H3K79me1, -me2 o —me3, respectivamente), durante la profase meidtica | en espermatocitos de
raton. Para ello, hemos empleado inmunofluorescencia de extensiones de nucleos. Asi, encontramos que, en
la estirpe silvestre, los niveles de H3K79me1 permanecen bajos y uniformes a lo largo de toda la profase |,
mientras que los niveles de DOT1L, H3K79me2 y H3K79me3 muestran un notable aumento a partir de
paquitene, pero con patrones de distribucion subnuclear diferenciales. Las regiones de heterocromatina
centromérica y el cuerpo sexual estan enriquecidos en H3K79me3, mientras que H3K79me2 esta presente
por toda la cromatina excepto en el cuerpo sexual, a pesar de la acumulacién de DOT1L que se observa en
esta region. En ratones mutantes con meiosis defectuosas, la acumulacion de DOT1L y H3K79me progresa
hasta alcanzar los niveles caracteristicos del Ultimo estadio de la profase en el que esta bloqueado cada
mutante. Los patrones de H3K79me combinados con el analisis citologico de las variantes de histonas H3.3,
macroH2A, H2A.Z y yH2AX apuntan a una funcién diferencial para estas marcas epigenéticas durante la
espermatogénesis en raton. Asi, proponemos que H3K79me2 estd relacionada con la reactivacion
transcripcional de los autosomas durante paquitene, mientras que H3K79me3 puede contribuir al

mantenimiento de la cromatina silenciada en las regiones centroméricas y en el cuerpo sexual.
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Abstract During meiotic prophase I, interactions between ma-
ternal and paternal chromosomes, under checkpoint surveil-
lance, establish connections between homologs that promote
their accurate distribution to meiotic progeny. In human, faulty
meiosis causes aneuploidy resulting in miscarriages and genetic
diseases. Meiotic processes occur in the context of chromatin;
therefore, histone post-translational modifications are expected
to play important roles. Here, we report the cytological distribu-
tion of the evolutionarily conserved DOT1L methyltransferase
and the different H3K79 methylation states resulting from its
activity (mono-, di- and tri-methylation; H3K79mel, me2 and
me3, respectively) during meiotic prophase I in mouse sper-
matocytes. In the wild type, whereas low amounts of
H3K79mel are rather uniformly present throughout prophase
I, levels of DOTI1L, H3K79me2 and H3K79me3 exhibit a
notable increase from pachynema onwards, but with differential
subnuclear distribution patterns. The heterochromatic centro-
meric regions and the sex body are enriched for H3K79me3.
In contrast, H3K79me?2 is present all over the chromatin, but is
largely excluded from the sex body despite the accumulation of
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DOTIL. In meiosis-defective mouse mutants, the increase of
DOTIL and H3K79me is blocked at the same stage where
meiosis is arrested. H3K79me patterns, combined with the
cytological analysis of the H3.3, YH2AX, macroH2A and
H2A.Z histone variants, are consistent with a differential role
for these epigenetic marks in male mouse meiotic prophase I.
We propose that H3K79me?2 is related to transcriptional
reactivation on autosomes during pachynema, whereas
H3K79me3 may contribute to the maintenance of repressive
chromatin at centromeric regions and the sex body.

Introduction

Meiosis is a specialized cell division that generates haploid
gametes required for sexual reproduction because two rounds
of chromosome segregation are preceded by a single phase of
DNA replication. In order to accomplish this reduction in the
number of chromosomes, a sequence of finely regulated, coor-
dinated and monitored events takes place. Thus, the unique
meiotic prophase I is the most prolonged and elaborate stage of
meiosis, during which pairing, synapsis and recombination
between homologous chromosomes occur (Cohen et al.
2006). Meiotic recombination begins with programmed DNA
double-strand breaks (DSBs), introduced by Spol1 and acces-
sory proteins (Keeney 2008). In many organisms, including
budding yeast and mouse, meiotic DSBs trigger a complex
program in which their repair is coupled to homologous chro-
mosome pairing and synapsis. Interactions between homologs
are stabilized by a proteinaceous structure, the synaptonemal
complex (SC), which keeps homologs tightly associated during
pachynema and facilitates completion of crossover recombina-
tion to generate physical linkages required for the subsequent
accurate segregation (Pawlowski and Cande 2005). Progression
and completion of meiotic events are monitored by check-
points, specific surveillance mechanisms that block meiotic
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progression in response to defects and, in the case of Metazoa,
lead to apoptosis of aberrant meiocytes avoiding generation of
aneuploid gametes (Hochwagen and Amon 2006; Macqueen
and Hochwagen 2011).

Meiotic recombination takes place in the context of chroma-
tin; accordingly, several histone post-translational modifications
(PTMs) have been found to influence various aspects of meiosis
(Bolcun-Filas and Schimenti 2012; Brachet et al. 2012). For
example, there is an association between trimethylation of his-
tone H3 at Lysine 4 (H3K4me3) and the determination of
meiotic DSB sites, mediated by the Set] complex and its subunit
Sppl in yeast (Borde et al. 2009; Acquaviva et al. 2013;
Sommermeyer et al. 2013) and the meiosis-specific histone H3
methyltransferase PRDM9 in mouse (Baudat et al. 2000; Grey
et al. 2011; Smagulova et al. 2011).

Another histone PTM with a known meiotic function is the
methylation of H3K79 mediated by Dotl in Saccharomyces
cerevisiae. In yeast, H3K79me is largely dispensable for
unperturbed meiosis, but it is essential for meiotic recombina-
tion checkpoint function (San-Segundo and Roeder 2000;
Ontoso et al. 2013). Dot is the only methyltransferase respon-
sible for catalyzing mono-, di- and trimethylation at H3K79 in a
non-processive manner (Lacoste et al. 2002; van Leeuwen et al.
2002; Ng et al. 2002; Frederiks et al. 2008). To date, there is no
demethylase known capable of reverting H3K79me. With a
few exceptions — such as Schizosaccharomyces pombe , which
lacks Dotl and H3K79me — this histone methyltransferase has
been conserved through evolution; the mammalian homolog is
called DOTIL (for Dotl-like) (Feng et al. 2002; Jones et al.
2008). In human cells and Drosophila, DOT1L/dDot!1 has been
isolated forming part of a large macromolecular complex,
DotCom, which modulates its activity (Mohan et al. 2010).
DOT1L-mediated H3K79me performs important roles in tran-
scriptional regulation (Steger et al. 2008; Kim et al. 2012a) and
affects multiple biological processes (Nguyen and Zhang
2011). In particular, DOT1L activity is involved in embryonic
development and differentiation (Jones et al. 2008; Barry et al.
2009), cardiac function (Nguyen et al. 2011), hematopoiesis
(Feng et al. 2010; Jo et al. 2011), cell proliferation and aging
(Kim et al. 2012b) and chondrogenesis (Castafio Betancourt
etal. 2012). Alteration of DOT1L function is related with some
types of mixed lineage leukemia (Okada et al. 2005; Krivtsov
et al. 2008; Bemt et al. 2011), neural tube defects (Zhang et al.
2013) and osteoarthritis (Castafio Betancourt et al. 2012). The
discovery of an increasing number of pathologies related with
altered DOT1L-mediated H3K79me patterns points to DOT1L
as a promising therapeutic target (Daigle et al. 2011; Yao et al.
2011; Anglin et al. 2012). However, little is known about
DOTIL activity in mammalian meiosis; only a study on
H3K79me2/3 in mouse oocytes and preimplantation embryos
has been reported (Ooga et al. 2008).

Here, we report the characterization of DOT1L localization
and the chromatin distribution of the distinct H3K79 methylation
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states (mel, me2 and me3) during meiotic prophase I in
spermatocytes of wild-type mice and various meiotic mu-
tants. Our results reveal a progressive increment of DOT1L
activity as prophase I advances, and the existence of dif-
ferential spatio-temporal patterns for H3K79me2 and
H3K79me3. Furthermore, the comparison of the distribu-
tion of these epigenetic marks with that of the H3.3,
YH2AX, macroH2A and H2A.Z histone variants hints at
a functional contribution of H3K79me2 and H3K79me3 to
the characteristic transcriptional states of the different sub-
nuclear territories in spermatocyte nuclei.

Materials and methods
Mice

Animals in this study were of C57BL/6 background or C57BL/
6 X 129/Sv mixed background. The Spoll (3-only transgenic
mice, the hypomorphic Tripl3™°/"° and the Spoll "~ and
Dmel™" null mice were previously described (Pittman et al.
1998; Baudat et al. 2000; Roig et al. 2010; Kauppi et al. 2011).
To minimize variability due to strain background in the studies
involving mutant mice, experimental animals were compared
to control animals from the same litter. Experiments conformed
to relevant regulatory standards and were approved by the
MSKCC Institutional Animal Care and Use Committee.

Immunofluorescence

Mouse testicular cells were prepared for surface spreading and
subsequent immunofluorescence as previously described
(Barchi et al. 2005), with slight modifications. Testis cell
preparations were resuspended in 0.1 M sucrose were added
onto glass slides previously coated with a 1% paraformalde-
hyde, 0.1% Triton X-100 solution, incubated for 3 h in a
humidified chamber at room temperature, rinsed in 0.4%
Kodak Photo-Flo 200 and dried briefly. Slides were treated
with blocking/antibody dilution buffer (B/ADB: 2 mg/ml
BSA, 0.05% Tween-20, 0.2% gelatin in PBS) for 30 min at
room temperature, and incubated overnight at 4°C with the
primary antibody diluted in B/ADB. After four washes of
5 min with B/ADB, slides were incubated with the secondary
antibody diluted in B/ADB for 1 h at 37°C in the dark. After
four washing steps again, slides were mounted in Vectashield
mounting medium (Vector) with 5 pug/ml DAPI. Images were
captured using an Axio2 microscope (Zeiss) connected to a
CCD camera and processed using the SlideBook software
package (Intelligent Imaging Innovations).

The following primary antibodies and dilutions were used.
Rabbit polyclonal anti-DOTIL (ab64077; 1:200 dilution),
anti-H3K79-mel (ab2886; 1:1,000 dilution), anti-H3K79-
me2 (ab3594; 1:2,000), anti-H3K79-me3 (ab2621; 1:2,000
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dilution), anti-histone H3 (ab1791; 1:100), and anti-histone
H3.3 (ab62642; 1:400) were from Abcam. Mouse monoclonal
anti-yH2AX (05-636; 1:800), rabbit polyclonal anti-H2A.Z
(07-594; 1:400) and rabbit polyclonal anti-macroH2A (07-
219; 1:400) were from Millipore. Mouse monoclonal anti-
SYCP3 (sc-74569; 1:500) was from Santa Cruz and goat
polyclonal anti-SYCP3 (1:400) was from Terry Ashley.

The following secondary antibodies conjugated with Alexa
Fluor were from Molecular Probes and used at 1:200 dilution.
Anti-rabbit-AF488 (A-21206), anti-mouse-AF594 (A-21203),
anti-mouse-AF647 (A-31571), and anti-goat-AF594 (A-
11058).

Quantification of fluorescence intensities of individual nu-
clei was performed with the ImageJ 1.47f software (National
Institutes of Health, USA; http://imagej.nih.gov/ij/). The
contours of the nuclei, the centromeric areas and the sex
bodies were identified based on DAPI and SYCP3 staining.
The intensity values within these regions of interest were
quantified. Background signal was subtracted using the
Otsu's entropy threshold methods in ImagelJ. This threshold
tool was also used to reproducibly outline without bias the
more intense DAPI-stained centromeric regions and the sex
body, as shown in Fig. 2. The parameters used for quantifica-
tion purposes were the integrated density (the result of multi-
plying the area by the mean of the fluorescence intensity
values) and the percentage of area with signal from the total
area of interest.

For graphs showing centromeric regions/uncondensed
chromatin ratios (Fig. 2e and Fig. S4 b, d), a threshold was
fixed in every image; then, the percentage of area with
DOTIL or H3K79me signal was obtained for all the centro-
meric regions and a mean value was calculated (numerator).
The signal was also measured for the uncondensed chromatin
(the whole nucleus except the centromeric regions and the sex
body) (denominator). Finally, a ratio between these two values
was calculated for each nucleus. The graphs show the mean of
these ratios.

For graphs showing XY body/whole nucleus ratios (Fig. 2f
and Fig. S4 a, c) a threshold was fixed in every image. The
percentage of area with DOTIL or H3K79me signal was
obtained for the XY body (numerator), and for the remaining
of nucleus (denominator). A ratio between these two values
was calculated for each nucleus. The graphs show the mean of
these ratios.

For pairwise comparisons of mutants versus controls, two-
tailed Mann—Whitney tests were applied and P values were
calculated using the GraphPad Prism 5.0 software (http:/
www.graphpad.com/).

Bioinformatics

The protein sequence alignment was performed with
CLUSTALW (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

The PDB ID references for human nucleosomes containing
histone variant H3.1, H3.2 and H3.3 are 3AFA, 3avl and
3av2, respectively (Tachiwana et al. 2010, 2011), available
at the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (http://www.rcsb.org/pdb/).
Molecular graphics and H3K79 highlighting were
performed with the UCSF Chimera package (http:/www.
cgl.ucsf.edu/chimera)

Results

Spatial and temporal patterns of DOT1L and H3K79me
distribution during meiotic prophase I

To investigate the localization of mammalian DOT1L and the
associated mono-, di- and tri-methylation of histone H3 at
lysine 79 (H3K79mel, me2, and me3, respectively), we
performed immunofluorescence of surface-spread meiotic
chromosomes from wild-type mouse spermatocytes. We
tracked SYCP3, a component of the axial/lateral elements of
the SC (Lammers et al. 1994), to define the stage of prophase I
of each spermatocyte nucleus based on the degree of synapsis
exhibited by the chromosomes (Fig. 1 and Fig. S1). At the
beginning of prophase I, short stretches of SYCP3 start to
develop during leptonema. At zygonema, synapsis of homo-
logs begins and thickened SYCP3 areas along the already
synapsed regions are detected. At pachynema, synapsis be-
tween the autosomes is completed, resulting in a thick and
uniform SYCP3 signal. A subnuclear domain formed by the
sex chromosomes, the so-called "XY body" or "sex body",
begins to emerge around the end of zygonema, and is fully
formed in pachynema. This chromosome pair displays a short
synapsed area on a limited distal region of homology, the
pseudoautosomal region (PAR). The PAR exhibits thickened
SYCP3 staining, whereas a thinner signal is visible along the
unsynapsed non-homologous regions (e.g., see yellow arrows
in Fig. 1a and Fig. S1, where the sex body is pointed). At
diplonema, homologs progressively desynapse revealing
spaces between the SYCP3 axes, but they still remain joined
at chiasmata sites where crossovers have occurred. In addi-
tion, from late pachynema, but more evident during
diplonema, the chromosomes show thickenings at the ends,
which correspond with their attachment to the inner nuclear
membrane (Liebe et al. 2004). Meanwhile, in the sex body
desynapsis also occurs, the X and Y chromosomes are joined
end-to-end, and the X chromosome shows thickenings along
its length (Fig. S1, diplotene panels). At diakinesis-metaphase
I, SC disassembly is general, SYCP3 staining is mainly con-
centrated at the centromeric areas, and only remnants persist
on chromosome arms. The X chromosome remnants are the
last ones to disappear (Fig. S1, diaki.-meta. panels) (Parra
et al. 2004; Barchi et al. 2008).
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First, we monitored DOTI1L localization throughout mei-
otic prophase I (Fig. 1a). Interestingly, we found a progressive
increment of the association of this histone methyltransferase
with meiotic chromatin correlating with the progression
through prophase I stages. DOT1L nuclear staining started at
very low levels at leptonema, increased slightly in zygonema,
followed by a dramatic increment in DOTIL levels at
pachynema and, especially, during the diplonema and diaki-
nesis stages (Fig. la). The sex body exhibited particularly
dynamic patterns, detailed below.

Next, we analyzed the distribution of the three possible
methylated states of H3K79 resulting from DOTIL action:
H3K79mel, -me2 and -me3 (Fig. 1b, ¢ and d, respectively).
Overall levels of H3K79mel were uniformly weak at all
stages (Fig. 1b). In contrast, H3K79me2 exhibited a progres-
sive enrichment concurrent with prophase I progression,
achieving relatively strong staining during pachynema,
diplonema and diakinesis/metaphase I (Fig. 1c). H3K79me3
staining also intensified during meiotic prophase I, reaching
the highest levels in diakinesis/metaphase I (Fig. 1d).

These observations indicate that overall levels of chromatin-
associated DOT1L and H3K79 methylation undergo significant
change during male mouse meiotic prophase 1. The enrichment
of DOTIL is accompanied by higher amounts of two particular
methylation states, H3K79me2 and H3K79me3; however, their
dynamics and subnuclear distribution were different.

We examined DOT1L and H3K79me in more detail starting
from the stage when they became more abundant, pachynema,
and focused on the distinctive chromatin regions that can be
distinguished according with their intensity of DAPI staining
and chromosome positioning, marked by SYCP3. In this way,
we discriminated areas with weaker DAPI fluorescence signal,
corresponding to euchromatin and encompassing most of the
autosome domains. On the other hand, subnuclear territories with
more intense DAPI staining were classified into two groups: the
constitutive heterochromatin located at the centromeric regions
surrounding one end of each mouse autosome (which are
telocentric; Kalitsis et al. 2006), and the facultative heterochro-
matin of the sex body (differentially outlined in Fig. 2a—d). We
quantified the signal intensity of DOTI1L and the different
H3K79me states in the DAPI-bright regions relative to the
remaining chromatin (Fig. 2¢). Strikingly, we found that, as soon
as the large centromeric regions became apparent after mid-
zygonema, they exhibited strong accumulation (about 7-fold)
of H3K79me3 (Fig. 2d, e). These areas continued to be highly
trimethylated at H3K79 through metaphase I, enclosing the
centromere-proximal SYCP3 remnants (Parra et al. 2004).
Furthermore, strong H3K79me3 staining could be still detected
at the chromocenter in round spermatids (Fig. 3). In contrast,
neither DOTI1L, H3K79mel, nor H3K79me2 showed this cen-
tromeric accumulation (Fig. 2a—c), with ratios relative to euchro-
matin regions close to 1 (Fig. 2e), denoting a more uniform
distribution between both types of subnuclear territories.
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Fig. 1 DOTIL and H3K79me localization patterns throughout male P>
mouse meiotic prophase I. Immunofluorescence of surface-spread wild-
type spermatocytes stained with antibodies to SYCP3 (red) and to either
DOTIL (a), H3K79mel (b), H3K79me2 (c¢) or H3K79me3 (d), shown
in white or green, as indicated on the panels. DAPI staining of chromatin
is shown in blue. Representative nuclei for each prophase I stage are
presented, determined by the SYCP3 localization pattern (see also
Fig. S1). In a, the sex body is indicated by a yellow arrow.
Quantification of the signal intensity for DOTIL and the different
H3K79me states is shown in arbitrary units (a.u.) on the right graphs.
Each dot in the scatter plot indicates the value for an individual nucleus.
The central horizontal line is the median. Scale bar: 10 pm

Sex body development involves massive chromatin remod-
eling events to establish a heterochromatin configuration that
leads to a transcriptional inactivation program, the so-called
"meiotic sex chromosome inactivation" (MSCI) (Handel 2004;
Turner 2007). Little is known about the contribution of DOTIL
and H3K79me to MSCI, so we analyzed their distribution in
the sex body from pachynema to metaphase I (Fig. 2a—d, f). At
pachynema, the amount of DOT1L in the sex body was rough-
ly at the average level of the rest of the nucleus, but during
diplonema and at diakinesis-metaphase I it significantly in-
creased (2- and 4-fold, respectively) (Fig. 2a, f). H3K79mel
maintained a stable, relatively uniform pattern over the entire
nucleus at all stages (Fig. 2b, f), while H3K79me2 was under-
represented in the sex body from pachynema up to diakinesis/
metaphase I (Fig. 2c, f). Finally, XY-associated H3K79me3
started at low amounts during pachynema, matched autosome
levels at diplonema and reached a 2-fold higher level at
diakinesis-metaphase (Fig. 2d, f). In more advanced stages of
spermatogenesis, such as in round spermatids, the more intense
DAPI-stained territory adjacent to the chromocenter contains
the sex chromosome X or Y (Greaves et al. 2006). We found
that H3K79me3 was also detected in this region, although at
lower levels than in the chromocenter (Fig. 3).

Thus, DOTIL and the ensuing H3K79me states exhibit
characteristic spatio-temporal dynamics suggestive of possi-
ble differential roles during male mouse meiotic prophase 1.

Impaired DOTIL localization and H3K79 methylation
patterns in meiotic mutants

To determine whether DOTIL and H3K79 methylation pat-
terns are functionally tied to meiotic progression and/or recom-
bination, we examined mutants affected at different stages
during meiosis: Spoll B-only, Tripl3™°¥"? Spoll~" and
Dmel ™" (Fig. 4, Fig. S2, S3 and Fig. 5, respectively; ordered
from the one that reaches the furthest stage to the mutant with
the least progression). These mutants exhibit defects in synapsis
and/or recombination, with different degrees of severity that are
incompatible with a successful meiosis program and lead to
widespread checkpoint-induced arrest and apoptosis before the
first meiotic division. The arrest point varies in the different
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<« Fig. 2 Subnuclear distribution of DOT1L and H3K79me. Localization
of DOTIL (a), H3K79mel (b), H3K79me2 (¢) and H3K79me3 (d) in
representative pachytene, diplotene and diakinesis-metaphase nuclei. In
every group of panels, the left column is for either DOTIL or each
particular H3K79me state (white), with the centromeric areas
(centromeres) outlined in green, and the sex body outlined in yellow
and marked with an arrow. The central column is the merging of SYCP3
(red) and DAPI (blue), with the centromeric areas (centromeres) outlined
in white and the sex body in yellow. The right column additionally
displays DOTIL or the corresponding H3K79me state in green. Yellow
asterisks mark an adjacent cell. Scale bar: 10 um. e Ratio of the area of
centromeric regions containing DOT1L or H3K79me signal, relative to
the area of the remaining uncondensed autosomal chromatin domains
with the corresponding signal. f Ratio of the area of the sex body with
DOTIL or H3K79me signal, relative to the area of the whole nucleus
with signal (excluding the sex body). A more detailed explanation of
quantification could be found in the Materials and methods section. Pac
pachynema, Dip diplonema, Di.-Me. diakinesis-metaphase 1. Error bars
are the standard error of mean (SEM)

male mouse mutants, but all are infertile (Barchi et al. 2005;
Burgoyne et al. 2009; Handel and Schimenti 2010; Kauppi
etal. 2011).

Spoll (B-only
The Spoll "~ Tg(Xmr-Spoll )" transgenic mouse (here-

after, Spoll 3-only) exclusively expresses the Spoll 3 splice
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Fig. 3 H3K79me3 accumulates in the chromocenter and the sex chro-
mosome domain at post-meiotic stages. a A representative round sper-
matid stained with DAPI (blue) and antibodies to H3K79me3 (white) is
shown. The chromocenter (green arrow) and the sex chromosome, X or
Y, domain (yellow arrow), displaying differential DAPI intensities, are
outlined on the merged panel. b Quantification of the H3K79me3 signal
present in the chromocenter (green bar) and the sex chromosome (yellow
bar) relative to the signal in the remaining uncondensed chromatin. A
total of 15 spermatids were quantified. Scale bar: 10 um.

variant, which is capable of supporting crossing-over, pairing,
and synapsis normally in autosomes, but is defective in
promoting late, efficient DSB formation specifically at the
PAR (Kauppi et al. 2011). Spoll 3-only spermatocytes
frequently display X-Y association defects that trigger the
spindle checkpoint causing apoptosis at metaphase I, so
few spermatocytes reach later stages (Kauppi et al. 2011).
We analyzed DOTIL localization and the H3K79me state
in Spoll 3-only from leptonema to diplonema (Fig. 4 and
Fig. S4a, b). Consistent with prior results, although some
sperm were seen (note the sperm head in the lower left
corner of the zygotene panel in Fig. 4a, asterisk), few
spermatocytes at diakinesis or more advanced stages were
found. Also as described previously, the X-Y chromo-
somes were unsynapsed in most sex bodies (surrounded
in yellow in Fig. 4). Spoll 3-only spermatocytes showed
DOTIL staining similar to wild type: little or no signal at
leptonema and zygonema, but significant signal during the
pachytene and diplotene stages with accumulation at the
sex body especially in diplotene nuclei (Fig. 4a and
Fig. S4a). H3K79mel also showed no significant differ-
ences from control spermatocytes (Fig. 4b). In contrast,
overall H3K79me2 levels were reduced in Spoll 3-only
diplotene nuclei relative to the wild type, although close to
the control values for the remaining stages (Fig. 4c). As in
the control, the H3K79me2 signal in the Spoll 3-only sex
body was lower than the average for the rest of the
nucleus (Fig. S4a). Finally, although H3K79me3 staining
in Spoll 3-only displayed the characteristic increasing
trend throughout prophase 1 progression, the levels were
significantly reduced during pachynema and diplonema
(Fig. 4d). Nevertheless, H3K79me3 was enriched at cen-
tromeric regions in the mutant (Fig. 4d and Fig. S4b).

TI"ip Ji 3mod/mud

We analyzed mice carrying a hypomorphic mutation of the
yeast PCH2 ortholog, Trip13, referred to as Trip 13" for
"moderate" defect (Li et al. 2007; Roig etal. 2010). Trip13™Y
mod males show apparently fully synapsed chromosomes, but
there is inefficient repair of meiotic DSBs, aberrant SC devel-
opment and abnormal sex body formation, triggering a check-
point response that leads to meiotic arrest and apoptosis at
pachynema (Li et al. 2007; Wojtasz et al. 2009; Roig et al.
2010). We found no significant differences between wild type
and Trip13™°“"°? spermatocytes with respect to either distri-
bution or amount of DOT1L, H3K79mel, H3K79me2 or
H3K79me3 in leptotene through pachytene spermatocytes
(Fig. S2a, b, ¢, and d, respectively; too few spermatocytes at
diplonema or further are found in this mutant, precluding
analysis of later stages). H3K79me3 localization in the sex
body and centromeric regions was also unaltered (Figs. S2d
and S4c, d).
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4 Fig. 4 DOTIL and H3K79 methylation patterns in the Spoll 3-only
mutant. Immunofluorescence of surface-spread spermatocytes from the
Spoll 3-only mutant stained with antibodies to SYCP3 (red) and either
DOTIL (a), H3K79mel (b), H3K79me2 (c¢) or H3K79me3 (d) shown in
white. DAPI staining of chromatin is shown in blue. Representative nuclei
for the indicated prophase I stages are presented. The sex body is outlined in
yellow. Scale bar, 10 um. The scatter plots show the quantification of the
indicated immunofluorescence signal (a.u., arbitrary units) in spermato-
cytes from the Spol! 3-only mutant and a littermate heterozygous control
[Spoll*" T g(Xmr-Spoll 3 5)"*]. Each dot in the graph indicates the value
for an individual nucleus. The central horizontal line is the median and n is
the number of nuclei evaluated at each stage. P values were calculated by
two-tailed Mann—Whitney tests of the indicated pairwise comparisons.
P<0.05 was considered statistically significant (marked in red)

Spoll "~

This mutant lacks the evolutionary-conserved Spoll
transesterase that catalyzes meiotic DSBs, so it exhibits no
meiotic recombination and fails in homolog pairing and synapsis.
These defects trigger a DNA damage-independent checkpoint
that leads to apoptosis at the zygotene—pachytene transition, a so-
called zygotene-like stage (Baudat et al. 2000; Romanienko and
Camerini-Otero 2000). We examined Spoll "~ spermatocytes
from leptotene to the zygotene-like stage, dividing the latter into
two classes: early, with shorter SYCP3 stretches and low levels
of axial association; and late, with full-length SYCP3 and exten-
sive aberrant non-homologous synapsis (Fig. S3). We found only
very low levels of DOTIL and H3K79mel staining throughout
these stages in the Spo/l "~ mutant (Fig. S3a, b). H3K79me2
and H3K79me3 increased slightly at the zygotene-like stage
(Fig. S3a, b), but in all cases, the signal intensity of DOTIL
and all H3K79 methylation states was significantly reduced in
the Spol/ " mutant (Fig. S3).

Dmcl ™"

The Dmcl "~ mutant fails to repair meiotic DSBs and exhibits
impaired synapsis, leading to arrest and apoptosis in a
zygotene-like stage similar to that of Spo/l " (Pittman
etal. 1998; Yoshida et al. 1998). However, molecular markers
have revealed differences between the arrests in these two
mutants. Specifically, unlike Spoll ™", Dmel ™~ spermato-
cytes maintain the TopBP1 and YH2AX DNA damage check-
point factors associated with chromatin, lack the H1t histone
variant, and do not establish pseudo-sex bodies (Barchi et al.
2005). Therefore, although both mutants undergo apoptosis at
a cytologically similar zygotene-like stage, molecular events
indicate that Dmcl ™~ spermatocytes are arrested earlier. We
monitored DOT1L and H3K79me in Dmc! "~ from leptotene
to zygotene-like stages (Fig. 5), divided into early and late
categories, as above. Similar to Spo// ", we found that the
levels of DOTI1L and all the H3K79 methylation states were
significantly lower than in the wild-type control, especially in
late zygotene-like spermatocytes (Fig. 5).

Sex body-specific dynamics of H3K79me3 and particular
histone variants

To achieve MSCI, chromatin remodeling takes place in the
sex body during pachynema. Histone H3 plays an important
role in this process, via eviction of the canonical H3.1 and
H3.2 forms and replacement by the H3.3 histone variant. As a
consequence of this replacement, the PTMs carried by the
H3.1/H3.2-H4 tetramers are removed; thus, the chance to
establish new marks and/or the need to recover some of the
lost ones emerges (van der Heijden et al. 2007). Other histone
variants, such as H2A.Z, macroH2 A and YH2AX, also exhibit
remarkable changes during sex body development (Hoyer-
Fender et al. 2000; Fernandez-Capetillo et al. 2003; Greaves
et al. 2006). Therefore, we compared the spatio-temporal
pattern of DOT1L-dependent H3K79me3 at the sex body with
that of those specific histone variants.

In agreement with previous observations (van der Heijden
et al. 2007), we found an approximately 4-fold enrichment for
the H3.3 variant in the sex body during pachynema and
diplonema (Fig. 6a, c). The incorporation of H3.3 appeared
to be exclusive for the sex body, since the centromeric regions
did not show any particular accumulation of this histone
variant (Fig. 6a). Total histone H3 distribution at these stages
remained more uniform (Fig. 6b, c).

We found that the progressive enrichment of DOT1L in the
sex body from early diplonema correlated with a decrease in
YH2AX (Fig. 7a). In addition, the strong accumulation of
H3K79me3 in the sex body during diakinesis-metaphase co-
incided with the complete disappearance of detectable
YH2AX signal (Fig. 7b). Therefore, these two histone PTMs
(H3K79me3 and YH2AX) are largely mutually exclusive, at
least in the sex body. During these stages, H3K79me2
remained low and the H3K79mel was uniformly weak (see
above; Fig. 2b, c).

Finally, we analyzed the dynamics of the histone H2A
variants macroH2A and H2A.Z in the sex body. The
macroH2A variant defines heterochromatin areas, is
enriched in the sex body from pachynema onward, partic-
ipates in MSCI and disappears at later stages during
diakinesis-metaphase I (Hoyer-Fender et al. 2000)
(Fig. S5a). In turn, it has been reported that the expression
of H2A.Z begins in pachynema and peaks in round sper-
matids, supporting a role for H2A.Z in maintaining MSCI
after disappearance of macroH2A and YH2AX (Greaves
et al. 2006). We found H2A.Z all over the nucleus, except
for strong exclusion from the sex body during pachynema
and early-mid diplonema (Fig. S5b, c¢). Then, H2A.Z
became progressively more abundant in the sex body
starting in late diplonema, reaching the same overall levels
as the rest of the chromatin during diakinesis-metaphase I
(Fig. S5b, c). Therefore, whereas H3K79me3 exhibits
limited coexistence with macroH2A at the sex body, its
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Fig. 5 DOTIL and H3K79 methylation patterns in the Dmc/ ™~ mutant. a—d Spermatocytes from the Dmc/ ™~ mutant and a littermate Dmcl ™~

control were analyzed as indicated in Fig. 4
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Fig. 6 Enrichment of the H3.3
histone variant in the sex body. a,
b Immunofluorescence of
surface-spread wild-type
spermatocytes stained with
antibodies specific to the H3.3
histone variant (a; white color)
and total histone H3 (b; white
color). The merged images of
SYCP3 (red) and DAPI (blue)
are also shown. Representative
nuclei for the indicated prophase I
stages, determined by the SYCP3
localization pattern, are presented.
The sex body is outlined in
vellow. Scale bars: 10 um. ¢
Ratio of the area of the sex body
with H3.3 (orange bars) or total
H3 (purple bars) signal, relative
to the area of the whole nucleus
with signal (excluding the sex
body). Pac pachynema, Dip
diplonema, Di.-Me. diakinesis-
metaphase. Error bars are the
standard error of mean (SEM)
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Fig. 7 Accumulation of YH2AX and DOTIL/H3K79me3 at the sex
body display largely opposite dynamics. Representative nuclei for pachy-
tene, diplotene and diakinesis-metaphase I stages stained with antibodies
to DOTIL (white) and YH2AX (purple) in a, or antibodies to

accumulation at this region correlates with the deposition
of H2A.Z during late prophase 1.

Discussion

In this report, we describe the localization of the histone
methyltransferase DOT1L during male mouse meiotic pro-
phase I. Since Dotl/DOTI1L can mono-, di-, or tri-methylate
H3K79, we also followed the dynamics of each individual
methylation state resulting from DOTIL activity. Our cyto-
logical analyses show that the association of DOTIL with
meiotic chromatin increases as prophase I progresses.
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b
H3K79me3

H3K79me3 (white) and YH2AX (purple) in b. The merged images of
SYCP3 (red) and DAPI (blue) are also shown. The XY body is outlined
in yellow. Scale bars: 10 um.

Interestingly, although the H3K79me2 and H3K79me3 states,
but not H3K79mel, also display a progressive increment, they
show remarkable differences with respect to the subnuclear
distribution, particularly in autosomal chromatin domains,
centromeric chromatin, and the sex body. A summary of
DOTIL localization and H3K79me patterns throughout pro-
phase I is depicted in Fig. 8. The findings suggest that each
H3K79 methylation state may have a specific role during
mammalian spermatogenesis. This highly dynamic scenario
contrasts with the situation in yeast, where global levels of
H3K79me do not significantly change during meiosis (Ontoso
etal. 2013). Although the precise chromosomal distribution of
the different methylation states remains to be tested in yeast, it
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Fig. 8 Summary of DOT1L and
H3K79me localization patterns
throughout prophase I in mouse
spermatocytes. Schematic
representation of spermatocytes at
different stages of prophase |

Spo‘!l‘i‘ﬁ-only

|
O LS
278

displaying the characteristic
arrangement of SYCP3 (dark red

lines)) and the corresponding
pattern for DOTI1L (grey),
H3K79mel (blue), H3K79me2
(red) and H3K79me3 (green).
The color gradation reflects the
signal intensity for each marker.
The sex body is outlined. The
dashed purple lines mark the last
developmental stage reached by
each mutant analyzed (see text for
details)

is likely that DOTIL activity during male mouse meiosis is
subjected to a more complex regulation.

H3K79me3 in the sex body

Of the extensive chromatin remodeling that accompanies
MSCI during early pachynema (Handel 2004; Turner 2007),
one of the most dramatic changes is the replacement of histone
H3.1/2 by the H3.3 variant, which implies the loss of most of
the PTMs already established in the XY chromatin and the
opportunity to introduce novel or additional marks (van der
Heijden et al. 2007). Tri-methylation of histone H3 at other
sites, such as H3K27, is among the repressive PTMs lost from
the XY body during pachynema (van der Heijden et al. 2007).
We find that the gradual increase of DOTIL all over the
nucleus is especially evident in the sex body from diplonema
onwards, coincident with the pronounced accumulation of
H3.3. The H3.3 histone variant differs from H3.1 or H3.2
only in five or four amino acids, respectively (Fig. S6a), and
the H3K79 position, as well as the structure of nucleosomes
containing either one of these three H3 variants, is conserved
(Fig. S6b—d) (Tachiwana et al. 2011). Moreover, in somatic
mammalian cells, the presence of K79mel and K79me2 in
H3.3 has been reported (Hake et al. 2006; Sweet et al. 2010;
Zee et al. 2010). Therefore, since DOTIL is the only
methyltransferase known for H3K79, it is conceivable that
DOTIL is responsible for the extensive tri-methylation of the
H3.3 variant at K79 in the sex body during the late stages of
meiotic prophase I (Figs. 1 and 2). We note that there is a
temporal shift between the prominent localization of DOT1L
in the sex body (at diplonema) and the strong accumulation of
H3K79me3 (at diakinesis). The additional regulation of

oe
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~ (o008
~COSB00e

DOTIL activity and/or substrate accessibility by other histone
PTMs (i.e., H2BK120 ubiquitylation; McGinty et al. 2008)
may account for this displacement.

H3K79me3 has been related with transcriptional repression
in mammalian somatic cells (Barski et al. 2007). The
H3K79me3 enrichment at the XY pair takes place during the
diplotene/diakinesis transition when the staining for yH2AX
and the repressive macroH2A variant becomes weaker.
Nevertheless, it is possible that, although undetectable with
our spreading technique, at least a fraction of these histone
variants remains associated with the sex chromosomes until
later meiotic stages, as occurs in other mammalian species (de
la Fuente et al. 2007, 2012; Namekawa et al. 2007).
Conversely, H2A.Z, which is initially excluded from the sex
body, arrives at this location at the same time as H3K79me3
accumulates. Most of the gene repression started with MSCI
remains at postmeiotic stages, and may be linked with
imprinted X-inactivation, although a subset of sex chromo-
some genes is upregulated postmeiotically (Namekawa et al.
2006; Mueller et al. 2008). As has been proposed for H2A.Z
(Greaves et al. 2006) and other chromatin modifications, such
as H3K9me?2 and the recruitment of the heterochromatin
proteins HP13 and HP1y (Namekawa et al. 2006), our results
are consistent with a role for DOT1L-mediated H3K79me3 in
maintaining silencing of sex chromosomes from diplonema
onwards. Curiously, in yeast, H2A.Z and H3K79 methylation
also collaborate in the maintenance of differentiated chromatin
domains contributing to the establishment of boundaries be-
tween the subtelomeric silenced chromatin and the active
euchromatin (van Leeuwen et al. 2002; Ng et al. 2003;
Meneghini et al. 2003). On the other hand, we demonstrate
that the H3K79me2 mark, which is related with active
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transcription in somatic cells (Kouskouti and Talianidis 2005;
Miao and Natarajan 2005; Zhou et al. 2011), remains largely
excluded from the sex body with a faint signal only during late
prophase I and metaphase I stages, presumably corresponding
to the small fraction of X-linked genes expressed after MSCI
(Mueller et al. 2008).

H3K79me3 at the centromeric heterochromatin

H3K79me3 also exhibits strong enrichment in the constitutive
heterochromatin at centromeric regions during meiotic pro-
phase 1. This tendency was also reported in mouse somatic
cells and oocytes, where H3K79me3 colocalizes with the het-
erochromatin protein HP13 (Ooga et al. 2008). Another his-
tone PTM associated with transcriptional silencing, such as
H3K9me3 (Cowell et al. 2002; Wu et al. 2005), similarly
accumulates at centromeric regions during mid-prophase I
(Page et al. 2012). However, this mark has a wider localization
all over the nucleus until mid-pachynema and, unlike
H3K79me3, displays a reduced signal in the sex chromosomes
from mid-pachynema onwards (Page et al. 2012), coincident
with the replacement of H3.1/2 by H3.3. These observations
are consistent with a specific role for H3K9me3 in transcrip-
tional repression of the autosomes during early prophase I, and
together with H3K79me3 in the establishment of centromeric
heterochromatin. However, whereas the H3.3 newly incorpo-
rated at the sex body appears to be a favorable substrate for
DOTIL and becomes highly tri-methylated at K79 during
diplonema/diakinesis, it does not seem to be a target for the
Suv39h methyltransferases responsible for H3K9me.
Additional histone PTMs at centromeric regions, such as
H3K9me2, H4K5ac and H4K 16ac (ac, acetylation) also under-
go particular dynamics during meiotic prophase I (Khalil and
Driscoll 2010). Therefore, distinctive PTM combinations could
set up spatial and temporal control of transcriptional repression
or (re)activation during particular stages (Greaves et al. 20006;
Namekawa et al. 2006; van der Heijden et al. 2007; Mueller
et al. 2008; Khalil and Driscoll 2010; Page et al. 2012). Our
results suggest that DOT1L-dependent H3K79me3 also im-
pinges on this exquisite control. Consistent with a role for
H3K79 methylation in heterochromatin formation it has been
shown that DOT1L-deficient mouse embryonic stem cells
possess reduced levels of constitutive heterochromatin marks,
such as H4K20me3, at subtelomeric regions (Jones et al. 2008).
Since DOTI1L appears to be the only methyltransferase respon-
sible for H3K79me in mouse (Jones et al. 2008), it is somehow
surprising that the accumulation of H3K79me3 at centromeric
domains does not correlate with stronger DOT1L staining in
these regions. It is possible that the crosstalk with other(s)
centromeric-specific histone PTMs may stimulate DOT1L ac-
tivity specifically at these locations to reach higher levels of the
maximum methylation state (i.e., H3K79me3). Alternatively,
slower dynamics of histone H3 replacement at centromeres
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could also explain the accumulation of H3K79me3 (De Vos
et al. 2011).

A potential role for H3K79me2 in autosomal transcriptional
reactivation

In contrast to H3K79me3, we found a rather homogeneous
distribution of H3K79me?2 all over the nucleus, except for the
exclusion from the sex body. Similar widespread localization
has been described in mouse oocytes (Ooga et al. 2008).
H3K79me2, like H3K4me3 and various H3 acetylation
events, are characteristic marks of active genes in mammalian
somatic cells (Kouskouti and Talianidis 2005; Miao and
Natarajan 2005; Zhou et al. 2011). The H3K79me?2 increase
that we detect starting at pachynema and following DOT1L
accumulation coincides temporally with the general transcrip-
tional reactivation occurring on autosomes during the transi-
tion from mid to late pachynema and continuing in diplonema
(Page et al. 2012). In addition, H3K79me2 distribution during
prophase I exhibits a similar spatio-temporal pattern to that of
H3K9ac and the active form of RNA polymerase II (RNAPII),
both strongly associated with active transcription (Page et al.
2012). Furthermore, human DOTIL functionally interacts
with actively transcribing RNAPII, which targets the
methyltransferase to active genes (Kim et al. 2012a).
Therefore, widespread DOT1L-dependent H3K79me2 from
pachynema onwards could be an additional element contrib-
uting to the resumption of transcription in autosomes when
recombination intermediates are resolved and characteristic
marks, like YH2AX, and Dmcl1/Rad51 foci, disappear.
Alternatively, it could be also possible that accumulation of
H3K79me2 is a consequence of transcriptional reactivation.

H3K79 methylation in challenged meiosis

Dot1/DOT1L-mediated H3K79me has multiple functions in a
variety of biological processes from yeast to mammals (see
Introduction; Nguyen and Zhang 2011); but the functional
contribution of Dotl to meiosis has been investigated mostly
in budding yeast. Dotl is not required in unperturbed meiosis,
but is essential for the checkpoint responses to the accumula-
tion of unrepaired meiotic DSBs and synapsis defects that
occur in yeast dmcl and zip/ mutants, respectively (San-
Segundo and Roeder 2000; Ontoso et al. 2013). Unlike other
chromatin marks, e.g., YH2AX, neither DOTIL nor
H3K79me showed evidence for relocalization or redistribu-
tion in various mouse mutants defective at different steps in
prophase I. The reduced levels of DOT1L, H3K79me2 and
H3K79me3 at the latest stage of development reached in
Spoll ™~ and Dmcl ™"~ mutants are likely the consequence
of the arrested meiosis that hampers the progressive accumu-
lation of DOTIL observed in the wild type (Fig. 8). Higher
levels of H3K79me2/3 are present in the Spo /1 [3-only mouse,
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which shows milder meiotic defects, compared to the severely
affected and prematurely arrested Spo/l "~ and Dmcl ™ mu-
tants, which barely accumulate those marks. The fact that
DOT1L-dependent H3K79 modifications do not relocalize to
sites of unrepaired DSBs or unsynapsed chromosomes in these
mutants does not preclude a role for DOT1L in the mammalian
checkpoints responding to meiotic defects. Actually, in the
synapsis-defective zip/ mutant of budding yeast, global
H3K79me levels do not change compared with the wild type,
despite the essential role of Dotl-dependent H3K79me in the
checkpoint response promoting the zip/ meiotic delay (Ontoso
et al. 2013). Furthermore, in the DNA damage checkpoint trig-
gered by unrepaired DSBs in somatic cells, a similar situation
exists, because neither global nor local changes in H3K79 meth-
ylation occur, despite its role in the recruitment of mammalian
53BP1 or yeast Rad9 checkpoint adaptors (Huyen et al. 2004;
Wysocki et al. 2005). Models involving chromatin remodeling
events that locally expose methylated H3K79 residues under
certain faulty circumstances have been invoked to explain these
findings (Huyen et al. 2004; Wysocki et al. 2005; Ontoso et al.
2013). In the yeast zip/ mutant, Dotl promotes the accumulation
of the HORMADI1/2 homolog Hopl on unsynapsed axes to
enable activation of the Mekl checkpoint effector kinase.
H3K79me-dependent chromosonal exclusion of the Tripl3-
homolog Pch2 contributes in part to the regulation of Hopl
localization (Ontoso et al. 2013). Although Pch2's checkpoint
role is not restricted to yeast and it also exists in worms and flies
(San-Segundo and Roeder 1999; Bhalla and Dernburg 2005;
Joyce and McKim 2009), no evidence of the participation of
Trip13 in mouse meiotic checkpoints has been found so far (Li
etal. 2007; Roig et al. 2010). Therefore, if DOT1L also performs
a meiotic checkpoint function in mouse it is unlikely to be
exerted via Trip13 regulation.

Concluding remarks

Although functional interpretations from cytological analysis
must be taken with caution, our results are consistent with a role
for DOTIL and H3K79me at least in the special dynamics of
chromatin repression/(re)activation that takes place during male
mouse meiotic prophase I. Our observations open several in-
triguing questions, and more work needs to be done to expand
our knowledge about DOTI1L and H3K79me meiotic func-
tion(s) and regulation. For example, how is the same
methyltransferase responsible for two methylated stages at the
same target with such different roles? Undoubtedly, a fine
regulation must be involved, perhaps mediated through the
crosstalk with neighboring PTMs and/or histone variants in
each moment and location. Alternatively, or in addition, the
several DOTIL splicing isoforms in mice (Zhang et al. 2004)
may have different affinities and/or requirements for catalytic
activity, or the regulation could be imposed by other

components of the DotCom complex (Mohan et al. 2010).
Since DOT1L-knockout mice are not viable and die by embry-
onic day 10.5 (Jones et al. 2008), the development of condi-
tional testis-specific DOT1L-deficient mice would be an in-
valuable tool to address the functional contribution of
H3K79me to various meiotic events.
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Dynamics of DOT1L localization and H3K79 methylation
during meiotic prophase I in mouse spermatocytes

Ontoso D, Kauppi L, Keeney S and San-Segundo PA

Supplementary Fig. 1

Leptonema Zygonema Pachynema Diplonema Diaki.-Meta.

Dot1L
series

H3K79me1
series

H3K79me2
series

H3K79me3
series

Supplementary Fig. 1 SC morphology in the spermatocytes displayed on Fig. 1. The DAPI and
SYCP3 staining corresponding exactly to the same panels presented in the main Fig. 1 are shown
alone to facilitate the clear discrimination of SCYP3 morphology in the different prophase I
stages. DOT1L, H3K79mel, H3K79me2 and H3K79me3 series refer to the panels shown in the
main Fig. 1 displaying those signals, respectively. The sex body is pointed by a yellow arrow.
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Supplementary Fig. 2 DOTIL and H3K79 methylation patterns in the Tripl3"o%mod
mutant. a-d Spermatocytes from the 7ripl3"°¥"°¢ mutant and a littermate Trip13 " control
were analyzed as indicated in Fig. 4.
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Supplementary Fig. 3 DOTI1L and H3K79 methylation patterns in the Spol1/ “/~ mutant.
a-d Spermatocytes from the Spo// ™/~ mutant and a littermate Spo// */~ control were analyzed
as indicated in Fig. 4.
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Supplementary Fig. 4 Quantification of DOT1L and H3K79me staining at the sex body and
pericentromeric areas in SpollB-only and Trip13"°“"*mutants. a-d The graphs represent the
ratio of the area of the sex body (a, ¢) or the pericentromeric regions (b, d) with DOTIL,
H3K79mel, H3K79me2 or H3K79me3 signal, relative to the area of the rest of the nucleus with
the corresponding signal in the Spol1-only (a, b) or the Trip13"°¥"o¢ (¢, d) mutants. The indi-
cated prophase stages were analyzed. S11B, Spollp-only; T13, Tripl3med/med; C, control; Pac,
pachynema; Dip, diplonema. Error bars are the standard error of mean (SEM).



Supplementary Fig. 5
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Supplementary Fig. 5 Differen-
tial subnuclear distribution of the
macroH2A and H2A.Z histone
variants. a, b Representative nuclei
for pachytene, diplotene and
diakinesis-metaphase I  stages
stained  with  antibodies to
macroH2A (a; white), or to H2A.Z
(b; white). The merged images of
SYCP3 (red) and DAPI (blue) are
also shown. The XY body is outli-
ned in yellow. Scale bars: 10 pm.

¢ Ratio of the area of the sex body with macroH2A (yellow bars) or
H2A.Z (blue bars) signal, relative to the area of the whole nucleus with
signal (excluding the sex body). Pac, pachynema; Dip, diplonema and
Di.-Me., diakinesis-metaphase. Error bars are the standard error of
mean (SEM).
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Supplementary Fig. 6 Structural analysis of the K79 position in various histone H3 forms.

a Sequence alignment of the mouse H3.1, H3.2 and H3.3, and the Saccharomyces cerevisiae H3.1 and
H3.2 histones. The K79 position (shaded in yellow) is among the majority of evolutionarily conserved
residues present in the five sequences. The variant residues are shaded in red. Note that H3.3 only
differs in four residues with H3.2 (positions 31, 87, 89 and 90), and in five residues with H3.1 (the
previous ones plus the position 96). Curiously, three of the mouse H3.3 specific positions (S31, 189
and G90) are conserved in the yeast H3.1 and H3.2. The A87 is the only exclusive residue of H3.3
compared with all the other H3 histones. b-d Crystal structure of human nucleosomes containing
H3.1 (b), H3.2 (¢) and H3.3 (d) (Tachiwana et al. 2010; Tachiwana et al. 2011). The PDB IDs are
3AFA, 3avl and 3av2, respectively. The structure of the nucleosomes carrying either H3.1, H3.2, or
H3.3 is almost identical. The surface-exposed H3K79 position (green arrow) is not affected by the
variant residues in H3.3, even though most of them are in its neighborhood.



ARTICULO 2

CONCLUSIONES

1. La metil-transferasa DOT1L y los distintos estados de metilacion de H3K79 presentan dinamicas de
localizacién espacio-temporal especificas a lo largo de la profase meiética | en espermatocitos de raton, lo

que sugiere funciones diferenciales para cada una de ellas.

2. Aunque H3K79me2 se excluye significativamente del cuerpo sexual, los niveles de H3K79me2
aumentan en las regiones autosémicas a partir de paquitene, de acuerdo con una funcion relacionada con la

reactivacion transcripcional autosémica en los estadios tardios de la profase.

3. La forma H3K79me3 muestra un enriquecimiento progresivo en el cuerpo sexual que correlaciona
con el de H2A.Z, con la sustitucion de H3.1/H3.2 por la variante H3.3, y con la pérdida de yH2AX y
macroH2A, por lo que su incorporacién en H3.3 podria contribuir, junto con H2A.Z, al mantenimiento del

silenciamiento en determinadas regiones de los cromosomas sexuales a partir de diplotene.

4. La forma H3K79me3 también se concentra en las regiones de heterocromatina centromérica, por lo

que podria tener un papel en el silenciamiento estas zonas.

5. La localizacion de DOT1L y la distribucién los distintos estados de metilacién de H3K79 no se altera
en mutantes de raton con defectos en sinapsis y/o recombinacién, aunque la acumulacién de las formas
metiladas se interrumpe en el estadio de la profase correspondiente al bloqueo meiético de cada mutante

analizado.
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DRI durante la profase meidtica | en espermatocitos de ratén

CONCLUSIONS

1. The DOT1IL methyltransferase and the different H3K79me states exhibit characteristic spatio-
temporal dynamics during meiotic prophase | in mouse spermatocytes, suggesting differential roles for each

methylation state.

2. H3K79me2 is largely excluded from the sex body, but H3K79me2 levels increase in autosomal
regions from pachynema onwards, consistent with a role in the resumption of transcription in autosomes

during late prophase | stages.

3. H3K79me3 shows a progressive enrichment at the sex body, which correlates with that of H2A.Z,
with the replacement of H3.1/H3.2 by H3.3 and with the loss of yH2AX and macroH2A. Therefore,
trimethylation of K79 in the H3.3 variant at the sex body, together with H2A.Z incorporation, supports a

contribution in maintaining silencing of sex chromosomes from diplonema onward.

4. H3K79me3 is also enriched at pericentromeric heterochromatin areas, consistent with a role in

silencing these regions.

5. The chromosomal distribution of DOT1L and the different H3K79me states is not altered in mutant
mice with defects in synapsis and/or recombination, although the accumulation of H3K79me is blocked at the

corresponding prophase | stage where each mutant analyzed undergoes meiotic arrest.
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ARTICULO 3

Regulation of tolerance to DNA alkylating damage

by Dot1 and Rad53 in Saccharomyces cerevisiae
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ARTICULO 3

Regulacion de la tolerancia al daio alquilante en el DNA por Dot1 y Rad53 en

Saccharomyces cerevisiae

RESUMEN

Para mantener la integridad genomica, las células tienen que responder correctamente a una variedad
de factores tanto exdgenos, como enddgenos, que provocan lesiones en el genoma e interfieren con la
replicacion del DNA. Los checkpoints de integridad del DNA coordinan esta respuesta ralentizando la
progresion del ciclo celular para conceder tiempo a la célula para reparar el dafio, estabilizar las horquillas de
replicacion y estimular la reparacion del DNA para recuperar la secuencia y estructura original del DNA.
Ademas, también existen mecanismos de tolerancia al dafio, como la sintesis a través de lesion (TLS, del
inglés translesion synthesis), que es importante para la supervivencia después del dafio en el DNA. TLS
permite que la replicacion continde sin eliminar la lesion, pero da lugar a una mayor frecuencia de
mutagénesis. En este trabajo, hemos investigado la contribucién funcional de la metiltransferasa de histona
Dot1 y de la quinasa del checkpoint Rad53 a la regulacion de TLS en Saccharomyces cerevisiae.
Demostramos que los niveles de metilacion de H3K79 mediados por Dot1 modulan la resistencia ante el
agente alquilante metil-metano-sulfonato (MMS), que depende de la ubiquitinacién de PCNA en la lisina 164.
Curiosamente, tanto la ausencia de DOT1, que impide la plena activacion de Rad53, como la expresién de
una version de RAD53 etiquetada con HA, que produce menos cantidad de la quinasa, confieren un aumento
en la resistencia a MMS. Sin embargo, el doble mutante dot14 rad53-HA es hipersensible al MMS vy los
niveles de quinasa activada son practicamente indetectables. Ademas la sobre-expresion moderada de
RAD53 suprime parcialmente la resistencia a MMS de dot14. También encontramos que las células dot14 y
rad53-HA tratadas con MMS muestran un aumento en el nimero de focos de Rev1 asociados a los
cromosomas. Proponemos que el umbral de actividad de Rad53 modula de forma precisa la tolerancia al
dafio por alquilacion, al menos en parte, mediante el control de la abundancia del factor clave para la TLS

Rev1 unido a la cromatina.
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1. Introduction

ABSTRACT

To maintain genomic integrity cells have to respond properly to a variety of exogenous and endogenous
factors that produce genome injuries and interfere with DNA replication. DNA integrity checkpoints
coordinate this response by slowing cell cycle progression to provide time for the cell to repair the
damage, stabilizing replication forks and stimulating DNA repair to restore the original DNA sequence
and structure. In addition, there are also mechanisms of damage tolerance, such as translesion syn-
thesis (TLS), which are important for survival after DNA damage. TLS allows replication to continue
without removing the damage, but results in a higher frequency of mutagenesis. Here, we investigate
the functional contribution of the Dot1 histone methyltransferase and the Rad53 checkpoint kinase to
TLS regulation in Saccharomyces cerevisiae. We demonstrate that the Dot1-dependent status of H3K79
methylation modulates the resistance to the alkylating agent MMS, which depends on PCNA ubiquity-
lation at lysine 164. Strikingkly, either the absence of DOT1, which prevents full activation of Rad53, or
the expression of an HA-tagged version of RAD53, which produces low amounts of the kinase, confer
increased MMS resistance. However, the dot1 A rad53-HA double mutant is hypersensitive to MMS and
shows barely detectable amounts of activated kinase. Furthermore, moderate overexpression of RAD53
partially suppresses the MMS resistance of dot1A. In addition, we show that MMS-treated dot1A and
rad53-HA cells display increased number of chromosome-associated Rev1 foci. We propose that thresh-
old levels of Rad53 activity exquisitely modulate the tolerance to alkylating damage at least by controlling
the abundance of the key TLS factor Rev1 bound to chromatin.

© 2010 Elsevier B.V. All rights reserved.

recruited to the sites of damage and trigger the activation of the
Rad53 and Chk1 effector kinases in a process mediated by the Rad9

The genome is constantly hit by multiple sources of exogenous
and endogenous damage that compromise its integrity. Eukary-
otic cells respond to the presence of genome injuries by activating
surveillance mechanisms referred to as DNA damage or DNA
integrity checkpoints. The inability to properly react to DNA dam-
age results in genome instability, which in mammalian systems is
linked to tumor development [1-3].

In Saccharomyces cerevisiae, DNA damage is initially detected by
the Mec1/Ddc2 (ATR/ATRIP) and the clamp-like Ddc1-Rad17-Mec3
(‘9-1-1") complexes. These checkpoint sensors are independently

Abbreviations: IR, ionizing radiation; MMS, methylmethane sulfonate; PCNA,
proliferating cell nuclear antigen; TLS, translesion synthesis; UV, ultraviolet.

* Corresponding author at: Instituto de Microbiologia Bioquimica, CSIC-USAL, Edi-
ficio Departamental, Lab 313-316, Campus Unamuno, 37007-Salamanca, Spain.
Tel.: +34 923124517, fax: +34 923 224876.

E-mail address: pedross@usal.es (P.A. San-Segundo).

1568-7864/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2010.07.003

and Mrc1 adaptors. In turn, the effector kinases act on the corre-
sponding targets to promote the different cellular responses to cope
with the DNA damage, including cell cycle arrest, stabilization of
replication forks and activation of DNA repair [4].

Eukaryotic cells are equipped with a broad range of specialized
DNA repair pathways to confront and eliminate the great variety
of genomic insults of different nature that can arise during differ-
ent cell cycle stages, but lesions occurring during S phase that can
stall replication forks are particularly threatening [5,6]. Thus, in
addition to the repair pathways to remove the lesions, cells pos-
sess tolerance mechanisms, such as translesion synthesis (TLS) and
template switching, that allow replication to continue despite the
presence of DNA damage [7]. These tolerance pathways are critical
for survival in the face of DNA damage. TLS is mediated by special-
ized polymerases that, in contrast to replicative polymerases, are
able to insert nucleotides opposite damaged templates, although
at the cost of increasing the mutagenesis rate. Therefore, this toler-
ance pathway must be tightly controlled. In yeast, TLS is performed
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Table 1

Saccharomyces cerevisiae strains.
Strain Genotype Source/reference
BR1919a MATa leu2-3,112 his4-260 ura3-1 ade2-1 thri-4 trp1-289 [75]
YP712 BR1919a lys2 ANhel zip1::LYS2 This study
YP1175 BR1919a lys2 ANhel zip1::LYS2 dot1::kanMX6 This study
YP1181 BR1919a lys2 ANhel zip1::LYS2 dot1::kanMX6::dot1-G401V::URA3 This study
YP1185 BR1919a lys2 ANhel zip1::LYS2 dot1::kanMX6::dot1-G401A::URA3 This study
W303-1A MATa leu2-3,112 trp1-1 ura3-1 ade2-1 his3-11,15 can1-100 rad5-G535R R. Rothstein
W303-1B MATo leu2-3,112 trp1-1 ura3-1 ade2-1 his3-11,15 can1-100 rad5-G535R R. Rothstein
YAF120 W303-1A hhf2-hht2::natMX htal-htb1::hphMX4 hht1-hhf1::kanMX hta2-htb2::natMX [46]

GAL1::YLR454w::TRP1 (pRS315-HTA1-Flag-HTB1, HHT1-HHF1)
YAF124 W303-1A hhf2-hht2::natMX htal-htb1::hphMX4 hht1-hhf1::kanMX hta2-htb2::natMX [46]
GAL1::YLR454w::TRP1 (pRS315-HTA1-Flag-HTB1, hht1-K79A-HHF1)

YP1332 YAF120 dot1::URA3 This study
YP8132 W303-1A RADS5 bar1::LEU2 [51]
YP814 W303-1A RAD5 bar1::LEU2 rad53-3HA::TRP1 This study
YP1215 W303-1A RADS5 bar1::LEU2 dot1:kanMX6 This study
YP1216 W303-1A RADS5 bar1::LEU2 dot1:kanMX6 rad53-3HA::TRP1 This study
TH291 W303-1A RAD5 pol30-K164R [48]
YP1553 W303-1B RAD5 bar1::URA3 pol30-K164R This study
YP1554 W303-1A RAD5 bar1::URA3 pol30-K164R rad53-3HA::TRP1 This study
YP1217 W303-1B RAD5 bar1::URA3 pol30-K164R dot1::kanMX6 This study
U952-3B W303-1A RAD5 sml1::HIS3 [76]
YP558 W303-1A RADS5 sml1::HIS3 dot1::URA3 This study
U960-5C W303-1A RAD5 sml1-1 rad53::HIS3 [76]
YP755 W303-1A RAD5 rad53::HIS3 sml1-1 dot1::kanMX6 This study
YP1471 W303-1A RAD5 bar1::LEU2 REV1::13myc::HISMX6 This study
YP1458 W303-1A RADS5 bar1::LEU2 REV1::13myc::HISMX6 dot1::kanMX6 This study
YP1460 W303-1A RAD5 bar1::LEU2 REV1::13myc::HISMX6 rad53-3HA::TRP1 This study
YP1531 W303-1A RAD5 bar1::LEU2 REV1::13myc::HISMX6 pol30-K164R This study
BY4742 MATa his3A1 leu2 A0 ura3 A0 lys2 A0 [77]
NKI3002 BY4742 dot1::natMX4 [42]
NKI3018 BY4742 dot1A::dot1-G401V F. van Leeuwen

2 Corresponds to strain YLW70 [51].

by the Polm polymerase (encoded by the RAD30 gene), and by the
Pol{ polymerase composed by the Rev3 (catalytic) and Rev7 (reg-
ulatory) subunits [8]. In addition, the Rev1 protein also plays a
critical role in TLS. Although Rev1 possesses deoxycytidyl trans-
ferase activity, its main TLS function is structural and does not rely
on the catalytic activity [9,10]. In eukaryotes, DNA damage toler-
ance is exquisitely controlled by ubiquitylation of the DNA sliding
clamp PCNA at the lysine 164 [11]. Thus, Rad6/Rad18-dependent
monoubiquitylation of PCNA-K164 triggers TLS, whereas polyu-
biquitylation of PCNA-K164 through Ubc13/Mms2/Rad5 induces
the template-switch error-free mode of damage bypass by sister-
strand recombination [7,12-14].

Genome injuries do not occur on the naked DNA, but rather in
the context of the highly organized chromatin. Indeed, during the
recent years significant advances have been made in understanding
the contribution of chromatin modifications to several aspects of
the DNA damage response, such as detection, signaling and repair of
the damage [15-20]. However, little is known about how chromatin
structure may impinge on DNA damage tolerance, although a recent
report has described a role for the INO80 remodeling complex in
DNA damage tolerance through modulation of PCNA ubiquitylation
[21]. Methylation of lysine 79 in histone H3 (hereafter H3K79-
me) by the Dot1 methyltransferase is one of the various histone
modifications involved in the cellular responses to DNA damage.
Dot1 orchestrates several aspects of chromosome metabolism both
in mitotic and meiotic cells, including transcriptional silencing
[22-25], activation of the meiotic recombination checkpoint and
regulation of recombination partner choice in meiosis [26], repair of
double-strand breaks by sister-chromatid recombination in mitotic
cells [27], and repair of IR- and UV-induced lesions [28-31]. In
addition, Dot1 participates in the DNA damage checkpoint in vege-
tative yeast cells being required for Rad9-mediated activation of the
Rad53 effector kinase, at least during the G1-S cell cycle transitions

84

[32,33]. Moreover, we have recently reported that Dot1 negatively
regulates the Pol{/Rev1-dependent pathway of tolerance to alky-
lating DNA damage. Indeed, deletion of DOT1 results in increased
Rev3-dependent mutagenesis [34]. Dot1 is conserved form yeast to
human; importantly, altered function of human DOT1L is linked to
leukemia development [35-39].

Here we investigate in more detail how Dot1 function con-
tributes to the regulation of DNA damage tolerance. We find that
Dot1 modulates the response to the alkylating agent MMS through
its catalytic activity on H3K79. In fact, progressively reduced levels
of H3K79 tri-methylation result in gradually increased resistance to
MMS. In addition, we examine the functional interaction between
Dot1 and an HA-tagged version of the Rad53 checkpoint kinase
that also promotes increased MMS resistance and mutagenesis [40].
Our results indicate that there is a window of opportunity for TLS
to act in the face of MMS lesions that is delineated by threshold
levels of Rad53 activity. Moreover, we present evidence indicating
that the contribution of Dot1 to DNA damage tolerance is exerted
via Rad53 and controls the levels of Rev1 protein associated with
chromosomes.

2. Materials and methods
2.1. Strains and plasmids

Yeast strains and plasmids used in this work are listed in
Tables 1 and 2, respectively. REV1-13myc::HISMX6 and rad53-
3HA::TRP1 tagging, as well as dot1::kanMX6 gene deletion, were
performed using standard PCR-based approaches [41]. Plasmid
pSS30 was used to generate dot1::URA3 [26]. Gene modifications
were introduced either by direct transformation or by genetic
crosses always in an isogenic background. To generate the strains
carrying the dot1-G401A and dot1-G401V alleles at the genomic
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Table 2

Plasmids.
Plasmid Description Source/reference
PRS315 CEN LEU2 [78]
pRS315-DOT1 CEN LEU2 DOT1 [42]
pFvL54 CEN LEU2 dot1-G401A [42]
PRS306 URA3 (78]
pFF003 URA3 dot1-G401A F. van Leeuwen
pTW043 URA3 dot1-G401V F. van Leeuwen
PRS426 2. URA3 [79]
pSS145 21 URA3 RAD53 This study

locus, the pRS306-based plasmids pFFO03 and pTW043, kindly pro-
vided by Fred van Leeuwen (NKI, Netherlands) were cut with Mlul
and targeted to the DOT1 promoter in dot1::kanMXG6 strains lacking
the whole DOT1 coding region. Plasmids pRS315-DOT1 and pFvL54,
which contain DOT1 and dot1-G401V respectively, in the pRS315
low-copy vector were also provided by F. van Leeuwen [42]. Strains
YP712, YP1175, YP1181 and YP1185 carry the zip1::LYS2 deletion.
Zip1 is a meiosis-specific structural component of the yeast synap-
tonemal complex [43]; therefore, the presence or absence of the
ZIP1 gene does not have any effect in vegetative haploid yeast.
Strains harboring the hht1-K79A and pol30-K164R alleles were
kindly provided by Mary Ann Osley (University of New Mexico)
and Takashi Hishida (Osaka University), respectively. Functionality
of the REV1-myc tagged gene was confirmed by the lack of MMS
sensitivity. The high-copy plasmid pSS145 containing RAD53 was
constructed by cloning the 3.6-kb EcoRI fragment from pCB583
(provided by the lab of M. Foiani, IFOM, Italy) into the 2 vector
pRS426.

2.2. MMS sensitivity assays

Exponentially growing cells were serially diluted in water and
5wl were spotted onto YPDA plates (YPD supplemented with
50 pwg/ml adenine) or YPDA plates containing MMS (Sigma) at vari-
ous concentrations and incubated at 30 °C. MMS plates were always
freshly made. When the strains to be analyzed contained plasmids,
cells were grown on selective medium (SC) lacking the correspond-
ing nutrient. Quantification of the MMS resistance was carried out
by plating the same number of exponentially growing cells onto
YPDA and MMS-containing plates. The MMS resistance was deter-
mined by counting the colonies growing on MMS plates relative to
the YPDA. Colonies were counted using the colony counting tool of
the Quantity One software (Bio-Rad). The quantification was always
done at least in triplicate. To calculate the statistical significance of
differences in MMS resistance in Fig. 6C, a two-tailed unpaired Stu-
dent t-test was performed using the GraphPad Prism version 4.0
software.

2.3. Western blot analysis

TCA cell extracts were prepared and analyzed essentially as
described [34]. SDS-PAGE gels at 15%, 10% and 7.5% were used for
detection of histone H3, Dot1 and Rad53, respectively. Antibod-
ies that specifically recognize H3K79-me1 (ab2886), H3K79-me2
(ab3594),H3K79-me3 (ab2621)and total histone H3 (ab1791) were
from Abcam and were used at 1:1000 dilution for H3K79-me1 and
1:4000 dilution for the rest. The anti-Rad53 (sc-6749; Santa Cruz
Biotechnology) and anti-HA (12CA5; Roche) antibodies were used
at 1:2000 dilution. The rabbit polyclonal anti-Dot1 antibody was
a kind gift from R. Freire (HUC, Tenerife, Spain) and was used at
1:1000 dilution. HRP-conjugated secondary antibodies were from
Santa Cruz or GE Healthcare. The ECL or ECL-Plus reagents (GE
Healthcare) were used for detection. For quantification of H3K79
methylation levels, the chemiluminescence signal was captured

with a ChemiDoc XRS (Bio-Rad) apparatus and analyzed with the
Quantity One software. Only non-saturated bands in the linear
range of detection were considered for quantification.

2.4. Citology

Immunofluorescence of nuclear spreads was performed essen-
tially as described [44]. The anti-myc tag antibody (clone 4A6,
05-724; Millipore) was used at 1:500 dilution and the Alexa
Fluor 594-conjugated anti-mouse secondary antibody (A11032;
Molecular Probes) was used at 1:200 dilution. Images were cap-
tured using a Nikon Eclipse 90i fluorescence microscope equipped
with an Orca-AG (Hamamatsu) CCD camera and a PlanApo VC
100X/1.4 objective. Images were processed and analyzed with
the MetaMorph software (Molecular Devices). Quantification of
chromosome-associated Revl was performed by counting the
number of Rev1 foci in the DAPI-stained area delimited using the
MetaMorph tools.

3. Results

3.1. Dot1-dependent histone H3K79 methylation regulates
tolerance to alkylating DNA damage

We have previously reported that the absence of Dot1 results in
increased resistance to chronic MMS exposure as a consequence
of enhanced TLS-mediated tolerance [34]. The only known bio-
chemical function of Dot1 is the mono-, di-, and tri-methylation
of lysine 79 in histone H3 [25]. To determine whether regulation
of MMS resistance by Dot1 relies on its methyltransferase activity,
we analyzed a catalytically inactive dot1-G401V mutant, in which
the glycine at position 401 in the Dot1 active site has been substi-
tuted by a valine (Fig. 1A; [45]). Like dot1 A, the dot1-G401V mutant
completely lacked detectable H3K79 methyltransferase activity
(Fig. 1B) and also displayed enhanced MMS resistance relative to
the isogenic wild-type strain (Figs. 1C and 2B), indicating that the
catalytic activity of Dot1 is required for its function in MMS toler-
ance. The only known substrate of Dot1 is H3K79; therefore, to
confirm that the MMS resistance of dot1A is due to the lack of
H3K79 methylation, we analyzed an H3-K79A mutant, in which the
lysine 79 targeted by Dot1 has been replaced by an alanine and can-
not be methylated [46]. Like dot1 A, the H3-K79A allele conferred
increased MMS resistance (Fig. 1D).

To investigate in more detail the regulation of DNA damage tol-
erance by H3K79 methylation, we examined MMS resistance in
strains exhibiting gradually diminished Dot1 catalytic activity. We
utilized the combination of two genetic tools to alter the levels
of Dot1 activity: (a) use of a dot1-G401A mutant (Fig. 1A), which
produces a partially active protein [42], and (b) expression of the
gene under its own promoter, but from a single-copy plasmid
(p[DOT1] or p[dot1-G401A]), which results in reduced amount of
protein (Fig. 2A). Given the distributive mode of action of Dot1 [42],
the wild-type strain expressing DOT1 from its endogenous locus
displayed the maximal activity with the highest levels of H3K79-
me3 and the lowest levels of H3K79-me1 (Fig. 2A). The catalytic
activity was then gradually reduced, as manifested by decreas-
ing levels of H3K79-me3 and increasing levels of H3K79-mel,
following this sequence: DOTI1>p[DOT1]|>dot1-G401A> p[dot1-
G401A] > dot1-G401V~ dot1 A (Fig. 2A). Interestingly, we found that
the progressive reduction of Dot1 activity led to a gradually ele-
vated MMS resistance (Fig. 2B and D). In particular, quantification of
the relative levels of each methylation state revealed a clear correla-
tion between the drop of H3K79-me3 and the enhanced resistance
to MMS (Fig. 2C and D). Thus, tolerance to alkylating damage is
finely modulated by H3K79 methylation levels.
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Fig. 1. The regulation of MMS resistance by Dot1 relies on its H3K79 methyltransferase activity. (A) Schematic representation of the Dot1 protein with the glycine at position
401 in the catalytic domain that has been mutated to valine or alanine in the dot1 alleles generated, as indicated. (B) Western blot analysis of H3K79 mono-, di- and tri-
methylation in wild type (BY4742), dot1A (NKI3002) and dot1-G401V (NKI3018) strains. Ponceau S staining is shown as a loading control. (C) Five-fold serial dilutions of
exponentially growing cells from the strains used in (B) were spotted onto YPDA and 0.025% MMS plates and incubated for 72 h. (D) Five-fold serial dilutions of exponentially
growing wild-type (YAF120), H3-K79A (YAF124) and dot1A (YP1332) cells were spotted onto YPDA and 0.015% MMS plates and incubated for the indicated time.

3.2. The MMS resistance of dot1 A depends on PCNA
ubiquitylation at lysine 164

Our previous observations indicated that the increased MMS
resistance and mutagenesis frequency of dot1 A is as a consequence
of enhanced tolerance mediated by the TLS pathway of DNA dam-
age bypass, because it is abolished in the absence of Pol{/Rev1
[34]. DNA damage-induced PCNA ubiquitylation at lysine 164 is
carried out by the Rad6/Rad18 (E2-E3) complex [7,11,47] and it is
a key regulator of the tolerance to genotoxic insults (Fig. 3A; [12]).
Therefore, to determine whether the MMS resistance conferred by
the absence of Dot1-promoted H3K79 methylation relies on this
PCNA modification, we deleted DOT1 in a PCNA ubiquitylation-
deficient pol30-K164R mutant [48]. As expected, the pol30-K164R
mutant was extremely sensitive even to low MMS concentrations
(Fig. 3B), underscoring the importance of DNA damage tolerance
pathways in promoting viability after alkylating damage [11]. How-
ever, although the absence of Dot1 suppresses the sensitivity of
an ample range of mutants impaired in coping with MMS-induced
lesions [34], deletion of DOTT failed to suppress the MMS sensitivity
of pol30-K164R (Fig. 3B). Moreover, the dot1A pol30-K164R dou-
ble mutant was more sensitive to MMS than pol30-K164R (Fig. 3B).
Likewise, the rev3A dot1A or revl A dot1 A double mutants are also
more sensitive to MMS than rev3A or revi A [34]. These observa-
tions unveil the additional role of Dot1 in another process, such as
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homologous recombination [27], which becomes more relevant to
deal with MMS damage in the absence of TLS.

3.3. Threshold levels of Rad53 activity modulate DNA damage
tolerance

Previous studies have shown that, like dot1A, cells express-
ing an HA-tagged version of the Rad53 checkpoint kinase display
increased MMS resistance and increased MMS-induced mutagene-
sis frequency ([40]; see also Fig. 5C). Moreover, recent observations
indicate that the enhanced MMS resistance of rad53-HA also
requires PCNA-K164 ubiquitylation (Fig. 3B) and TLS activity (AGS
and AB, unpublished results).

Thus, the similar phenotypes of dot1 A and rad53-HA prompted
us to further explore the possible relationship between Dot1 and
Rad53 in the regulation of MMS resistance, as we have previously
proposed [34]. Indeed, we found that the enhanced MMS resistance
of dot1A was abolished in the absence of Rad53 because a rad53A
dot1 A double mutant showed similar MMS sensitivity than rad53 A
(Fig. 4); therefore, MMS resistance conferred by dot1A requires
Rad53 function.

Activation of Rad53 can be monitored by a well-characterized
phosphorylation-dependent electrophoretic mobility shift [49]. In
the dot1 A mutant, Rad53 is not fully activated in response to MMS
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Fig. 2. The status of H3K79 methylation modulates tolerance to MMS. (A) Western blot analysis of strains producing the different versions of Dot1 either from the endogenous
loci (DOT1, dot1-G401A and dot1-G401V) or from a single-copy plasmid (p[DOT1] and p[dot1-G401A]), as indicated. The dot1 A mutant was also included. Note that the two
isoforms of Dot1 detected correspond to two alternative translational start sites [74]. Exponentially growing cells on SC-Leu were treated with 0.02% MMS for 2 h. Cell
extracts were analyzed with anti-Dot1 antibodies and with antibodies that specifically recognize the mono-, di- and tri-methylated forms of H3K79 or the total histone
H3, as indicated. Strains are: YP712 + pRS315 (DOT1), YP1175 + pRS315-DOT1 (p[DOT1]), YP1185 + pRS315 (dot1-G401A), YP1175 + pFvL54 (p[dot1-G401A]), YP1181 + pRS315
(dot1-G401V) and YP1175 +pRS315 (dot1A). (B) Five-fold serial dilutions of cultures from the same strains analyzed in (A) were spotted onto YPDA and 0.015% MMS plates
incubated for the indicated time. (C) Quantification of the relative levels of H3K79 mono-, di- and tri-methylation from the same strains used in (A). The maximum value of
each methylation state resulting from the average of three experiments was considered 100%. (D) Quantification of the MMS resistance. Colonies were counted after 40 h of
incubation on YPDA and 0.015% MMS plates. Average and standard deviation from three independent counts are presented.

([32]; Fig. 5A, lanes 3 and 4). In contrast, in the rad53-HA mutant,
although the Rad53-HA protein can be activated to the same extent
as the wild-type protein, it is produced in much lower amounts and,
consequently, also renders reduced levels of Rad53 activity ([40];
Fig. 5A and B). These observations suggest that the sub-optimal
levels of Rad53 activity present in dot1A or rad53-HA cells lead
to increased MMS resistance. Therefore, we generated a dot1A
rad53-HA double mutant to analyze the extent of Rad53-HA phos-
phorylation (activation) and MMS resistance. Using anti-Rad53
antibodies, the Rad53-HA protein was not detectable in rad53-HA
and dot1A rad53-HA cells in the absence of DNA damage (Fig. 5A,
lanes 5 and 6). Interestingly, in the dot1 A rad53-HA double mutant,
in addition to the low amount of Rad53-HA protein characteristic
of this tagged version, the levels of MMS-induced phosphorylated
(and therefore active) Rad53-HA were further reduced compared
with the rad53-HA single mutant (Fig. 5A, lanes 7 and 8). Indeed, the
phosphorylated species of Rad53-HA induced by MMS were only
barely detectable after long exposure of the membranes (Fig. 5A,

middle panels). Using anti-HA antibodies, it was possible to detect
a faint band corresponding to the basal form of Rad53-HA (Fig. 5B,
lanes 1 and 2), which was not detectable with anti-Rad53. In
addition, upon MMS treatment, only the phosphorylated species
of Rad53-HA were detected, and the reduced levels of activated
Rad53-HA in the dot1 A rad53-HA double mutant compared with
the rad53-HA single mutant were also manifested (Fig. 5B, lanes
3-6). Strinkingly, whereas both dot1 A and rad53-HA single mutants
display increased MMS resistance (Fig. 5C; see also Figs. 1, 2,3 and 6;
[34,40]), the dot1 A rad53-HA double mutant was extremely sensi-
tive to MMS (Fig. 5C), resembling a rad53 A mutant (Fig. 4).
Moreover, if the increase in MMS resistance observed in dot1 A
results from the inability to fully activate Rad53, we reasoned that
raising the levels of active Rad53 kinase in the dot1 A mutant by
overproducing the protein should bring the MMS resistance closer
towild-type levels. Indeed, we found that moderate overexpression
of RAD53 from a high-copy plasmid significantly restored the levels
of MMS-activated Rad53 in a dot1A mutant (Fig. 6A) and partially
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Fig. 3. The MMS resistance of dot1A and rad53-HA depends on PCNA-K164 ubiquitylation (A) Schematic diagram of the PCNA sliding clamp with the relevant MMS-induced
ubiquitylation event. (B) Five-fold serial dilutions of exponentially growing cells were spotted onto YPDA and 0.0005% MMS plates. Note that the strong MMS sensitivity of
the pol30-K164R mutant requires the use of a very low MMS concentration, at which dot1A and rad53-HA single mutants do not show increased resistance. Strains are YP813

(wild type), YP1215 (dot1A), YP814 (rad53-HA), YP1553 (pol30-K164R), YP1217 (dot1 A pol30-K164R) and YP1554 (rad53-HA pol30-K164R).

suppressed the increased MMS resistance of dot1 A (Fig. 6B and C).
Collectively, these results suggest that intermediate Rad53 activ-
ity (below wild-type levels) supports enhanced resistance to MMS,
as occurs in dot1A or rad53-HA mutants. However, when Rad53
function drops below certain threshold level the cells become very
sensitive to this genotoxic agent, which is the situation present in
the dot1A rad53-HA double mutant and in rad53 A (see Section 4).

3.4. Dot1 and Rad53 modulate binding of Rev1 to chromatin

Current models for TLS propose that when the replication
machinery stalls at a lesion, binding of the Revl protein to

0.00375%
MMS

0.005%
MMS

0.01%
MMS

monoubiquitylated PCNA serves as scaffold for recruiting the Pol{
polymerase to the stalled fork by virtue of the interaction between
Rev1 and the Rev7 accessory subunit of Pol{ [50-52]. This would
promote the switch of the replicative polymerase by the TLS poly-
merase to continue replication past the lesion [53-55]. However,
compelling evidence supports that DNA damage tolerance mech-
anisms function during the G2/M phase acting on gaps behind
replication forks [56-59]. In any case, Rev1 is a key regulator
of Pol{ activity [10], and it has been shown that forms chromo-
somal foci [60,61]; therefore, we examined MMS-induced Rev1
localization in nuclear spreads of wild-type, dot1A and rad53-HA
strains.
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Fig. 4. The MMS resistance conferred by dot1 A requires Rad53. Five-fold serial dilutions of exponentially growing cells were spotted onto YPDA, 0.00375% MMS, 0.005%

MMS and 0.01% MMS plates incubated for the indicated time. Strains are U952-3B (wild type), YP558 (dot1A), U960-5C (rad53A) and YP755 (dot1 A rad53A). Note that all
strains are in an sml1 background to maintain rad53A viability.
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dot1A exponentially growing cells either untreated or treated with 0.03% MMS for 1h, as indicated. Double arrows mark the phosphorylated (activated) species of Rad53

(or Rad53-HA). The middle panels show an overexposure of the film to visualize the low

levels of phosphorylated Rad53-HA in the absence of Dot1. Ponceau S staining was

used as a loading control. (B) Western blot analysis with anti-HA antibodies of rad53-HA and rad53-HA dot1A exponentially growing cells either untreated or treated with
0.03% MMS for 1h or 2 h, as indicated. The wild-type strain was included as an untagged control. Double arrows mark the phosphorylated (activated) species of Rad53-HA.
The middle panel represents a computer-enhanced display of the upper blot to make more perceptible the basal form of Rad53-HA detected only in untreated cells (single

arrow). Ponceau S staining was used as a loading control. (C) Five-fold serial dilutions of

exponentially growing cells were spotted onto YPDA, 0.015% MMS and 0.02% MMS

plates incubated for the indicated time. Strains are YP813 (wild type), YP1215 (dot1A), YP814 (rad53-HA) and YP1216 (rad53-HA dot1A).

Chromatin-associated Rev1 signal was observed both in
untreated and MMS-treated cells (Fig. 7A). To analyze in more detail
the binding of Rev1 to chromosomes, we quantified the number
of Rev1 foci detected in the nuclear spreads and established three
categories (Fig. 7B). In the absence of damage, all strains analyzed
contained a high number of Rev1 foci on chromosomes; most nuclei
corresponded to class IlI (i.e., more than 30 foci per nucleus). How-
ever, after MMS treatment, the number of Rev1 foci remarkably
diminished in chromosome spreads from the wild-type strain, but
remained high in the dot1 A and rad53-HA mutants (Fig. 7). Indeed,
whereas most nuclei from the MMS-treated dot1A and rad53-HA
mutants contained more than 30 Rev1 foci (79% and 61% of nuclei
belonged to class III, respectively), only 34% of wild-type nuclei
fell into this category (Fig. 7B). Representative images of the most
abundant class of nuclei for each condition are shown in Fig. 7A.

In summary, these results suggest that full activation of Rad53
promotes Rev1 disassembly from chromosomes upon MMS treat-
ment, but the reduced Rad53 activity present in dotl1A and
rad53-HA allows extended Rev1 binding to chromatin accounting
for the increased MMS resistance of these mutants.

4. Discussion

We have previously described a role for the histone H3K79
methyltransferase Dot1 in the tolerance to alkylating DNA damage
[34]. Here, we have further characterized this function of Dot1 by
first analyzing the impact of different methylation states of H3K79
in the response to continuous MMS exposure. We provide evidence
indicating that the regulation of DNA damage tolerance by Dot1
depends on its catalytic activity on H3K79 and not on other possi-
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Fig. 6. Overexpression of RAD53 partially suppresses the increased MMS resistance
of dot1A. (A) Western blot analysis of Rad53 in wild-type (YP813) and dot1 A strains
(YP1215) transformed with vector alone (pRS426; lanes 5-8) or with a high-copy
plasmid expressing RAD53 (pSS145; lanes 1-4) either untreated or treated with
0.03% MMS for 1.5 h, as indicated. Double arrows mark the phosphorylated species
of Rad53. Ponceau S was used as a loading control. (B) 2.5-fold serial dilutions
of cells grown on SC-Ura to log phase were spotted onto YPDA and 0.025% MMS
plates incubated for the indicated time. Strains are YP813 +pRS426 (wild type),
YP1215 +pRS426 (dot1A) and YP1215 +pSS145 (214-RAD53 dot1A). (D) Quantifi-
cation of the MMS resistance. Colonies were counted after 48 h of incubation on
YPDA and 0.025% MMS plates. Average and standard deviation from six independent
counts are presented. The p value of the statistical comparison is also shown.

ble unknown substrate(s) because, like dot1 A, both a catalytically
defective dot1-G401V allele, and a non-methylatable H3-K79A ver-
sion of histone H3 confer MMS hyper-resistance. To investigate
how different degrees of H3K79 methylation affect MMS resistance,
we have engineered and analyzed a set of strains with progres-
sively crippled Dot1 activity, ranging between wild-type DOT1 and
dot1 A as the maximal and minimal Dot1 catalytic activity, respec-
tively. We find a striking correlation between the decline of Dot1
activity and the increase in MMS resistance. This correlation was
particularly evident for the loss of H3K79-me3, suggesting that this
methylation state is the most relevant for the MMS response. Sim-
ilarly, different functional relevance for the different methylation
states of H3K79 in the coordination of DNA repair and checkpoint
activation in response to UV has been proposed [62]. In contrast, it
has been clearly demonstrated that chromatin silencing relies on
global levels of H3K79 methylation, and not on specific methyla-
tion states [42]. Importantly, the MMS resistance conferred by the
absence of Dot1 is independent of the silencing SIR complex [34].
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The role of Dot1 in multiple nuclear processes, such as tran-
scriptional silencing, meiotic checkpoint, DNA damage checkpoint
or DSB repair, relies on the regulated binding of various key fac-
tors to specific chromosomal regions [25-27,33]. In principle, the
impact of Dot1 (i.e. H3K79 methylation) in MMS resistance and the
higher number of MMS-induced chromosome-associated Rev1 foci
in the dot1 A mutant could emanate from a direct effect of a pecu-
liar chromatin structure dictated by the H3K79 methylation status
modulating the recruitment of the TLS machinery. However, our
results support an alternative possibility implying that the effect
of Dot1 in DNA damage tolerance is exerted indirectly through the
regulation of the Rad53 checkpoint kinase. The fact that a rad53-HA
mutant, characterized by reduced levels of the kinase, substan-
tially phenocopies dot1A in the response to chronic MMS exposure
([34,40]; this work) suggested a possible relationship between Dot1
and Rad53 in the regulation of tolerance to alkylating damage. Sup-
porting this possibility, we find that the MMS resistance of both
dot1A and rad53-HA depends on ubiquitylation of PCNA at K164,
which is a crucial regulator of the TLS mechanism of DNA dam-
age tolerance. Moreover, we show here that the increased MMS
resistance of the dot1A mutant depends on Rad53.

Both dot1 A and rad53-HA mutants display enhanced resistance
to alkylating damage and increased TLS-dependent MMS-induced
mutagenesis. Strinkingly, in both mutants, the levels of Rad53 acti-
vated by MMS treatment are reduced compared to the wild type,
but for different reasons. In the case of dot1A, Rad53 is produced
at normal levels (see Figs. 5A, lanes 1 and 2 and 6A, lanes 5 and
7), but the inability to properly recruit the Rad9 adaptor to DNA
damage sites results in defective activation of Rad53 ([27,32,33];
Fig. 5). On the other hand, the rad53-HA allele gives rise to a func-
tional protein, which can be fully activated; however, it is highly
unstable, resulting in the production of low levels of MMS-induced
active kinase ([40]; see also Fig. 5A, lane 7). In the dot1 A rad53-HA
double mutant, the activation of the low amounts of kinase pro-
duced by the HA-tagged allele is further hampered by the absence of
DOT1 resulting in barely detectable levels of phosphorylated kinase.
Remarkably, whereas the dot1 A and rad53-HA single mutants show
increased MMS resistance, the dot1A rad53-HA double mutant
shows strong MMS sensitivity implying that threshold levels of
Rad53 activity determine the outcome of the cellular response to
alkylating damage. We favor the scenario presented in Fig. 8 to
explain our findings. In the face of MMS challenge that prevents
the advance of replication forks, the wild-type strain fully acti-
vates Rad53 and the subsequent checkpoint responses controlled
by this effector kinase, including cell cycle arrest, stabilization of
replication forks and induction of DNA repair mechanisms [5].
In addition, high levels of Rad53 activity would negatively regu-
late the TLS mechanism of damage tolerance to prevent excessive
mutagenesis. We propose that the sub-optimal levels of activated
Rad53 present in rad53-HA mutants or in mutants that cripple
H3K79 methylation (dot1-G401A, dot1-G401V, dot1A), while still
preventing replication fork collapse, allow cell cycle progression
and TLS-dependent replication across damage. Consistent with this
idea, analysis of MMS-treated cells lacking the Rad53 phosphatases
Pph3 an Ptc2 suggested that a graded response to the level of Rad53
phosphorylation occurs controlling replication fork restart [63,64].
These authors propose that a cycle of Rad53 activation and deac-
tivation coordinates DNA repair with TLS-dependent replication
fork progression through damaged DNA by a mechanism involv-
ing the Cdc7-Dbf4 kinase activity [64]. Indeed, the cooperation of
a functional Rad53-dependent checkpoint response with multiple
pathways involving base excision repair, recombination and DNA
damage tolerance has been shown to be crucial for a proper cel-
lular response to alkylated DNA [65,66]. Our analysis of the dot1A
rad53-HA double mutant suggests that when Rad53 activity drops
below a critical threshold level, damaged replication forks would
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irreversibly collapse, like in rad53 A [67,68], resulting in cell death
and pronounced MMS sensitivity (Fig. 8). We note, however, that in
contrast with rad53 A, the low amounts of the Rad53-HA protein in
the dot1 A rad53-HA mutant must be sufficient to support viability
in undamaged cells.

The Rev1 protein is a crucial regulator of TLS activity because
of its structural function [10]; therefore, we focused on Rev1 to
investigate how Dot1/Rad53 function impinges on TLS-dependent
mutagenic bypass of MMS-induced lesions. In particular, we exam-
ined Rev1 localization to chromatin by immunofluorescence of
nuclear spreads. We found that Rev1 foci are present in most nuclei
even in the absence of MMS damage, suggesting that there is a con-
stitutive localization of Rev1 to chromosomes. Similar results have
been reported for 4NQO-treated cells [61]. Since PCNA ubiquity-

lation is triggered by DNA damage [11], these observations imply
that the basal formation of Rev1 foci does not depend on the inter-
action with ubiquitylated PCNA. Consistent with this possibility,
we detect Rev1 foci in the ubiquitylation-deficient pol30-K164R
mutant (Supplementary Fig. 1). In fact, studies of mouse and yeast
Rev1 suggest that the BRCT domain of Rev1 is required for its con-
stitutive recruitment to foci, whereas the ubiquitin-binding motifs
specifically drive Rev1l to damaged replication forks [60,69,70].
Moreover, in DT40 chicken cells, Revl maintains progression of
replication forks upon DNA damage independently of PCNA ubiq-
uitylation [71].

Strikingly, although most nuclei maintain Rev1l signal, we
observe a decrease in the number of Rev1 foci per nucleus in
MMS-treated wild-type cells. Since mutagenic TLS is induced by
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alkylating damage [34], this reduced number of Rev1 foci (or a
significant fraction of them) must by actively engaged in TLS. In con-
trast, the number of chromatin-bound Rev1 foci remains elevated
in the dot1 A or rad53-HA mutants, providing the opportunity for
more TLS-dependent mutagenic events once DNA damage-induced
ubiquitylation of PCNA occurs. We propose that full activation
of the Rad53 checkpoint kinase, which depends on Dot1, some-
how restrains TLS activity by preventing promiscuous formation
of Rev1 foci associated with chromosomes. Rev1 undergoes Mec1-
dependent phosphorylation, which promotes Pol{ activity only in
NER-deficient cells [61,72]. Phosphorylation of Rev1 also requires
the checkpoint clamp ‘9-1-1’ and the clamp loader Rad24; how-
ever, it is independent of Rad53 [72]. Therefore, it is unlikely that
this posttranslational modification of Rev1 controls the formation
of TLS-active Rev1 foci. Perhaps, Rad53 acts on other regulators of
TLS that mediate Revl chromosomal binding or stability. Future
studies will be aimed to unveil these mechanisms.

In summary, our studies provide insight into how a chro-
matin modification, namely Dot1-dependent H3K79 methylation,
regulates the tolerance to alkylating damage by TLS through mod-
ulation of Rad53 activity. TLS constitutes one important aspect of
the coordinated global cellular response to DNA damage because
of the ability to bypass lesions that impede replication progres-
sion, thus preventing fork collapse and eventual formation of DNA
breaks potentially leading to chromosomal rearrangements. How-
ever, given the error-prone nature of TLS, this process must be kept
under strict control to avoid excessive mutagenesis, which can also
have deleterious consequences. Therefore, an appropriate balance
between error-prone and error-free processes to face DNA damage
is essential to avoid genomic instability, which is directly linked to
cancer development. Our studies in yeast reveal that the conserved
Rad53 checkpoint kinase contributes to finely tune this balance
at least by regulating the levels of chromatin-bound Rev1. Recent
studies using a mouse model point to the influence of correct Rev1
levels in reducing the incidence of carcinogen-induced lung can-
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cer [73], highlighting the importance of these mechanisms for the
maintenance of genomic stability.
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Supplementary Figure 1. Spread nuclei of wild-type (YP1471) or pol30-K164R
(YP1561) strains carrying REV1 tagged with the myc epitope, stained with DAPI
(blue) and anti-myc antibodies (red). Cells were either untreated or treated with
0.03% MMS, as indicated.
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m Regulador de la tolerancia al dafio alquilante en el DNA

CONCLUSIONES

1. La regulacién de la resistencia a MMS mediada por Dot1 se debe a su actividad metiltransferasa

sobre H3K79.

2. Los niveles de metilacion de H3K79me modulan finamente la tolerancia al dafio por alquilacién en el

DNA.
3. La resistencia a MMS en los mutantes depende de la ubiquitilacién de PCNA-K164.

4. El umbral de actividad de Rad53 determina la tolerancia al dafio en el DNA, de forma que los niveles
intermedios presentes en los mutantes dot14 y rad53-HA confieren una mayor resistencia a MMS, mientras
que la baja actividad del doble mutante dot14 rad53-HA o la carencia completa del mutante rad534 confieren

sensibilidad a MMS.

5. La regulacién de TLS por Dot1 y Rad53 se ejerce, al menos en parte, mediante el control de la unién

de Rev1 a la cromatina.
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ARTICULO 3

CONCLUSIONS

1. The regulation of MMS resistance by Dot1 relies on its H3K79 methyltransferase activity.
2. H3K79me levels finely modulate the degree of tolerance to alkylating DNA damage.
3. The MMS resistance of dot14 and rad53-HA depends on PCNA-K164 ubiquitylation

4. Threshold levels of Rad53 activity modulate DNA damage tolerance: whereas the sub-optimal levels
of Rad53 activity present in dot14 or rad53-HA cells lead to increased MMS resistance, the low levels in the

dot14 rad53-HA double mutant or the complete lack of activity in rad534 confer MMS sensitivity.

5. Dot1 and Rad53 regulate TLS, at least partially, by controlling Rev1 chromatin binding.
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SUMMARY

Role of Dot1 in the meiotic recombination checkpoint
and in DNA damage tolerance
SUMMARY

Eukaryotic DNA is condensed in the cell nucleus through the interaction of roughly 147 base pairs

wrapped around each histone octamer (an H3/H4 heterotetramer and two H2A/H2B dimers) to form the
nucleosome, the basic repeating unit of chromatin (Kornberg and Lorch 1999). Histones are composed of a
globular domain, which form the nucleosome core, and unstructured tails that protrude from the core. Histone
proteins are subjected to multiple posttranslational modifications (PTMs) especially at the tails. Well-known
PTMs include acetylation, methylation, phosphorylation, ubiquitylation and sumoylation, being always residue
specific and with different degree of reversibility. PTMs modify chromatin condensation, thus controlling the
accessibility of other DNA-binding proteins. Moreover, there are histone chaperones, histone variants,
architectural chromatin proteins and chromatin remodelers that also transform chromatin structure. Many
biological processes are regulated in this way; for example, transcription, heterochromatin formation,

replication and DNA repair (Kouzarides 2007; Luger et al. 2012; Becker and Workman 2013).

An essential process in all sexually reproducing organisms, influenced by chromatin modifications, is the
meiotic cell division. This specialized reductional division generates haploid products (spores in yeast or
gametes in Metazoa) from a single diploid cell, because two rounds of chromosome segregation are preceded
by a single phase of DNA replication. During meiosis, the unique meiotic prophase | is the most prolonged and
elaborate stage, during which pairing, synapsis and recombination between homologous chromosomes occur
(Cohen et al. 2006). Progression and completion of meiotic events are specifically monitored by a surveillance
mechanism, the meiotic recombination checkpoint or pachytene checkpoint. Thus, in response to meiotic
defects this checkpoint is triggered and blocks or delays meiotic progression in order to prevent aberrant
chromosome segregation and the ensuing formation of aneuploid meiotic products (Roeder and Bailis 2000;

Macqueen and Hochwagen 2011).

Precisely, the dot1 mutant was isolated in a genetic screen for pachytene-checkpoint defective mutants
in Saccharomyces cerevisiae. In the absence of DOT1, whose enzymatic activity was unknown at that time,
the checkpoint-induced meiotic arrest of a synapsis-defective mutant (i.e., zip?) or recombination-defective
mutant (i.e., dmc1) is abolished (San-Segundo and Roeder 2000). DOT1 had already been independently
isolated in a genetic screen for high-copy disruptors of telomeric silencing, hence its name “Disruptor Of
Telomeric silencing 1” (Singer et al. 1998). A few years later, several groups, independently and using different
approaches, discovered that Dot1 in budding yeast, and its human homolog DOT1L (for Dot1-like), were the

methyltransferase of lysine 79 on histone H3 (H3K79). This methylation reaction occurs in the context of
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nucleosomes and H3K79 is the only known methylated residue that lies within a histone globular domain
(Feng et al. 2002; Lacoste et al. 2002; van Leeuwen et al. 2002; Ng et al. 2002).

Since the discovery of Dot1 activity as histone-lysine N-methyltransferase (EC 2.1.1.43), more and more
work has been done to improve its characterization. Dot1 is the only methyltransferase that targets H3K79,
because deletion mutants in yeast, flies or mice do not exhibit any methylation level at this lysine (van
Leeuwen et al. 2002; Shanower et al. 2005; Jones et al. 2008). Dot1 is responsible for catalyzing mono-, di-
and trimethylation of H3K79 (H3K79me1, -me2 y —-me3, respectively) in a non-processive (or distributive)
manner, which differs from the rest of histone methyltransferases, which possess a SET-domain and a
processive mechanism of action (Frederiks et al. 2008). To date, there is no demethylase known capable of
reverting H3K79me.

Major advances have been made in uncovering the multiple Dot1/DOT1L biological functions (Nguyen
and Zhang 2011). Starting with the roles of Dot1 in Saccharomyces cerevisiae and regarding its first described
function in telomeric silencing, it is now known that is mediated by Dot1 competing with the silencing protein
Sir3 for same binding site on the nucleosomes and the inability of Sir3 for binding to methylated H3K79
nucleosomes (van Welsem et al. 2008). Furthermore, Dot1 plays numerous roles in the DNA damage
response during the vegetative cycle. Thus, Dot1 is needed for Rad9-mediated activation of Rad53 in the G4/S
and intra-S DNA damage checkpoints (Giannattasio et al. 2005; Wysocki et al. 2005). In addition, Dot1
modulates DNA damage repair pathways in response to ionizing or ultraviolet radiation (Game et al. 2006; Toh
et al. 2006; Bostelman et al. 2007).

Our laboratory has been interested in studying the role of Dot1 in the response to alkylating DNA
damage caused by methyl methanesulfonate (MMS) and in double-strand break (DSB) repair by sister
chromatid recombination (Conde and San-Segundo 2008; Conde et al. 2009). Unexpectedly, deletion of DOT1
results in increased resistance to chronic MMS exposure. Our results indicate that Dot1 negatively regulates
the tolerance to DNA alkylating damage response mediated by translesion synthesis (TLS). The MMS
resistance observed in dot? results from the enhanced TLS activity, but at the expense of elevated
mutagenesis frequency (Conde and San-Segundo 2008). We further focused on characterizing in more detail
how Dot1 regulates DNA damage tolerance. The results are presented in the third research article that
composes this doctoral thesis, entitied “Regulation of tolerance to DNA alkylating damage by Dot1 and Rad53
in Saccharomyces cerevisiae” (Conde et al. 2010). My contribution to this work consisted in demonstrating that

the role of Dot1 in the TLS pathway is due to its methyltransferase activity on H3K79.

Regarding the research on the meiotic roles of Dot1, it was previously shown to be essential for meiotic
recombination checkpoint function in S. cerevisiae (San-Segundo and Roeder 2000). However, the molecular
mechanisms involved remained largely unknown. Therefore, the main goal of my thesis was to uncover the
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role of Dot1-dependendent H3K79 methylation in meiotic checkpoint activation. The results obtained were
published in the first article shown in this thesis report, entitled “Dot1-dependent histone H3K79 methylation
promotes activation of the Mek1 meiotic checkpoint effector kinase by regulating the Hop1 adaptor” (Ontoso et
al. 2013a).

Dot1 is conserved through evolution and the biological functions of Dot1 homologues in a wide range of
organisms, such as Dictyostelium, Trypanosoma, Caenorhabditis, Drosophila, mice and humans have been
progressively discovered (Feng et al. 2002; Shanower et al. 2005; Jones et al. 2008; Miller-Taubenberger et
al. 2011; Cecere et al. 2013). Of note, Schizosaccharomyces pombe lacks Dot1 and H3K79me. In mammals,
DOT1L-mediated H3K79me participates in multiple biological processes (Nguyen and Zhang 2011). Thus,
DOT1L performs important roles in transcriptional regulation (Steger et al. 2008; Kim et al. 2012a), is involved
in embryonic development and differentiation (Jones et al. 2008; Barry et al. 2009), cardiac function (Nguyen et
al. 2011), hematopoiesis (Feng et al. 2010; Jo et al. 2011), cell proliferation and aging (Kim et al. 2012b) and
chondrogenesis (Castafio Betancourt et al. 2012). Alteration of DOT1L function is related with some types of
mixed lineage leukemia (Okada et al. 2005; Krivtsov et al. 2008; Bernt et al. 2011), neural tube defects (Zhang
et al. 2013) and osteoarthritis (Castafio Betancourt et al. 2012). The discovery of an increasing number of
pathologies related with altered DOT1L-mediated H3K79me patterns points to DOT1L as a promising
therapeutic target (Daigle et al. 2011; Yao et al. 2011; Anglin et al. 2012; Helin and Dhanak 2013). However,
little was known about DOT1L activity in mammalian meiosis; only a study in mouse oocytes has been
reported (Ooga et al. 2008). Therefore, another aim of my thesis was the initial cytological characterization of
DOT1L and H3K79me during meiotic prophase | in mouse spermatocytes. The findings were published in
the second article presented in this report, entitled “Dynamics of DOT1L localization and H3K79 methylation

during meiotic prophase | in mouse spermatocytes” (Ontoso et al. 2013b).

Thus, three sections compose the present thesis report entitled “Function of Dot1 in the meiotic
recombination checkpoint and in the tolerance to DNA damage”; each of one is based on a published research

article:

ARTICLE 1: “Dot1-dependent histone H3K79 methylation promotes activation of the Mek1 meiotic

checkpoint effector kinase by regulating the Hop1 adaptor”

ARTICLE 2: “Dynamics of DOT1L localization and H3K79 methylation during meiotic prophase | in

mouse spermatocytes”

ARTICLE 3: “Regulation of tolerance to DNA alkylating damage by Dot1 and Rad53 in Saccharomyces

cerevisiae”
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ARTICLE 1:

Dot1-dependent histone H3K79 methylation promotes activation of the Mek1 meiotic

checkpoint effector kinase by regulating the Hop1 adaptor

Here, we investigated the role of Dot1-dependendent H3K79 methylation in zip7-induced checkpoint
activation. By manipulation of Dot1 catalytic activity and levels, we found that the extent of H3K79
trimethylation correlates with the strength of checkpoint-imposed meiotic delay. We demonstrate that while the
meiotic defects of a synapsis and recombination-deficient zip7 mutant are correctly sensed by Mec1-Ddc2 in
the absence of H3K79me, activation of the downstream effector kinase Mek1 is impaired. We dissected the
Mek1 phosphorylation events and found that Dot1 promotes its Hop1-dependent dimerization and auto-
phosphorylation. Finally, we show that the effect of Dot1-dependent H3K79me on Hop1 localization is exerted,
at least in part, by excluding Pch2 from the chromosomes. Our results indicate that constitutive methylation of
H3K79 by Dot1 is required for proper chromosomal recruitment of Hop1 to relay the checkpoint signal to Mek1

in response to meiotic defects.
Histone H3K79 methylation regulates the meiotic recombination checkpoint

Dot1 catalyzes the mono-, di- and tri-methylation of histone H3K79 by a non-processive mechanism
(Frederiks et al. 2008; Nguyen and Zhang 2011) and plays a crucial role in the meiotic recombination
checkpoint (San-Segundo and Roeder 2000). Notably, we found that overall levels of H3K79me do not
significantly change upon meiosis induction or upon meiotic checkpoint activation. Moreover, H3K79me
meiotic levels were not significantly altered in the spo71 mutant, lacking meiotic recombination (Keeney 2001),
or in other mutants defective in the meiotic recombination checkpoint, such as rad24, pch2 and ddc2 (Lydall et
al. 1996; Refolio et al. 2011; San-Segundo and Roeder 1999). Therefore, to determine whether regulation of
the meiotic recombination checkpoint by Dot1 relies on H3K79me, we generated and analyzed H3-K79R and
H3-K79A mutants, in which the lysine 79 targeted by Dot1 cannot be methylated. Importantly, like dot1, both
methylation-site mutants suppressed the pronounced checkpoint-imposed meiotic delay of the zip7 mutant. In
an otherwise wild-type background, DOT1 deletion has no or little meiotic effects and spore viability is high
(Lui et al. 2006; San-Segundo and Roeder 2000); likewise, the H3-K79R and H3-K79A single mutants showed
wild-type levels of spore viability, suggesting that H3K79me is dispensable in unperturbed meiosis. However,
similar to zip1 dot1, spore viability was strongly reduced in zip7 H3-K79R and zip1 H3-K79A, indicating that
the defects conferred by zip? persist in the double mutants despite their wild-type kinetics of meiotic

progression. Thus, Dot1-dependent H3K79me is essential for meiotic recombination checkpoint function.

To further investigate the regulation of the meiotic checkpoint by H3K79me, we monitored checkpoint

function in zip1 diploid strains exhibiting gradually decreased Dot1 activity. In order to generate this set of
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strains, we used the combination of the dot1-G401A allele, which confers partial catalytic activity (Frederiks et

al. 2008), with the expression of DOT1 (or dot1-G401A) from a plasmid, which results in lower protein levels
(Conde et al., 2010). Analysis of H3K79-me1, -me2 and -me3 levels in meiotic cells confirmed a gradually
reduced Dot1 activity following this order: DOT1>p[DOT1]>dot1-G401A>p[dot1-G401A]>dot1D, as manifested
by progressively reduced H3K79-me3 and, conversely, progressively increased H3K79-me1. Interestingly,
meiotic checkpoint activity, monitored as the ability to impose the zip? meiotic delay, also showed a gradual
decrease mirroring the drop in Dot1 catalytic function. Quantification of the relative levels of each H3K79
methylation state revealed a marked correlation between H3K79-me3 and checkpoint function. Thus, the
status of H3K79 methylation modulates the meiotic recombination checkpoint, with the H3K79-me3 form being

the most relevant to sustain the checkpoint response.
Dot1 is required for activation of the Mek1 effector kinase

Next, we sought to determine where in the meiotic recombination checkpoint pathway Dot1-dependent
H3K79me is acting. We first analyzed checkpoint sensor function by monitoring the formation of zip7-induced
Ddc2-GFP foci (Refolio et al. 2011). Formation of Ddc2 foci was not disrupted in the absence of Dot1,
suggesting that H3K79me is not required for the ability of Mec1-Ddc2 to detect meiotic recombination
intermediates. Upon checkpoint activation, the Mek1 effector kinase forms nuclear foci that can be detected
both on chromosome spreads (Hong and Roeder 2002) and in live meiotic cells. Strikingly, we found that the
zip1 mutant accumulated multiple discrete Mek1-GFP foci during meiotic prophase, whereas most zip1 dot1
cells displayed a diffuse Mek1 nuclear signal and only occasional foci were observed indicating that Dot1

promotes checkpoint-induced association of Mek1 to meiotic chromosomes.

Mek1 is activated by phosphorylation in mutants that trigger the meiotic recombination checkpoint,
including zip1 (Acosta et al. 2011; Bailis and Roeder 2000; Cartagena-Lirola et al. 2006; Niu et al. 2007);
therefore, we followed Mek1 phosphorylation throughout meiosis in wild-type, zip7 and zip1 dot1 cells using
Phos-tag gels. In the wild type, Mek1 was weakly and transiently activated during the peak of meiotic
prophase in this strain background (around 12-15 h). In contrast, Mek1 was hyperactivated in zip? cells as
evidenced by the presence of additional, more persistent, and stronger phosphorylated forms. However, Mek1
hyperactivation was not observed in the zip? dot1 double mutant; like in wild type, only a weak and transient
phosphorylated form was detected. To rule out the possibility that the difference between zip? and zip1 dot1
were due to their different kinetics of meiotic progression (zip1 exhibits a marked delay that is bypassed in zip1
dot1), we monitored Mek1 phosphorylation in ndt80 pachytene-arrested cells. Meanwhile, zip7-induced

hyperphosphorylation of Mek1 was severely impaired in the absence of Dot1.

105



Dot1/DOTIL Role in the meiotic recombination checkpoint and in DNA damage tolerance

In summary, these results place Dot1 function upstream of Mek1 in the meiotic recombination
checkpoint pathway and indicate that, whereas Mec1/Ddc2 act independently of H3K79 methylation to sense

meiotic defects, Dot1 is required for checkpoint-induced activation of Mek1.
Autophosphorylation of Mek1 depends on Dot1

In ndt80-arrested cells, using high-resolution Phos-tag gels, we were able to resolve several zip1-
induced shifted forms of Mek1 above the basal band. Phosphatase treatment eliminated all band shifts
indicating that they represent distinct phosphorylated forms. We used different mek1 versions carrying specific
mutations, as well as mutants in upstream components of the checkpoint pathway, in order to determine the
contribution of different phosphorylation events to the observed checkpoint-induced Mek1 forms in zip1 ndt80
cells. Mek1 phosphorylation was completely abolished in the hop? mutant, lacking a LE-component meiotic
checkpoint adaptor (Carballo et al. 2008; Smith and Roeder 1997; Woltering et al. 2000) and in the spo11
mutant, which does not initiate recombination (Keeney et al. 1997). However, in the absence of Dot1, only the
upper phosphorylated bands were eliminated, but the form immediately above the basal Mek1 band remained
intact. Interestingly, this moderately-shifted form was reduced in mec1 cells and virtually disappeared in mec1
tel1 and rad24 tel1 mutants, suggesting that it arises from Mec1/Tel1-dependent phosphorylation. On the other
hand, the kinase-dead mek1-K199R allele, as well as the autophosphorylation-defective mek1-T327A and
mek1-T331A mutants (Niu et al. 2007), specifically lacked the upper bands displaying the stronger mobility
shift, suggesting that they result from Mek1 autophosphorylation. In contrast, the Mek1 form immediately
above the basal band (i.e., resulting from Mec1/Tel1 action) remained invariable in those mek1 mutants. Thus,
interestingly, the zip1 dot1 mutant showed a similar pattern to that of zip1 mek1-K199R, zip1 mek1-T327A or
zip1 mek1-T331A, strongly suggesting that Dot1 is mainly required for Mek1 autophosphorylation, but not for
its Mec1/Tel1-dependent phosphorylation.

It has been proposed that dimerization of Mek1 promotes its function, likely by facilitating in trans
autophosphorylation (Niu et al. 2007; Wu et al. 2010). Thus, we hypothesized that Dot1 could be required for
Mek1 dimerization. Importantly, we found that GST-driven forced dimerization of Mek1 restored its full
phosphorylation even in the absence of Dot1, although Mek1 activation was not maintained at late time points.
Consistently, expression of GST-MEKT in zip1 dot1 strains conferred a brief, but significant, meiotic delay. As
previously reported, the zip? GST-MEK1 mutant was completely halted (Wu et al. 2010), and we found that
this block was accompanied by the persistent hyperphosphorylation of GST-Mek1. The permanent or transient
arrest conferred by GST-Mek1 in zip7 or zip1 dot1, respectively, was completely relieved when inactive kinase
(GST-mek1-K199R) or autophosphorylation-defective (GST-mek1-T327A) versions were introduced,
confirming that in GST-MEKT strains, meiotic progression was slowed down by forced Mek1 activation and not

by another unrelated cause. To further support this conclusion, we monitored another downstream molecular
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marker of pachytene checkpoint activation, such as the inhibition of the production of the Cdc5 polo-like kinase
(Acosta et al. 2011; Sourirajan and Lichten 2008). As expected, whereas induction of Cdc5 was delayed in
zip1 cells, the zip1 dot1 double mutant displayed wild-type kinetics of Cdc5 production. Strikingly, consistent
with the kinetics of meiotic progression, expression of GST-MEKT in zip1 dot1 cells restored a significant delay
in Cdc5 induction. Furthermore, Cdc5 production was severely impaired in the arrested zip7 GST-MEK1 strain.
In summary, these observations indicate that artificial dimerization of Mek1 partially overcomes Dot1
requirement for Mek1 activation and further supports the conclusion that Dot1 function promotes Mek1

autophosphorylation.
Dot1 is required for localization and activation of the Hop1 meiotic checkpoint adaptor

It has been reported that activated Hop1 promotes Mek1 dimerization via a C-terminal domain (Niu et
al. 2007; Niu et al. 2005); therefore, we investigated whether the effect of Dot1 on Mek1 phosphorylation was
mediated by Hop1. First, we studied Hop1 localization on chromosome spreads of ndt80-arrested zip1 and
zZip1 dot1 strains. As previously described (Smith and Roeder 1997), Hop1 displayed a predominantly linear
staining along the lateral elements of zip7 chromosomes. In contrast, only short stretches of Hop1 could be
detected in the zip1 dot1 mutant, which showed a predominating Hop1 punctate pattern. Consistent with our
observations in live cells, we also detected a marked reduction of Mek1 chromosomal foci in zip1 dot1,
compared to the zip1 single mutant. In addition, we also analyzed Hop1 localization in zip7 and zip1 dot1 live
meiotic cells expressing HOP1-GFP. In line with the aberrant distribution on spreads, we observed that Hop1-
GFP signal was weaker and less continuous in zip7 dot1 cells. This discontinuous localization of Hop1 does
not result from a pronounced alteration of overall chromosome structure, because the SC lateral component
Red1 (Smith and Roeder 1997) displayed a linear distribution in both zip7 and zip1 dot1 strains. On the other
hand, the dot? single mutant only showed a modest decrease of Hop1-GFP signal compared with the wild
type. Thus, upon zip7-induced checkpoint activation, Dot1 enables proper loading or maintenance of Hop1

onto chromosomes.

Since Mec1/Tel1-dependent phosphorylation of Hop1 at defined S/T-Q motifs is required for Mek1
activation and localization (Carballo et al. 2008), we examined zip7-induced Hop1 phosphorylation in the
absence of Dot1, by monitoring its gel mobility shift. The zip?1 dot1 mutant displayed a severe defect in Hop1
phosphorylation, similar to the zip? mec1 and zip1 spo11 mutants also analyzed as controls. Even after long
overexposure of the gels, only a barely visible phosphorylated form of Hop1 could be detected in the absence
of Dot1.

These observations suggest that the defect in Mek1 autophosphorylation observed in the absence of

Dot1 stems from impaired Hop1 function. To confirm this notion, we overexpressed HOP1 from a high-copy
plasmid in zip1 dot1 cells. Whereas the zip? dot? mutant transformed with empty vector showed defective
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Mek1 localization and activation, HOP1 overexpression in zip1 dot1 restored Mek1 chromosomal foci, Mek 1
phosphorylation, and reestablished a substantial meiotic delay. We found that Hop1 overproduction also
conferred a slight reduction in the efficiency of meiotic progression in the wild type and further enhanced the
zip1 meiotic delay, as expected from the strong hyperphosphorylation of Mek1. Notably, in all cases (wild type,
zip1 or zip1 dot1), the further delay in meiotic progression imposed by high levels of Hop1 was suppressed by
the absence of Mek1, proving that it was caused from amplified pachytene checkpoint signaling and not from

an unrelated cause.
H3K79me is required for Mek1 and Hop1 phosphorylation and localization

We have shown that, like dot1, mutation of H3K79 to non-methylatable residues completely bypasses
the checkpoint-induced meiotic delay of zip7. On the other hand, we have revealed that, in zip7 cells, Dot1
orchestrates Hop1 and Mek1 activation and chromosomal distribution. To confirm that Hop1 and Mek1
checkpoint functions are also directly regulated by H3K79me, and not by another possible methyltransferase-
independent function of Dot1, we examined their phosphorylation and localization in the zip? H3-K79R and
zip1 H3-K79A mutants. We found that, indeed, these histone point mutants phenocopy the dot? defects in
Mek1 foci formation and Mek1 autophosphorylation. Likewise, the zip? H3-K79R and zip1 H3-K79A mutants

resemble dot1 in the impaired Hop1 chromosomal distribution and checkpoint-induced phosphorylation.

Thus, taken together, our results indicate that, upon meiotic recombination checkpoint triggering, Dot1-
dependent H3K79 methylation promotes proper chromosomal localization and activation of Hop1, which in

turn, is required to sustain Mek1 autophosphorylation and the ensuing checkpoint response.
H3K79me partially controls Hop1 chromosomal localization via Pch2

Previous studies have shown that whereas in the zip7 mutant the Pch2 meiotic checkpoint protein is
detected only in the nucleolar (rDNA) region, in the zip1 dot1 double mutant Pch2 is distributed throughout all
chromatin (San-Segundo and Roeder 2000). To confirm that the regulation of Pch2 localization by Dot1
depends on the histone H3 methyltransferase activity, we analyzed Pch2 distribution on spread meiotic
chromosomes of the zip7 H3-K79R and zip1 H3-K79A mutants. Although global Pch2 protein levels remained
fairly invariable in the different mutants, we found that, like in zip?1 dot1, Pch2 mislocalized to chromatin
outside the rDNA in zip1 H3-K79R and zip1 H3-K79A strains, suggesting that H3K79me excludes Pch2 from

chromosomes.

Several lines of evidence support a role for Pch2 in promoting the turnover of Hop1 from meiotic
chromosomes, at least in unperturbed meiosis (Borner et al. 2008; Joshi et al. 2009; San-Segundo and
Roeder 1999); therefore, it was possible that the reduced localization of Hop1 in the absence of Dot1 could

stem from the action of the Pch2 protein aberrantly present at chromosomal locations removing Hop1 from
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zip1 chromosomes. To investigate this possibility, we monitored Hop1 localization in zip1 dot1 pch2 strains.

Interestingly, we found that deletion of PCHZ alleviated to some extent the defective Hop1 localization pattern
of zip1 dot1, although it did not fully restore the high and continuous Hop1 levels present in zip1. To determine
whether the increased abundance of Hop1 along chromosomes in zip? dot1 pch2 restores the checkpoint-
induced delay we analyzed meiotic divisions and Mek1 phosphorylation. We found that the checkpoint was still
impaired in the zip1 dot1 pch2 triple mutant because, like the zip? dot1 and the zip1 pch2 double mutants, it
displayed wild-type kinetics of meiotic progression and defective Mek1 activation, implying a more complex

contribution of Pch2’s function to the pachytene checkpoint response.

In summary, these observations indicate that in the zijp? mutant, methylation of H3K79 by Dot1
controls proper chromosomal distribution of Hop1 by maintaining Pch2 confined in the nucleolar region. The
fact that Hop1 localization is still partially impaired in the zip1 dot1 pch2 triple mutant suggests that Dot1 may

also regulate Hop1 chromosomal recruitment by a Pch2-independent mechanism.

DISCUSSION

Previous studies have shown that Dot1 is important for the pachytene checkpoint, but the molecular
mechanism underlying such function remained unclear. Here, we provide evidence that methylation of H3K79
by Dot1 contributes to the meiotic recombination checkpoint response by enabling proper Hop1 chromosomal
recruitment, which, in turn is a requisite for Mek1 activation by autophosphorylation.

We demonstrate that the function of Dot1 in the meiotic recombination checkpoint specifically relies on
the methylation of H3K79, since the non-methylatable H3-K79A and H3-K79R mutations confer essentially the
same meiotic phenotypes as the lack of Dot1. Moreover, by modulating Dot1 catalytic activity, we found that
high levels of the H3K79-me3 are required for full checkpoint activation raising the possibility that this
methylation state is particularly critical for promoting the proper localization of the Hop1 meiotic checkpoint
adaptor (see below).

In mitotic cells, methylated histones are well-known chromatin marks for recognition of DSBs by
checkpoint adaptors. In S. cerevisiae, the Rad9 adaptor is recruited to DSB sites by H3K79me (Grenon et al.
2007; Wysocki et al. 2005), whereas in S. pombe, which lacks H3K79me, the recruitment of the Crb2 adaptor
relies on H4K20me (Sanders et al. 2004). In mammalian cells, the Rad9 and Crb2 homolog 53BP1 appears to
recognize both H3K79me and H4K20me (Botuyan et al. 2006; Huyen et al. 2004; Wakeman et al. 2012). Al
these DNA damage checkpoint adaptors (Rad9, Crb2 and 53BP1) contain tandem tudor domains that mediate
the interaction with the methylated histones. Rad9, Crb2 and 53BP1 also possess BRCT motifs; in fact, the
recognition of DSBs by Rad9 and Crb2 in S. cerevisiae and S. pombe, respectively, is also mediated by their
binding to phosphorylated histone H2A (hereafter yH2AX) via the BRCT domains (Hammet et al. 2007;
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Sanders et al. 2010). However, the Hop1 meiotic checkpoint adaptor lacks either tudor or BRCT motifs and
contains a HORMA domain likely involved in protein-protein interactions (Hunter 2008), raising the possibility
that its chromosomal recruitment can be mediated by different mechanisms.

As mentioned before, in DNA damaged vegetative cells, Rad9 function depends both on H3K79me
and YH2AX (Conde et al. 2009; Hammet et al. 2007; Javaheri et al. 2006; Toh et al. 2006); however, the
relevance of both histone modifications appears to be different in meiotic cells. Dot1-dependent H3K79me is
crucial for checkpoint function, at least in Zip1-deficient cells, because deletion of DOT? (or mutation of
H3K79) results in complete bypass of the zip1 meiotic block. In contrast, an H2A-S129* mutant, lacking the
four C-terminal amino acids of histone H2A including the SQ phosphorylation site (Downs et al. 2000), has no
defect in the zip7-induced checkpoint. Moreover, like in both single mutants, meiotic progression and spore
viability are essentially normal in the dot1 H2A-S129* double mutant.

We show here that Dot1 is required for Mek1 and Hop1 activation in meiotically-challenged cells, but
in addition to the checkpoint function, Mek1 and Hop1 promote the repair of meiotic DSBs by Dmc1-dependent
interhomolog recombination (Carballo et al. 2008; Niu et al. 2005; Niu et al. 2009; Wu et al. 2010). Consistent
with this function, in the absence of Dmc1, Dot1 prevents the repair of DSBs by Rad54-dependent sister-
chromatid recombination, which is controlled, at least in part, by inhibitory phosphorylation of Rad54 by Mek1
(Niu et al. 2009; San-Segundo and Roeder 2000). In principle, it could be possible that impaired Hop1/Mek1
function in the absence of Dot1 could induce an alternative intersister recombination pathway resulting in
meiotic progression because of the disappearance of the meiotic defects initially triggering the checkpoint.
However, deletion of DOT1 alleviates the meiotic arrest of zip? rad54 and dmc1 rad54 mutants, where
intersister repair is impaired, strongly suggesting that Dot1 performs a bona-fide meiotic checkpoint function
(San-Segundo and Roeder 2000). The fact that, unlike Mek1 and Hop1, the Dot1 protein is dispensable in
otherwise unperturbed meiosis implies the H3K79me is mostly relevant to signal defects when meiotic
chromosome metabolism is disturbed (i.e., zip? or dmc?1 mutants). Consistent with this notion, Hop1
localization on zip7 chromosomes is dramatically altered in the absence of Dot1, but it is only slightly reduced
in the dot1 single mutant as compared with the wild type.

In other studies, activation of the Mek1 effector meiotic kinase has been monitored either by a slight
electrophoretic mobility shift (Carballo et al. 2008; Cartagena-Lirola et al. 2006) or by using an anti-phospho-
Ser/Thr Akt substrate antibody, which specifically recognizes phosphorylation of Mek1 at T327 (Ho and
Burgess 2011; Niu et al. 2007; Wu et al. 2010). However, those assays do not permit one to delineate the
different events contributing to Mek1 activation. Here, by using high-resolution Phos-tag gels, we identify
several phosphorylated Mek1 forms and dissect the genetic requirements for sequential Mek1 activation. Our
findings support a model in which the presence of unrepaired DSBs and/or unsynapsed chromosomes results

in the initial phosphorylation of Mek1 by the redundant action of Mec1/Tel1. This priming phosphorylation is
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followed by autophosphorylation of Mek1 at T327 and T331 leading to full Mek1 activation supporting the
checkpoint response. We found that Dot1 is chiefly required for this last step, which is mediated by Mek1
dimerization promoted by the Hop1 C-terminal domain (Niu et al. 2005). Thus, the altered localization of Hop1
on zip1 dot1 chromosomes likely explains the defect in Mek1 autophosphorylation. Interestingly, GST-
mediated forced dimerization of Mek1 bypasses Dot1 requirement for its activation; however, this activation is
only transient in the absence of Dot1, suggesting that proper chromosome axis architecture is required for
maintenance of Mek1 activity.

We found that global levels of H3K79me do not significantly change in response to the meiotic defects
of the zip1 mutant, but this methylation is critical for the checkpoint response. The nature of the signal that
triggers the meiotic checkpoint in zip1 is still unclear. Like in mammals (Wojtasz et al. 2012), the existence of a
synapsis checkpoint in yeast has also been proposed (Ho and Burgess 2011; Hochwagen and Amon 2006;
MacQueen and Hochwagen 2011). Nevertheless, Dot1 is also required for the meiotic cell cycle arrest of the
dmc1 mutant that accumulates unrepaired DSBs (San-Segundo and Roeder 2000), indicating that H3K79me
is also involved in the response to meiotic DSBs. It has been reported that, under certain conditions, DSBs are
efficiently repaired in zip? mutants (Wu et al. 2010) implying that the signal triggering the checkpoint could be
different. However, Ddc2 foci marking the presence of recombination intermediates are detected in zip1
(Refolio et al. 2011), consistent with at least some DSBs remaining unrepaired in zip? mutants (Bishop 1994;
Borner et al. 2004; Storlazzi et al. 1996) sufficient to induce the checkpoint. Alternatively, or in addition, Mec1-
Ddc2 may also sense defects in structural aspects of interhomolog interactions resulting from the lack of the
central region of the SC (Borner et al. 2008). In any case, independently of the nature of the signal triggering
the meiotic checkpoint response(s), the question of how a constitutive histone mark, such as H3K79me,
contributes to Hop1-mediated Mek1 activation specifically in challenged meiosis remains to be elucidated. In
the DNA damage response in vegetative yeast cells or somatic mammalian cells it has been proposed, though
never proven, that chromatin remodeling in the vicinity of DNA lesions may locally expose constitutive marks
(i.e., H3K79me, H4K20me) supporting the recruitment of DNA damage checkpoint adaptors to activate the
checkpoint (Botuyan et al. 2006; Huyen et al. 2004). In meiotic cells, the DSB metabolism is linked to the
special architecture of the chromosome axis (Panizza et al. 2011). Therefore, we envision that unrepaired
DSBs and/or defects in interhomolog connections may provoke chromatin conformational changes unmasking
H3K79me capable to drive proper Hop1 distribution along the axes, enabling its activation by Mec1 to elicit the
downstream checkpoint events including Mek1 full activation by autophosphorylation.

Although it is formally possible that H3K79me may directly facilitate Hop1 recruitment to some extent,
we provide evidence indicating that the control of Hop1 chromosomal distribution by H3K79me is substantially
driven by regulation of the Pch2 protein. Pch2 was initially discovered as a meiotic checkpoint protein required

for the zip1-induced meiotic arrest (San-Segundo and Roeder 1999), but more recent studies have shown that
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Pch2 impacts multiple aspects of meiotic chromosome dynamics (Farmer et al. 2012; Ho and Burgess 2011;
Vader et al. 2011; Zanders and Alani 2009). In particular, Pch2 acts as a negative regulator of Hop1
chromosomal abundance (Borner et al. 2008; Joshi et al. 2009). In wild-type pachytene chromosomes, Pch2
localizes to the unsynapsed rDNA region (nucleolus) and also along synapsed chromosomes (Joshi et al.
2009; San-Segundo and Roeder 1999). In contrast, Pch2 is solely detectable at the nucleolar region in the
zip1 mutant (San-Segundo and Roeder 1999); remarkably, in the absence of H3K79me, Pch2 is redistributed
throughout all chromatin of zip7 nuclei. We hypothesize that, as a consequence of the synapsis defects of
zip1, the H3K79me mark becomes exposed functioning as an anti-binding signal for Pch2, thus permitting the
extensive Hop1 distribution found on zip?1 chromosomes. In the absence of Dot1 (or H3K79me), the presence
of chromosomal Pch2 triggers the removal of Hop1 and the consequent defect in Mek1 activation. The
reduced global levels of Hop1 detected in zip7 dot1 are also consistent with a higher protein turnover.

Interestingly, like in zip? dot1, the synapsis checkpoint is still completely defective in the zip? dot1
pch2 triple mutant, despite the partial restoration of Hop1 localization. Since the excess of Hop1 induced by
other means, such as HOP1 overexpression, but in the presence of Pch2, does confer a meiotic delay in zip1
dot1 and restores Mek1 phosphorylation, it is conceivable that nucleolar Pch2 performs an additional
downstream function in Mek1 activation and/or that the excess of Hop1 in the absence of Pch2 is not correctly
assembled on chromosome axes to support checkpoint activation. In fact, the zip7 pch2 mutant itself is also
checkpoint deficient. Future studies will address these intriguing possibilities.

Dot1/DOT1L is structurally conserved throughout evolution from budding yeast to worms, flies, mice
and humans; therefore, it is possible that members of the Dot1 family play similar roles in Metazoa. DOT1L is
essential in mammals (Jones et al. 2008) functioning in embryogenesis, hematopoiesis and cardiac
development (Nguyen and Zhang 2011); however, much less is known about the impact of mammalian
DOT1L in the DNA damage response. It would be interesting to determine whether, like the yeast counterpart,

Dot1 orthologs are involved in meiotic checkpoint control in higher eukaryotes.
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ARTICLE 2

Dynamics of DOT1L localization and H3K79 methylation during meiotic prophase |

in mouse spermatocytes

Here, we report the characterization of DOT1L localization and the chromatin distribution of the
distinct H3K79 methylation states (me1, me2 and me3) during meiotic prophase | in spermatocytes of wild-
type mice and various meiotic mutants. Our results reveal a progressive increment of DOT1L activity as
prophase | advances, and the existence of differential spatio-temporal patterns for H3K79me2 and
H3K79me3. Furthermore, the comparison of the distribution of these epigenetic marks with that of the H3.3,
yH2AX, macroH2A and H2A.Z histone variants hints at a functional contribution of H3K79me2 and
H3K79me3 to the characteristic transcriptional states of the different subnuclear territories in spermatocyte

nuclei.
Spatial and temporal patterns of DOT1L and H3K79me distribution during meiotic prophase |

To investigate the localization of mammalian DOT1L and the associated mono-, di- and tri-methylation
of histone H3 at lysine 79 (H3K79me1, me2, and me3, respectively) we performed immunofluorescence of
surface-spread meiotic chromosomes from wild-type mouse spermatocytes. We tracked SYCP3, a component
of the axial/lateral elements of the SC (Lammers et al. 1994), to define the stage of prophase | of each
spermatocyte nucleus based on the degree of synapsis exhibited by the chromosomes. At the beginning of
prophase |, short stretches of SYCP3 start to develop during leptonema. At zygonema, synapsis of homologs
begins and thickened SYCP3 areas along the already synapsed regions are detected. At pachynema,
synapsis between the autosomes is completed, resulting in a thick and uniform SYCP3 signal. A subnuclear
domain formed by the sex chromosomes, the so-called "XY body" or "sex body", begins to emerge around the
end of zygonema, and is fully formed in pachynema. This chromosome pair displays a short synapsed area on
a limited distal region of homology, the pseudoautosomal region (PAR). The PAR exhibits thickened SYCP3
staining, whereas a thinner signal is visible along the unsynapsed non-homologous regions. At diplonema,
homologs progressively desynapse revealing spaces between the SYCP3 axes, but they still remain joined at
chiasmata sites where crossovers have occurred. In addition, from late pachynema, but more evident during
diplonema, the chromosomes show thickenings at the ends, which correspond with their attachment to the
inner nuclear membrane (Liebe et al. 2004). Meanwhile, in the sex body desynapsis also occurs, the X and Y
chromosomes are joined end-to-end, and the X chromosome shows thickenings along its length. At diakinesis-
metaphase |, SC disassembly is general, SYCP3 staining is mainly concentrated at the centromeric areas, and
only remnants persist on chromosome arms. The X chromosome remnants are the last ones to disappear
(Parra et al. 2004; Barchi et al. 2008).
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First, we monitored DOT1L localization throughout meiotic prophase |. Interestingly, we found a
progressive increment of the association of this histone methyltransferase with meiotic chromatin correlating
with the progression through prophase | stages. DOT1L nuclear staining started at very low levels at
leptonema, increased slightly in zygonema, followed by a dramatic increment in DOT1L levels at pachynema
and, especially, during the diplonema and diakinesis stages. The sex body exhibited particularly dynamic

patterns, detailed below.

Next, we analyzed the distribution of the three possible methylated states of H3K79 resulting from
DOT1L action: H3K79me1, -me2 and -me3. Overall levels of H3K79me1 were uniformly weak at all stages. In
contrast, H3K79me2 exhibited a progressive enrichment concurrent with prophase | progression, achieving
relatively strong staining during pachynema, diplonema and diakinesis/metaphase |. H3K79me3 staining also

intensified during meiotic prophase |, reaching the highest levels in diakinesis/metaphase .

These observations indicate that overall levels of chromatin-associated DOT1L and H3K79 methylation
undergo significant change during male mouse meiotic prophase I. The enrichment of DOT1L is accompanied
by higher amounts of two particular methylation states, H3K79me2 and H3K79me3; however, their dynamics

and subnuclear distribution were different.

We examined DOT1L and H3K79me in more detail starting from the stage when they became more
abundant, pachynema, and focused on the distinctive chromatin regions that can be distinguished according
with their intensity of DAPI staining and chromosome positioning, marked by SYCP3. In this way, we
discriminated areas with weaker DAPI fluorescence signal, corresponding to euchromatin and
encompassing most of the autosome domains. On the other hand, subnuclear territories with more intense
DAPI staining were classified into two groups: the constitutive heterochromatin located at the centromeric
regions surrounding one end of each mouse autosome (which are telocentric; Kalitsis et al. 2006), and the
facultative heterochromatin of the sex body. We quantified the signal intensity of DOT1L and the different
H3K79me states in the DAPI-bright regions relative to the remaining chromatin. Strikingly, we found that, as
soon as the large centromeric regions became apparent after mid-zygonema, they exhibited strong
accumulation (about 7-fold) of H3K79me3. These areas continued to be highly trimethylated at H3K79
through metaphase I, enclosing the centromere-proximal SYCP3 remnants (Parra et al. 2004). Furthermore,
strong H3K79me3 staining could be still detected at the chromocenter in round spermatids. In contrast,
neither DOT1L, H3K79me1, nor H3K79me2 showed this centromeric accumulation, with ratios relative to
euchromatin regions close to 1, denoting a more uniform distribution between both types of subnuclear

territories.

Sex body development involves massive chromatin remodeling events to establish a heterochromatin
configuration that leads to a transcriptional inactivation program, the so-called "meiotic sex chromosome
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inactivation" (MSCI) (Handel 2004; Turner 2007). Little is known about the contribution of DOT1L and
H3K79me to MSCI, so we analyzed their distribution in the sex body from pachynema to metaphase |. At
pachynema, the amount of DOT1IL in the sex body was roughly at the average level of the rest of the
nucleus, but during diplonema and at diakinesis-metaphase | it significantly increased (2- and 4-fold,
respectively). H3K79me1 maintained a stable, relatively uniform pattern over the entire nucleus at all
stages, while H3K79me2 was under-represented in the sex body from pachynema up to
diakinesis/metaphase I. Finally, XY-associated H3K79me3 started at low amounts during pachynema,
matched autosome levels at diplonema and reached a 2-fold higher level at diakinesis-metaphase. In more
advanced stages of spermatogenesis, such as in round spermatids, the more intense DAPI-stained territory
adjacent to the chromocenter contains the sex chromosome X or Y (Greaves et al. 2006). We found that

H3K79me3 was also detected in this region, although at lower levels than in the chromocenter.

Thus, DOTIL and the ensuing H3K79me states exhibit characteristic spatio-temporal dynamics

suggestive of possible differential roles during male mouse meiotic prophase |.
Impaired DOT1L localization and H3K79 methylation patterns in meiotic mutants

To determine whether DOT1L and H3K79 methylation patterns are functionally tied to meiotic
progression and/or recombination, we examined mutants affected at different stages during meiosis:
Spo11B-only, Trip13medmod Spo11-- and Dmc1+ (ordered from the one that reaches the furthest stage to the
mutant with the least progression). These mutants exhibit defects in synapsis and/or recombination, with
different degrees of severity that are incompatible with a successful meiosis program and lead to
widespread checkpoint-induced arrest and apoptosis before the first meiotic division. The arrest point varies
in the different male mouse mutants, but all are infertile (Barchi et al. 2005; Burgoyne et al. 2009; Handel
and Schimenti 2010; Kauppi et al. 2011).

> Spo11B-only
The Spo11+ Tg(Xmr-Spo11Bg)** transgenic mouse (hereafter, Spo11B-only) exclusively expresses
the Spo11p splice variant, which is capable of supporting crossing-over, pairing, and synapsis normally in
autosomes, but is defective in promoting late, efficient DSB formation specifically at the PAR (Kauppi et al.
2011). Spo11B-only spermatocytes frequently display X-Y association defects that trigger the spindle
checkpoint causing apoptosis at metaphase |, so few spermatocytes reach later stages (Kauppi et al. 2011).
We analyzed DOT1L localization and the H3K79me state in Spo71B-only from leptonema to diplonema.
Consistent with prior results, although some sperm were seen, few spermatocytes at diakinesis or more
advanced stages were found. Also as described previously, the X-Y chromosomes were unsynapsed in
most sex bodies. Spo11p-only spermatocytes showed DOT1L staining similar to wild type: little or no signal
at leptonema and zygonema, but significant signal during the pachytene and diplotene stages with
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accumulation at the sex body especially in diplotene nuclei. H3K79me1 also showed no significant
differences from control spermatocytes. In contrast, overall H3K79me2 levels were reduced in Spo11-only
diplotene nuclei relative to the wild type, although close to the control values for the remaining stages. As in
the control, the H3K79me2 signal in the Spo11B-only sex body was lower than the average for the rest of
the nucleus. Finally, although H3K79me3 staining in Spo71B-only displayed the characteristic increasing
trend throughout prophase | progression, the levels were significantly reduced during pachynema and
diplonema. Nevertheless, H3K79me3 was enriched at centromeric regions in the mutant.

> Trip13mod/mod

We analyzed mice carrying a hypomorphic mutation of the yeast PCH2 ortholog, Trip13, referred to
as Trip13mod/mod for "moderate” defect (Li et al. 2007; Roig et al. 2010). Trip13med/mod males show apparently
fully synapsed chromosomes, but there is inefficient repair of meiotic DSBs, aberrant SC development and
abnormal sex body formation, triggering a checkpoint response that leads to meiotic arrest and apoptosis at
pachynema (Li et al. 2007; Wojtasz et al. 2009; Roig et al. 2010). We found no significant differences
between wild type and Trip13mod/mod spermatocytes with respect to either distribution or amount of DOT1L,
H3K79me1, H3K79me2 or H3K79me3 in leptotene through pachytene spermatocytes (too few
spermatocytes at diplonema or further are found in this mutant, precluding analysis of later stages).
H3K79me3 localization in the sex body and centromeric regions was also unaltered.

> Spo11-+

This mutant lacks the evolutionary-conserved Spo11 transesterase that catalyzes meiotic DSBs, so it
exhibits no meiotic recombination and fails in homolog pairing and synapsis. These defects trigger a DNA
damage-independent checkpoint that leads to apoptosis at the zygotene-pachytene transition, a so-called
zygotene-like stage (Baudat et al. 2000; Romanienko and Camerini-Otero 2000). We examined Spo?11+
spermatocytes from leptotene to the zygotene-like stage, dividing the latter into two classes: early, with
shorter SYCP3 stretches and low levels of axial association; and late, with full-length SYCP3 and extensive
aberrant non-homologous synapsis. We found only very low levels of DOT1L and H3K79me1 staining
throughout these stages in the Spo?17 mutant. H3K79me2 and H3K79me3 increased slightly at the
zygotene-like stage, but in all cases, the signal intensity of DOT1L and all H3K79 methylation states was
significantly reduced in the Spo771+ mutant.

> Dmc1+

The Dmc1-- mutant fails to repair meiotic DSBs and exhibits impaired synapsis, leading to arrest and
apoptosis in a zygotene-like stage similar to that of Spo771+ (Pittman et al. 1998; Yoshida et al. 1998).
However, molecular markers have revealed differences between the arrests in these two mutants.
Specifically, unlike Spo117, Dmc1/ spermatocytes maintain the TopBP1 and yH2AX DNA damage

checkpoint factors associated with chromatin, lack the H1t histone variant, and do not establish pseudo-sex
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bodies (Barchi et al. 2005). Therefore, although both mutants undergo apoptosis at a cytologically similar

zygotene-like stage, molecular events indicate that Dmc1/ spermatocytes are arrested earlier. We
monitored DOT1L and H3K79me in Dmc1-- from leptotene to zygotene-like stages, divided into early and
late categories, as above. Similar to Spo71+, we found that the levels of DOT1L and all the H3K79
methylation states were significantly lower than in the wild-type control, especially in late zygotene-like

spermatocytes.
Sex body-specific dynamics of H3K79me3 and particular histone variants

To achieve MSCI, chromatin remodeling takes place in the sex body during pachynema. Histone H3
plays an important role in this process, via eviction of the canonical H3.1 and H3.2 forms and replacement by
the H3.3 histone variant. As a consequence of this replacement, the PTMs carried by the H3.1/H3.2-H4
tetramers are removed; thus, the chance to establish new marks and/or the need to recover some of the lost
ones emerges (van der Heijden et al. 2007). Other histone variants, such as H2A.Z, macroH2A and yH2AX,
also exhibit remarkable changes during sex body development (Hoyer-Fender et al. 2000; Fernandez-
Capetillo et al. 2003; Greaves et al. 2006). Therefore, we compared the spatio-temporal pattern of DOT1L-

dependent H3K79me3 at the sex body with that of those specific histone variants.

In agreement with previous observations (van der Heijden et al. 2007), we found an approximately 4-fold
enrichment for the H3.3 variant in the sex body during pachynema and diplonema. The incorporation of H3.3
appeared to be exclusive for the sex body, since the centromeric regions did not show any particular

accumulation of this histone variant. Total histone H3 distribution at these stages remained more uniform.

We found that the progressive enrichment of DOT1L in the sex body from early diplonema correlated with
a decrease in yH2AX. In addition, the strong accumulation of H3K79me3 in the sex body during diakinesis-
metaphase coincided with the complete disappearance of detectable yH2AX signal. Therefore, these two
histone PTMs (H3K79me3 and yH2AX) are largely mutually exclusive, at least in the sex body. During these

stages, H3K79me2 remained low and the H3K79me1 was uniformly weak.

Finally, we analyzed the dynamics of the histone H2A variants macroH2A and H2A.Z in the sex body.
The macroH2A variant defines heterochromatin areas, is enriched in the sex body from pachynema onward,
participates in MSCI and disappears at later stages during diakinesis-metaphase | (Hoyer-Fender et al. 2000).
In turn, it has been reported that the expression of H2A.Z begins in pachynema and peaks in round spermatids,
supporting a role for H2A.Z in maintaining MSCI after disappearance of macroH2A and yH2AX (Greaves et al.
2006). We found H2A.Z all over the nucleus, except for strong exclusion from the sex body during pachynema
and early-mid diplonema. Then, H2A.Z became progressively more abundant in the sex body starting in late

diplonema, reaching the same overall levels as the rest of the chromatin during diakinesis-metaphase |.
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Therefore, whereas H3K79me3 exhibits limited coexistence with macroH2A at the sex body, its accumulation at

this region correlates with the deposition of H2A.Z during late prophase I.

DISCUSSION

In this report, we describe the localization of the histone methyltransferase DOT1L during male mouse
meiotic prophase I. Since Dot1/DOT1L can mono-, di-, or tri-methylate H3K79, we also followed the dynamics
of each individual methylation state resulting from DOT1L activity. Our cytological analyses show that the
association of DOT1L with meiotic chromatin increases as prophase | progresses. Interestingly, although the
H3K79me2 and H3K79me3 states, but not H3K79me1, also display a progressive increment, they show
remarkable differences with respect to the subnuclear distribution, particularly in autosomal chromatin
domains, centromeric chromatin, and the sex body. The findings suggest that each H3K79 methylation state
may have a specific role during mammalian spermatogenesis. This highly dynamic scenario contrasts with the
situation in yeast, where global levels of H3K79me do not significantly change during meiosis (Ontoso et al.
2013a). Although the precise chromosomal distribution of the different methylation states remains to be tested

in yeast, it is likely that DOT1L activity during male mouse meiosis is subjected to a more complex regulation.
H3K79me3 in the sex body

Of the extensive chromatin remodeling that accompanies MSCI during early pachynema (Handel 2004;
Turner 2007), one of the most dramatic changes is the replacement of histone H3.1/2 by the H3.3 variant,
which implies the loss of most of the PTMs already established in the XY chromatin and the opportunity to
introduce novel or additional marks (van der Heijden et al. 2007). Tri-methylation of histone H3 at other sites,
such as H3K27, is among the repressive PTMs lost from the XY body during pachynema (van der Heijden et
al. 2007). We find that the gradual increase of DOT1L all over the nucleus is especially evident in the sex
body from diplonema onwards, coincident with the pronounced accumulation of H3.3. The H3.3 histone
variant differs from H3.1 or H3.2 only in five or four amino acids, respectively, and the H3K79 position, as well
as the structure of nucleosomes containing either one of these three H3 variants, is conserved (Tachiwana et
al. 2011). Moreover, in somatic mammalian cells, the presence of K79me1 and K79me2 in H3.3 has been
reported (Hake et al. 2006; Sweet et al. 2010; Zee et al. 2010). Therefore, since DOT1L is the only
methyltransferase known for H3K79, it is conceivable that DOT1L is responsible for the extensive tri-
methylation of the H3.3 variant at K79 in the sex body during the late stages of meiotic prophase I. We note
that there is a temporal shift between the prominent localization of DOT1L in the sex body (at diplonema) and
the strong accumulation of H3K79me3 (at diakinesis). The additional regulation of DOT1L activity and/or
substrate accessibility by other histone PTMs (i.e., H2BK120 ubiquitylation; McGinty et al. 2008) may account
for this displacement.
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H3K79me3 has been related with transcriptional repression in mammalian somatic cells (Barski et al.

2007). The H3K79me3 enrichment at the XY pair takes place during the diplotene/diakinesis transition when the
staining for yH2AX and the repressive macroH2A variant becomes weaker. Nevertheless, it is possible that,
although undetectable with our spreading technique, at least a fraction of these histone variants remains
associated with the sex chromosomes until later meiotic stages, as occurs in other mammalian species (de la
Fuente et al. 2007, 2012; Namekawa et al. 2007). Conversely, H2A.Z, which is initially excluded from the sex
body, arrives at this location at the same time as H3K79me3 accumulates. Most of the gene repression started
with MSCI remains at postmeiotic stages, and may be linked with imprinted X-inactivation, although a subset of
sex chromosome genes is upregulated postmeiotically (Namekawa et al. 2006; Mueller et al. 2008). As has
been proposed for H2A.Z (Greaves et al. 2006) and other chromatin modifications, such as H3K9me2 and the
recruitment of the heterochromatin proteins HP1f and HP1y (Namekawa et al. 2006), our results are
consistent with a role for DOT1L-mediated H3K79me3 in maintaining silencing of sex chromosomes from
diplonema onwards. Curiously, in yeast, H2A.Z and H3K79 methylation also collaborate in the maintenance of
differentiated chromatin domains contributing to the establishment of boundaries between the subtelomeric
silenced chromatin and the active euchromatin (van Leeuwen et al. 2002; Ng et al. 2003; Meneghini et al.
2003). On the other hand, we demonstrate that the H3K79me2 mark, which is related with active transcription
in somatic cells (Kouskouti and Talianidis 2005; Miao and Natarajan 2005; Zhou et al. 2011), remains largely
excluded from the sex body with a faint signal only during late prophase | and metaphase | stages, presumably

corresponding to the small fraction of X-linked genes expressed after MSCI (Mueller et al. 2008).
H3K79me3 at the centromeric heterochromatin

H3K79me3 also exhibits strong enrichment in the constitutive heterochromatin at centromeric regions
during meiotic prophase I. This tendency was also reported in mouse somatic cells and oocytes, where
H3K79me3 colocalizes with the heterochromatin protein HP1B (Ooga et al. 2008). Another histone PTM
associated with transcriptional silencing, such as H3K9me3 (Cowell et al. 2002; Wu et al. 2005), similarly
accumulates at centromeric regions during mid-prophase | (Page et al. 2012). However, this mark has a wider
localization all over the nucleus until mid-pachynema and, unlike H3K79me3, displays a reduced signal in the
sex chromosomes from mid-pachynema onwards (Page et al. 2012), coincident with the replacement of H3.1/2
by H3.3. These observations are consistent with a specific role for H3K9me3 in transcriptional repression of the
autosomes during early prophase I, and together with H3K79me3 in the establishment of centromeric
heterochromatin. However, whereas the H3.3 newly incorporated at the sex body appears to be a favorable
substrate for DOT1L and becomes highly tri-methylated at K79 during diplonema/diakinesis, it does not seem to
be a target for the Suv39h methyltransferases responsible for H3K9me. Additional histone PTMs at centromeric

regions, such as H3K9me2, H4K5ac and H4K16ac (ac, acetylation) also undergo particular dynamics during

119



Dot1/DOT1L Role in the meiotic recombination checkpoint and in DNA damage tolerance

meiotic prophase | (Khalil and Driscoll 2010). Therefore, distinctive PTM combinations could set up spatial and
temporal control of transcriptional repression or (re)activation during particular stages (Greaves et al. 2006;
Namekawa et al. 2006; van der Heijden et al. 2007; Mueller et al. 2008; Khalil and Driscoll 2010; Page et al.
2012). Our results suggest that DOT1L-dependent H3K79me3 also impinges on this exquisite control.
Consistent with a role for H3K79 methylation in heterochromatin formation it has been shown that DOT1L-
deficient mouse embryonic stem cells possess reduced levels of constitutive heterochromatin marks, such as
H4K20me3, at subtelomeric regions (Jones et al. 2008). Since DOT1L appears to be the only methyltransferase
responsible for H3K79me in mouse (Jones et al. 2008), it is somehow surprising that the accumulation of
H3K79me3 at centromeric domains does not correlate with stronger DOT1L staining in these regions. It is
possible that the crosstalk with other(s) centromeric-specific histone PTMs may stimulate DOT1L activity
specifically at these locations to reach higher levels of the maximum methylation state (i.e., H3K79me3).
Alternatively, slower dynamics of histone H3 replacement at centromeres could also explain the accumulation of
H3K79me3 (De Vos et al. 2011).

A potential role for H3K79me2 in autosomal transcriptional reactivation

In contrast to H3K79me3, we found a rather homogeneous distribution of H3K79me2 all over the
nucleus, except for the exclusion from the sex body. Similar widespread localization has been described in
mouse oocytes (Ooga et al. 2008). H3K79me2, like H3K4me3 and various H3 acetylation events, are
characteristic marks of active genes in mammalian somatic cells (Kouskouti and Talianidis 2005; Miao and
Natarajan 2005; Zhou et al. 2011). The H3K79me2 increase that we detect starting at pachynema and
following DOT1L accumulation coincides temporally with the general transcriptional reactivation occurring on
autosomes during the transition from mid to late pachynema and continuing in diplonema (Page et al. 2012).
In addition, H3K79me2 distribution during prophase | exhibits a similar spatio-temporal pattern to that of
H3K9ac and the active form of RNA polymerase Il (RNAPII), both strongly associated with active
transcription (Page et al. 2012). Furthermore, human DOT1L functionally interacts with actively transcribing
RNAPII, which targets the methyltransferase to active genes (Kim et al. 2012a). Therefore, widespread
DOT1L-dependent H3K79me2 from pachynema onwards could be an additional element contributing to the
resumption of transcription in autosomes when recombination intermediates are resolved and characteristic
marks, like YH2AX, and Dmc1/Rad51 foci, disappear. Alternatively, it could be also possible that accumulation

of H3K79mez2 is a consequence of transcriptional reactivation.
H3K79 methylation in challenged meiosis

Dot1/DOT1L-mediated H3K79me has multiple functions in a variety of biological processes from yeast
to mammals (Nguyen and Zhang 2011); but the functional contribution of Dot1 to meiosis has been
investigated mostly in budding yeast. Dot1 is not required in unperturbed meiosis, but is essential for the
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checkpoint responses to the accumulation of unrepaired meiotic DSBs and synapsis defects that occur in

yeast dmc1 and zip7 mutants, respectively (San-Segundo and Roeder 2000; Ontoso et al. 2013a). Unlike
other chromatin marks, e.g., YH2AX, neither DOT1L nor H3K79me showed evidence for relocalization or
redistribution in various mouse mutants defective at different steps in prophase |. The reduced levels of
DOT1L, H3K79me2 and H3K79me3 at the latest stage of development reached in Spo71/ and Dmc1+
mutants are likely the consequence of the arrested meiosis that hampers the progressive accumulation of
DOT1L observed in the wild type. Higher levels of H3K79me2/3 are present in the Spo11-only mouse, which
shows milder meiotic defects, compared to the severely affected and prematurely arrested Spo17+-and Dmc1-
~ mutants, which barely accumulate those marks. The fact that DOT1L-dependent H3K79 modifications do not
relocalize to sites of unrepaired DSBs or unsynapsed chromosomes in these mutants does not preclude a role
for DOT1L in the mammalian checkpoints responding to meiotic defects. Actually, in the synapsis-defective
zip1 mutant of budding yeast, global H3K79me levels do not change compared with the wild type, despite the
essential role of Dot1-dependent H3K79me in the checkpoint response promoting the zip? meiotic delay
(Ontoso et al. 2013a). Furthermore, in the DNA damage checkpoint triggered by unrepaired DSBs in
somatic cells, a similar situation exists, because neither global nor local changes in H3K79 methylation
occur, despite its role in the recruitment of mammalian 53BP1 or yeast Rad9 checkpoint adaptors (Huyen et
al. 2004; Wysocki et al. 2005). Models involving chromatin remodeling events that locally expose methylated
H3K79 residues under certain faulty circumstances have been invoked to explain these findings (Huyen et
al. 2004; Wysocki et al. 2005; Ontoso et al. 2013a). In the yeast zijp? mutant, Dot1 promotes the
accumulation of the HORMAD1/2 homolog Hop1 on unsynapsed axes to enable activation of the Mek1
checkpoint effector kinase. H3K79me-dependent chromosonal exclusion of the Trip13-homolog Pch2
contributes in part to the regulation of Hop1 localization (Ontoso et al. 2013a). Although Pch2's checkpoint
role is not restricted to yeast and it also exists in worms and flies (San-Segundo and Roeder 1999; Bhalla
and Dernburg 2005; Joyce and McKim 2009), no evidence of the participation of Trip13 in mouse meiotic
checkpoints has been found so far (Li et al. 2007; Roig et al. 2010). Therefore, if DOT1L also performs a

meiotic checkpoint function in mouse it is unlikely to be exerted via Trip13 regulation.
Concluding remarks

Although functional interpretations from cytological analysis must be taken with caution, our results are
consistent with a role for DOTIL and H3K79me at least in the special dynamics of chromatin
repression/(re)activation that takes place during male mouse meiotic prophase |. Our observations open
several intriguing questions, and more work needs to be done to expand our knowledge about DOT1L and
H3K79me meiotic function(s) and regulation. For example, how is the same methyltransferase responsible

for two methylated stages at the same target with such different roles? Undoubtedly, a fine regulation must
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be involved, perhaps mediated through the crosstalk with neighboring PTMs and/or histone variants in each
moment and location. Alternatively, or in addition, the several DOT1L splicing isoforms in mice (Zhang et al.
2004) may have different affinities and/or requirements for catalytic activity, or the regulation could be imposed
by other components of the DotCom complex (Mohan et al. 2010). Since DOT1L-knockout mice are not viable
and die by embryonic day 10.5 (Jones et al. 2008), the development of conditional testis-specific DOT1L-
deficient mice would be an invaluable tool to address the functional contribution of H3K79me to various

meiotic events.
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ARTICLE 3

Regulation of tolerance to DNA alkylating damage by Dot1 and Rad53 in

Saccharomyces cerevisiae

Here we investigate in more detail how Dot1 function contributes to the regulation of DNA damage
tolerance. We find that Dot1 modulates the response to the alkylating agent MMS through its catalytic activity
on H3K79. In fact, progressively reduced levels of H3K79 trimethylation result in gradually increased
resistance to MMS. In addition, we examine the functional interaction between Dot1 and an HA-tagged version
of the Rad53 checkpoint kinase that also promotes increased MMS resistance and mutagenesis (Cordon-
Preciado et al., 2006). Our results indicate that there is a window of opportunity for TLS to act in the face of
MMS lesions that is delineated by threshold levels of Rad53 activity. Moreover, we present evidence indicating
that the contribution of Dot1 to DNA damage tolerance is exerted via Rad53 and controls the levels of Rev1

protein associated with chromosomes
Dot1-dependent histone H3K79 methylation regulates tolerance to alkylating DNA damage

Our group previously reported that the absence of Dot1 results in increased resistance to chronic
MMS exposure as a consequence of enhanced TLS-mediated tolerance (Conde and San-Segundo 2008). The
only known biochemical function of Dot1 is the mono-, di-, and trimethylation of lysine 79 in histone H3 (van
Leeuwen et al. 2002). To determine whether regulation of MMS resistance by Dot1 relies on its
methyltransferase activity, we analyzed a catalytically-inactive dot1-G401V mutant, in which the glycine at
position 401 in the Dot1 active site has been substituted by a valine (Sawada et al. 2004). Like dot1A, the
dot1-G401V mutant completely lacked detectable H3K79 methyltransferase activity and also displayed
enhanced MMS resistance relative to the isogenic wild-type strain, indicating that the catalytic activity of Dot1
is required for its function in MMS tolerance. The only known substrate of Dot1 is H3K79; therefore, to confirm
that the MMS resistance of dot1A is due to the lack of H3K79 methylation, we analyzed an H3-K79A mutant,
in which the lysine 79 targeted by Dot1 has been replaced by an alanine and cannot be methylated (Fleming
et al. 2008). Like dot1A, the H3-K79A allele conferred increased MMS resistance.

To investigate in more detail the regulation of DNA damage tolerance by H3K79 methylation, we
examined MMS resistance in strains exhibiting gradually diminished Dot1 catalytic activity. We utilized the
combination of two genetic tools to alter the levels of Dot1 activity: a) use of a dot1-G401A mutant, which
produces a partially active protein (Frederiks et al. 2008), and b) expression of the gene under its own
promoter, but from a single-copy plasmid (p[DOT1] or p[dot1-G401A]), which results in reduced amount of
protein. Given the distributive mode of action of Dot1 (Frederiks et al. 2008), the wild-type strain expressing

DOT1 from its endogenous locus displayed the maximal activity with the highest levels of H3K79-me3 and the
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lowest levels of H3K79-me1. The catalytic activity was then gradually reduced, as manifested by decreasing
levels of H3K79-me3 and increasing levels of H3K79-mef1, following this sequence: DOT1 > p[DOT1] > dot1-
G401A > p[dot1-G401A] > dot1-G401V = dot1A. Interestingly, we found that the progressive reduction of Dot1
activity led to a gradually elevated MMS resistance. In particular, quantification of the relative levels of each
methylation state revealed a clear correlation between the drop of H3K79-me3 and the enhanced resistance to

MMS. Thus, tolerance to alkylating damage is finely modulated by H3K79 methylation levels.
The MMS resistance of dot1D depends on PCNA ubiquitylation at lysine 164

Our previous observations indicated that the increased MMS resistance and mutagenesis frequency of
dot1A is as a consequence of enhanced tolerance mediated by the TLS pathway of DNA damage bypass,
because it is abolished in the absence of Polz/Rev1 (Conde and San-Segundo 2008). DNA damage-induced
PCNA ubiquitylation at lysine 164 is carried out by the Rad6/Rad18 (E2-E3) complex (Bergink and Jentsch
2009; Hoege et al. 2002; Ulrich 2005) and it is a key regulator of the tolerance to genotoxic insults (Gallego-
Sanchez et al., 2010). Therefore, to determine whether the MMS resistance conferred by the absence of Dot1-
promoted H3K79 methylation relies on this PCNA modification, we deleted DOT? in a PCNA ubiquitylation-
deficient pol30-K164R mutant (Hishida et al. 2006). As expected, the pol30-K164R mutant was extremely
sensitive even to low MMS concentrations, underscoring the importance of DNA damage tolerance pathways
in promoting viability after alkylating damage (Hoege et al. 2002). However, although the absence of Dot1
suppresses the sensitivity of an ample range of mutants impaired in coping with MMS-induced lesions (Conde
and San-Segundo 2008), deletion of DOTT failed to suppress the MMS sensitivity of pol30-K164R. Moreover,
the dot1A pol30-K164R double mutant was more sensitive to MMS than pol30-K164R. Likewise, the rev3A
dot1A or rev1A dot1A double mutants are also more sensitive to MMS than rev3A or rev1A (Conde and San-
Segundo 2008). These observations unveil the additional role of Dot1 in another process, such as homologous
recombination (Conde et al. 2009), which becomes more relevant to deal with MMS damage in the absence of
TLS.

Threshold levels of Rad53 activity modulate DNA damage tolerance

Previous studies have shown that, like dot1A, cells expressing an HA-tagged version of the Rad53
checkpoint kinase display increased MMS resistance and increased MMS-induced mutagenesis frequency
(Cordon-Preciado et al. 2006). Moreover, recent observations indicate that the enhanced MMS resistance of
rad53-HA also requires PCNA-K164 ubiquitylation and TLS activity (Gallego-Sanchez et al. 2010).

Thus, the similar phenotypes of dot1A and rad53-HA prompted us to further explore the possible
relationship between Dot1 and Rad53 in the regulation of MMS resistance, as we have previously proposed

(Conde and San-Segundo 2008). Indeed, we found that the enhanced MMS resistance of dot1A was
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abolished in the absence of Rad53 because a rad53A dot1A double mutant showed similar MMS sensitivity

than rad53A; therefore, MMS resistance conferred by dot1A requires Rad53 function.

Activation of Rad53 can be monitored by a well-characterized phosphorylation-dependent
electrophoretic mobility shift (Pellicioli et al. 1999). In the dot1A mutant, Rad53 is not fully activated in
response to MMS (Giannattasio et al., 2005). In contrast, in the rad53-HA mutant, although the Rad53-HA
protein can be activated to the same extent as the wild-type protein, it is produced in much lower amounts
and, consequently, also renders reduced levels of Rad53 activity (Cordon-Preciado et al. 2006). These
observations suggest that the sub-optimal levels of Rad53 activity present in dot1A or rad53-HA cells lead to
increased MMS resistance. Therefore, we generated a dot1A rad53-HA double mutant to analyze the extent of
Rad53-HA phosphorylation (activation) and MMS resistance. Using anti-Rad53 antibodies, the Rad53-HA
protein was not detectable in rad53-HA and dot1A rad53-HA cells in the absence of DNA damage.
Interestingly, in the dot1A rad53-HA double mutant, in addition to the low amount of Rad53-HA protein
characteristic of this tagged version, the levels of MMS-induced phosphorylated (and therefore active) Rad53-
HA were further reduced compared with the rad53-HA single mutant. Indeed, the phosphorylated species of
Rad53-HA induced by MMS were only barely detectable after long exposure of the membranes. Using anti-HA
antibodies, it was possible to detect a faint band corresponding to the basal form of Rad53-HA, which was not
detectable with anti-Rad53. In addition, upon MMS treatment, only the phosphorylated species of Rad53-HA
were detected, and the reduced levels of activated Rad53-HA in the dot1A rad53-HA double mutant compared
with the rad53-HA single mutant were also manifested. Strinkingly, whereas both dot7A and rad53-HA single
mutants display increased MMS resistance (Conde and San-Segundo 2008; Cordon-Preciado et al. 2006), the

dot1A rad53-HA double mutant was extremely sensitive to MMS, resembling a rad53A mutant.

Moreover, if the increase in MMS resistance observed in dot1A results from the inability to fully
activate Rad53, we reasoned that raising the levels of active Rad53 kinase in the dotfA mutant by
overproducing the protein should bring the MMS resistance closer to wild-type levels. Indeed, we found that
moderate overexpression of RAD53 from a high-copy plasmid significantly restored the levels of MMS-
activated Rad53 in a dot/A mutant and partially suppressed the increased MMS resistance of dot1A.
Collectively, these results suggest that intermediate Rad53 activity (below wild-type levels) supports enhanced
resistance to MMS, as occurs in dot1A or rad53-HA mutants. However, when Rad53 function drops below
certain threshold level the cells become very sensitive to this genotoxic agent, which is the situation present in
the dot1D rad53-HA double mutant and in rad53A.

Dot1 and Rad53 modulate binding of Rev1 to Chromatin

Current models for TLS propose that when the replication machinery stalls at a lesion, binding of the
Rev1 protein to monoubiquitylated PCNA serves as scaffold for recruiting the PolC polymerase to the stalled
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fork by virtue of the interaction between Rev1 and the Rev7 accessory subunit of PolC (Bienko et al. 2005;
D'Souza et al. 2008; Guo et al. 2003). This would promote the switch of the replicative polymerase by the TLS
polymerase to continue replication past the lesion (Acharya et al. 2006; Lehmann et al. 2007; Zhuang et al.
2008). However, compelling evidence supports that DNA damage tolerance mechanisms function during the
G2/M phase acting on gaps behind replication forks (Daigaku et al. 2010; Karras and Jentsch 2010; Lopes et
al. 2006; Waters and Walker 2006). In any case, Rev1 is a key regulator of PoIC activity (Waters et al. 2009),
and it has been shown that forms chromosomal foci (Guo et al. 2006b; Sabbioneda et al. 2007); therefore, we

examined MMS-induced Rev1 localization in nuclear spreads of wild-type, dot1A and rad53-HA strains.

Chromatin-associated Rev1 signal was observed both in untreated and MMS-treated cells. To analyze
in more detail the binding of Rev1 to chromosomes, we quantified the number of Rev1 foci detected in the
nuclear spreads and established three categories. In the absence of damage, all strains analyzed contained a
high number of Rev1 foci on chromosomes; most nuclei corresponded to class Il (i.e., more than 30 foci per
nucleus). However, after MMS treatment, the number of Rev1 foci remarkably diminished in chromosome
spreads from the wild-type strain, but remained high in the dot1A and rad53-HA mutants. Indeed, whereas
most nuclei from the MMS-treated dot1A and rad53-HA mutants contained more than 30 Rev1 foci (79% and

61% of nuclei belonged to class lI, respectively), only 34% of wild-type nuclei fell into this category.

In summary, these results suggest that full activation of Rad53 promotes Rev1 disassembly from
chromosomes upon MMS treatment, but the reduced Rad53 activity present in dot1A and rad53-HA allows

extended Rev1 binding to chromatin accounting for the increased MMS resistance of these mutants.

DISCUSSION

Our group previously described a role for the histone H3K79 methyltransferase Dot1 in the tolerance
to alkylating DNA damage (Conde and San-Segundo 2008). Here, we have further characterized this function
of Dot1 by first analyzing the impact of different methylation states of H3K79 in the response to continuous
MMS exposure. We provide evidence indicating that the regulation of DNA damage tolerance by Dot1
depends on its catalytic activity on H3K79 and not on other possible unknown substrate(s) because, like
dot1A, both a catalytically-defective dot1-G401V allele, and a non-methylatable H3-K79A version of histone
H3 confer MMS hyper-resistance. To investigate how different degrees of H3K79 methylation affect MMS
resistance, we have engineered and analyzed a set of strains with progressively crippled Dot1 activity, ranging
between wild-type DOT7 and dot1A as the maximal and minimal Dot1 catalytic activity, respectively. We find a
striking correlation between the decline of Dot1 activity and the increase in MMS resistance. This correlation

was particularly evident for the loss of H3K79me3, suggesting that this methylation state is the most relevant
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for the MMS response. Similarly, different functional relevance for the different methylation states of H3K79 in
the coordination of DNA repair and checkpoint activation in response to UV has been proposed (Evans et al.
2008). In contrast, it has been clearly demonstrated that chromatin silencing relies on global levels of H3K79
methylation, and not on specific methylation states (Frederiks et al. 2008). Importantly, the MMS resistance
conferred by the absence of Dot1 is independent of the silencing SIR complex (Conde and San-Segundo
2008).

The role of Dot1 in multiple nuclear processes, such as transcriptional silencing, meiotic checkpoint,
DNA damage checkpoint or DSB repair, relies on the regulated binding of various key factors to specific
chromosomal regions (Conde et al. 2009; San-Segundo and Roeder 2000; van Leeuwen et al. 2002; Wysocki
et al. 2005). In principle, the impact of Dot1 (i.e. H3K79 methylation) in MMS resistance and the higher number
of MMS-induced chromosome-associated Rev1 foci in the dot1A mutant could emanate from a direct effect of
a peculiar chromatin structure dictated by the H3K79 methylation status modulating the recruitment of the TLS
machinery. However, our results support an alternative possibility implying that the effect of Dot1 in DNA
damage tolerance is exerted indirectly through the regulation of the Rad53 checkpoint kinase. The fact that a
rad53-HA mutant, characterized by reduced levels of the kinase, substantially phenocopies dot?A in the
response to chronic MMS exposure (Conde and San-Segundo 2008; Cordon-Preciado et al. 2006) suggested
a possible relationship between Dot1 and Rad53 in the regulation of tolerance to alkylating damage.
Supporting this possibility, we find that the MMS resistance of both dot1A and rad53-HA depends on
ubiquitylation of PCNA at K164, which is a crucial regulator of the TLS mechanism of DNA damage tolerance.

Moreover, we show here that the increased MMS resistance of the dot1A mutant depends on Rad53.

Both dot1A and rad53-HA mutants display enhanced resistance to alkylating damage and increased
TLS-dependent MMS-induced mutagenesis. Strinkingly, in both mutants, the levels of Rad53 activated by
MMS treatment are reduced compared to the wild type, but for different reasons. In the case of dot1A, Rad53
is produced at normal levels, but the inability to properly recruit the Rad9 adaptor to DNA damage sites results
in defective activation of Rad53 (Conde et al. 2009; Giannattasio et al. 2005; Wysocki et al. 2005). On the
other hand, the rad53-HA allele gives rise to a functional protein, which can be fully activated; however, it is
highly unstable, resulting in the production of low levels of MMS-induced active kinase (Cordon-Preciado et al.,
2006). In the dot1A rad53-HA double mutant, the activation of the low amounts of kinase produced by the HA-
tagged allele is further hampered by the absence of DOTT resulting in barely detectable levels of
phosphorylated kinase. Remarkably, whereas the dot1A and rad53-HA single mutants show increased MMS
resistance, the dot1A rad53-HA double mutant shows strong MMS sensitivity implying that threshold levels of
Rad53 activity determine the outcome of the cellular response to alkylating damage. In the face of MMS

challenge that prevents the advance of replication forks, the wild-type strain fully activates Rad53 and the
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subsequent checkpoint responses controlled by this effector kinase, including cell cycle arrest, stabilization of
replication forks and induction of DNA repair mechanisms (Branzei and Foiani 2010). In addition, high levels of
Rad53 activity would negatively regulate the TLS mechanism of damage tolerance to prevent excessive
mutagenesis. We propose that the sub-optimal levels of activated Rad53 present in rad53-HA mutants or in
mutants that cripple H3K79 methylation (dot1-G401A, dot1-G401V, dot1A), while still preventing replication
fork collapse, allow cell cycle progression and TLS-dependent replication across damage. Consistent with this
idea, analysis of MMS-treated cells lacking the Rad53 phosphatases Pph3 an Ptc2 suggested that a graded
response to the level of Rad53 phosphorylation occurs controlling replication fork restart (O'Neill et al. 2007;
Szyjka et al. 2008). These authors propose that a cycle of Rad53 activation and deactivation coordinates DNA
repair with TLS-dependent replication fork progression through damaged DNA by a mechanism involving the
Cdc7-Dbf4 kinase activity (Szyjka et al. 2008). Indeed, the cooperation of a functional Rad53-dependent
checkpoint response with multiple pathways involving base excision repair, recombination and DNA damage
tolerance has been shown to be crucial for a proper cellular response to alkylated DNA (Segurado and
Tercero 2009; Vazquez et al. 2008). Our analysis of the dot1A rad53-HA double mutant suggests that when
Rad53 activity drops below a critical threshold level, damaged replication forks would irreversibly collapse, like
in rad53A (Tercero and Diffley 2001; Tercero et al. 2003), resulting in cell death and pronounced MMS
sensitivity. We note, however, that in contrast with rad53A, the low amounts of the Rad53-HA protein in the

dot1A rad53-HA mutant must be sufficient to support viability in undamaged cells.

The Rev1 protein is a crucial regulator of TLS activity because of its structural function (Waters et al.
2009); therefore, we focused on Rev1 to investigate how Dot1/Rad53 function impinges on TLS-dependent
mutagenic bypass of MMS-induced lesions. In particular, we examined Rev1 localization to chromatin by
immunofluorescence of nuclear spreads. We found that Rev1 foci are present in most nuclei even in the
absence of MMS damage, suggesting that there is a constitutive localization of Rev1 to chromosomes. Similar
results have been reported for 4NQO-treated cells (Sabbioneda et al. 2007). Since PCNA ubiquitylation is
triggered by DNA damage (Hoege et al., 2002), these observations imply that the basal formation of Rev1 foci
does not depend on the interaction with ubiquitylated PCNA. Consistent with this possibility, we detect Rev1
foci in the ubiquitylation-deficient pol30-K164R mutant. In fact, studies of mouse and yeast Rev1 suggest that
the BRCT domain of Rev1 is required for its constitutive recruitment to foci, whereas the ubiquitin-binding
motifs specifically drive Rev1 to damaged replication forks (Bomar et al. 2010; Guo et al. 2006a; Guo et al.
2006b). Moreover, in DT40 chicken cells, Rev1 maintains progression of replication forks upon DNA damage
independently of PCNA ubiquitylation (Edmunds et al. 2008).

Strikingly, although most nuclei maintain Rev1 signal, we observe a decrease in the number of Rev1

foci per nucleus in MMS-treated wild-type cells. Since mutagenic TLS is induced by alkylating damage (Conde
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and San-Segundo 2008), this reduced number of Rev1 foci (or a significant fraction of them) must by actively

engaged in TLS. In contrast, the number of chromatin-bound Rev1 foci remains elevated in the dot1A or
rad53-HA mutants, providing the opportunity for more TLS-dependent mutagenic events once DNA damage-
induced ubiquitylation of PCNA occurs. We propose that full activation of the Rad53 checkpoint kinase, which
depends on Dot1, somehow restrains TLS activity by preventing promiscuous formation of Rev1 foci
associated with chromosomes. Rev1 undergoes Mec1-dependent phosphorylation, which promotes PolC
activity only in NER-deficient cells (Pages et al. 2009; Sabbioneda et al. 2007). Phosphorylation of Rev1 also
requires the checkpoint clamp ‘9-1-1" and the clamp loader Rad24; however, it is independent of Rad53
(Pages et al. 2009). Therefore, it is unlikely that this posttranslational modification of Rev1 controls the
formation of TLS-active Rev1 foci. Perhaps, Rad53 acts on other regulators of TLS that mediate Rev1

chromosomal binding or stability. Future studies will be aimed to unveil these mechanisms.

In summary, our studies provide insight into how a chromatin modification, namely Dot1-dependent
H3K79 methylation, regulates the tolerance to alkylating damage by TLS through modulation of Rad53 activity.
TLS constitutes one important aspect of the coordinated global cellular response to DNA damage because of
the ability to bypass lesions that impede replication progression, thus preventing fork collapse and eventual
formation of DNA breaks potentially leading to chromosomal rearrangements. However, given the error-prone
nature of TLS, this process must be kept under strict control to avoid excessive mutagenesis, which can also
have deleterious consequences. Therefore, an appropriate balance between error-prone and error-free
processes to face DNA damage is essential to avoid genomic instability, which is directly linked to cancer
development. Our studies in yeast reveal that the conserved Rad53 checkpoint kinase contributes to finely
tune this balance at least by regulating the levels of chromatin-bound Rev1. Recent studies using a mouse
model point to the influence of correct Rev1 levels in reducing the incidence of carcinogen-induced lung
cancer (Dumstorf et al. 2009), highlighting the importance of these mechanisms for the maintenance of

genomic stability.
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CONCLUSIONS

ARTICLE 1: Dot1-dependent histone H3K79 methylation promotes activation of the

Mek1 meiotic checkpoint effector kinase by regulating the Hop1 adaptor
1. Global levels of H3K79me, exclusively catalyzed by Dot1, do not change in response to either
meiosis induction or meiotic defects. However, this epigenetic modification is essential for proper meiotic

recombination checkpoint response in Saccharomyces cerevisiae.

2. Dot1 function in this meiotic checkpoint relies solely on the methylation of H3K79, being H3K79me3

the most relevant form to sustain this function.

3. Full activation of the meiotic recombination checkpoint effector kinase, Mek1, is achieved in two
sequential phosphorylation events: initial phosphorylation of Mek1 mediated by the sensor kinases Mec1/Tel1

is followed by in trans autophosphorylation of Mek1 itself.

4. Dot1-dependent H3K79me is required for both Mek1 recruitment to meiotic chromosomes and Mek1

autophosphorylation, thereby promoting its full activation and the ensuing checkpoint response.

5. Dot1-dependent H3K79me controls phosphorylation of the Hop1 adaptor and its localization along the

chromosome axes of the zip7 mutant, thus enabling Mek1 activation.

6. Regulation of H3K79me-mediated Hop1 localization is exerted, at least in part, by excluding the Pch2

meiotic checkpoint protein from the chromatin and its confinement in the ribosomal DNA region (nucleolus).

ARTICLE 2: Dynamics of DOT1L localization and H3K79 methylation during meiotic

prophase | in mouse spermatocytes
1. The DOT1L methyltransferase and the different H3K79me states exhibit characteristic spatio-
temporal dynamics during meiotic prophase | in mouse spermatocytes, suggesting differential roles for each

methylation state.
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2. H3K79me2 levels increase in autosomal regions from pachynema onwards, but H3K79me2 is
excluded from the sex body, consistent with a role in the resumption of transcription in autosomes during late

prophase | stages.

3. H3K79me3 shows a progressive enrichment at the sex body, which correlates with that of H2A.Z,
with the replacement of H3.1/H3.2 by H3.3 and with the loss of yH2AX and macroH2A. Therefore,
trimethylation of K79 in the H3.3 variant at the sex body, together with H2A.Z incorporation, supports a

contribution in maintaining silencing of sex chromosomes from diplonema onward.

4. H3K79me3 is also enriched at pericentromeric heterochromatin areas, consistent with a role in

silencing these regions.

5. The chromosomal distribution of DOT1L and the different H3K79me states is not altered in mutant
mice with defects in synapsis and/or recombination, although the accumulation of H3K79me is blocked at the

corresponding prophase | stage where each mutant analyzed undergoes meiotic arrest.

ARTICLE 3 : Regulation of tolerance to DNA alkylating damage by Dot1 and Rad53 in

Saccharomyces cerevisiae

1. The regulation of MMS resistance by Dot1 relies on its H3K79 methyltransferase activity.
2. H3K79me levels finely modulate the degree of tolerance to alkylating DNA damage.
3. The MMS resistance of dot1A and rad53-HA depends on PCNA-K164 ubiquitylation

4. Threshold levels of Rad53 activity modulate DNA damage tolerance: whereas the sub-optimal levels
of Rad53 activity present in dot1A or rad53-HA cells lead to increased MMS resistance, the low levels in the

dot1A rad53-HA double mutant or the complete lack of activity in rad534 confer MMS sensitivity.

5. Dot1 and Rad53 regulate TLS, at least partially, by controlling Rev1 chromatin binding
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ABBREVIATIONS

BRCT domains: BRCA1 C-Terminus domains
CCD: Charge-Coupled Device

DAPI: 4',6-Diamidino-2-Phenylindole

DNA: Deoxyribonucleic acid

DOI: Digital Object Identifier

DSB: Double-Strand Break

EC: Enzyme Commission (number)

FHA domain: Forkhead-Associated domain

GFP: Green Fluorescent Protein

GST: Glutathione S-Transferase

H3K79me: methylation of histone H3 at lysine 79
H3K79me1: monomethylation of histone H3 at lysine 79
H3K79me2: dimethylation of histone H3 at lysine 79
H3K79me3: trimethylation of histone H3 at lysine 79
HA: Human influenza hemagglutinin

HORMA domain: Hop1, Rev1 and Mad2 domain
HRP: Horseradish Peroxidase

IR: lonizing Radiation

ISSN: International Standard Serial Number

LE: Lateral Element (of the synaptonemal complex)
MMS: Methyl Methanesulfonate.

MSCI: Meiotic Sex Chromosome Inactivation

PAR: Pseudoautosomal Region

PCNA: Proliferating Cell Nuclear Antigen

PCR: Polymerase Chain Reaction

PGK: Phosphoglycerate kinase

PTMs: Posttranslational Modifications

PVDF: Polyvinylidene Difluoride

rDNA: ribosomal DNA

RNA: Ribonucleic Acid

RNAPII: RNA Polymerase Il

SAH: S-Adenosyl Homocysteine
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SAM: S-Adenosyl Methionine

SC: Synaptonemal Complex

SDS: Sodium dodecyl sulfate

SET domain: Su(var)3- 9, Enhancer of Zeste [E(Z)], and Trithorax (trx) domain
SYCP3: Synaptonemal Complex Protein 3

TCA: Trichloroacetic Acid

TLS: Translesion Synthesis

UV: Ultraviolet

WCA: Whole Cell Extracts

WT: Wild type

YPDA: Yeast extract, Peptone, Dextrose and Adenine medium
vH2A: phosphorylated histone H2A

N N N N N N N U N NN
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LIST OF MUTATED GENES

List of mutated or modified genes used in the thesis, grouped under the name of the gene and a brief
description of the encoded protein, followed by all the mutated or modified versions used. Please note that the
yeast genes/mutants are in black and mouse mutants are in dark red. Protein function description partially

obtained and modified from The Saccharomyces Genome Database (http://www.yeastgenome.org/).

» DDC2: DNA damage sensor component, physically interacts with Mec1. Homolog of mammalian ATRIP.
- DDC2-GFP: Ddc2 tagged with GFP at the C-terminus.

» DMC1: Meiosis-specific protein, promotes ATP-dependent DNA strand exchange required for repair of
meiotic DSBs; homolog of the bacterial RecA protein and of mammalian Dmc1.
- dmc1: deletion mutant.

- Dmc1-: mouse deletion mutant.

» DOT1: H3K79 methyltransferase; homolog of mammalian DOT1L.
- dot1: deletion mutant.
- dot1-G401A: partially-active catalytic mutant.
- dot1-G401V: inactive catalytic mutant.

» HHF1 & HHF2: core histone H4 copy 1 and copy 2.
- hhf1 & hhf2: deletion mutant.

» HHT1 & HHT2: core histone H3 copy 1 and copy 2.
- hht1 & hht2: deletion mutant.
- hht1-K79A & hht2-K79A: lysine 79 changed to alanine (non-methylatable non-polar amino acid).
- hht2-K79R: lysine 79 changed to arginine (non-methylatable basic amino acid).

» HTA1 & HTA2: core histone H2A copy 1 and copy 2.
- hta1-S129* & hta2-S129*: histone H2A lacking the four C-terminal amino acids, including the SQ
phosphorylation site.

» HOP1: Meiosis-specific component of the axial/lateral elements of the synaptonemal complex; meiotic
checkpoint adaptor.
- hop1: deletion mutant.
- HOP1-GFP: Hop1 tagged with GFP at the C-terminus (partially active).

» MEC1: DNA damage sensor kinase, interacts physically with Ddc2. Homolog of mammalian ATR.

- mec1: deletion mutant.
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» MEK1: Meiosis-specific checkpoint effector kinase.
- mek1: deletion mutant.
- mek1-K199R: kinase-dead mutant.
- mek1-T327A: autophosphorylation-defective mutant.
- mek1-T331A: autophosphorylation-defective mutant.
- MEK1-GFP: Mek1 tagged with GFP at the C-terminus.
- MEK1-13myc: Mek1 tagged with 13 myc copies at the C-terminus.
- GST-MEK1: Mek1 tagged with GST at the N-terminus.
- GST-mek1-K199R: autophosphorylation-defective Mek1 tagged with GST at the N-terminus.
- GST-mek1-T327A: autophosphorylation-defective Mek1 tagged with GST at the N-terminus.

» NDT80: Meiosis-specific transcription factor that activates middle meiotic genes; required for exit from
pachytene.

- ndt80: deletion mutant.

» PCH2: Meiosis-specific checkpoint AAA* ATPase; ortholog of mammalian Trip13.
- pch2: deletion mutant.
- PCH2-3HA: Pch2 tagged with 3 HA copies at the N-terminus.
« Trip13med/mod: hynomorphic mutation of Trip13.

» POL30: PCNA (Proliferating cell nuclear antigen), Sliding clamp for DNA polymerases and docking site for
other proteins involved in DNA repair.

- pol30-K164R: lysine 164 changed to arginine (cannot be modified by ubiquitilation or sumoylation).

» RAD24: Protein involved in the activation of the DNA damage and pachytene checkpoints.

- rad24: deletion mutant.

» RAD53: DNA damage checkpoint effector kinase.
- rad53: deletion mutant.

- rad53-HA: Rad53 tagged with HA at the C-terminus, protein produced at reduced levels.

» REV1: Deoxycytidyl transferase. Functions in DNA damage tolerance by TLS
- REV1-13myc: Rev1 tagged with 13 myc copies at the C-terminus.

» SML1: Ribonucleotide reductase inhibitor,.

- sml1: deletion mutant; suppressor of mec1 or ddc2 lethality

» SPO11: Meiosis-specific topoisomerase-like protein that initiates meiotic recombination by catalyzing the

formation of DSBs in DNA; homolog of mammalian Spo711.
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- spo11: deletion mutant.
- Spo11-: mouse deletion mutant.
- Spo11B-only: exclusively expresses the Spo11f splice variant mutant; defective in promoting late DSB

formation, specifically at the PAR of X-Y chromosomes.

» TEL1: DNA damage sensor kinase; homolog of mammalian ATM.

- tel1: deletion mutant.

» ZIP1: Meiosis-specific component of the central element of the synaptonemal complex.

- Zip1: deletion mutant.
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