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Abstract
(R

Mitotically growing cells devote most efforts to accurately duplicate and transmit their
chromosomes to daughter cells. Precise delivery requires the assembly of protein connections
to pair replicated sister chromatids; but also the removal of DNA joint molecules that link
them, including recombination intermediates and ongoing DNA replication forks. The indi-
vidual action of several enzymes, including resolvases and dissolvases, is capable of removing

such structures.

The Structural Maintenance of Chromosomes (SMC) Smc5/6 complex has a pootly un-
derstood function in chromosome repair and segregation. In this study, we show that the dis-
solution of DNA-mediated connections requires the Smc5/6 complex. sz¢5/6 mutants fail to
remove chromosome linkages, leading to gross chromosome segregation defects. Besides, we
show that these connections are mainly due to the accumulation of recombination intermedi-
ates and replication forks, and are not mediated by catenanes. The accumulation could be either
due to upregulation of junction formation, or to defects in their removal. To discern between
these two possibilities, we have designed an assay to restore Smc5/6 function after induction
of chromosome linkages. Our assay demonstrates that the Smc5/6 complex is capable of
promoting chromosome disjunction in metaphase-arrested cells, thus restoring chromosome
segregation. The Smc5/6 complex is also the docking site for a SUMO E3 ligase, a feature that
highlights its potential signalling skills. However, it is unknown how this E3 ligase is regulated.
Our initial characterization of the lysines targeted by SUMO suggests that Smc5 SUMOylation
is required for its recruitment to sites of DNA damage and proper DNA repair. The activity
of the SUMO ligase is induced in response to DNA damage, a phenomenon that requires
the presence of an active homologous recombination pathway. Our results also show that the
SUMO ligase domain is required for chromosome disjunction, and indicate that the Smc5/6-
Mms21 complex operates as a giant SUMO ligase, requiring all of its sub-complexes for its E3
activity 7z vzvo. Moreover, we show that Mms21-dependent SUMOylation requires the ATPase

function of the complex, a step that is part of the ligase mechanism that assists Ubc9 function.

Consequently, we propose that the structural maintenance of chromosomes function
and the SUMO ligase activity of the Smc5/6 complex cooperate in the removal of chromo-
some junctions, to prevent chromosome missegregation and aneuploidy, and to ensure the

maintenance of the genome integrity.
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Resumen
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Las células dedican la mayor parte de su esfuerzo a duplicar y transmitir con precision
sus cromosomas a las células hijas. La precisa distribucion requiere el ensamblaje de conex-
iones proteicas para emparejar las cromatidas hermanas replicadas; pero también la elimi-
nacion de estructuras de ADN que las unen, incluyendo los intermediatios de recombinacién
y horquillas de replicacion. La acciéon individual de varias enzimas, incluyendo “resolvasas” y

“disolvasas”, es capaz de eliminar tales estructuras.

El complejo de mantenimiento estructural de los cromosomas (SMC) Smc5/6 tiene una
funcién pobremente entendida en la reparacion y segregacion de cromosomas. En este estudio,
mostramos que la disolucién de conexiones mediadas por ADN requiere el complejo Smc5/6.
Los mutantes del complejo Smc5/6 presentan fallos en la resolucion de uniones cromosémicas,
lo que provoca una mala segregacion. Ademads, mostramos que estas conexiones se deben prin-
cipalmente a la acumulacién de intermediarios de recombinacion y a horquillas de replicacion,
y no por encadenados. Esta acumulacién puede ser debida a un incremento en la formacion de
uniones entre cromatidas hermanas o a un defecto en su eliminacion. Para discernir entre ambas
posibilidades, disefiamos un ensayo para restaurar la funcién Smc5/6 después de la induccién
de uniones en los cromosomas. Este demuestra que el complejo Smc5/6 es capaz de promover
la disolucién de estas uniones en células paradas en metafase, restaurando asi la segregacion
cromosomica. El complejo Smc5/6 es también el sitio de acoplamiento para una SUMO E3 li-
gasa, hecho que le confiere una posible funcién sefializadora. Sin embargo, se desconoce como
se regula dicha actividad. Nuestra caracterizacion inicial de las lisinas diana por SUMOilacion
sugiere que la SUMOilaciéon de Smc5 es necesaria para su reclutamiento a los sitios de dafio
en el ADN y para su adecuada reparacion. La actividad de la SUMO ligasa se induce en respu-
esta a dafio en el ADN, un fenémeno que requiere la presencia de una via de recombinacién
homologa activa. Nuestros resultados también muestran que el dominio SUMO ligasa es nec-
esario para la segregacién cromosomica, e indican que el complejo Smc5/6-Mms21 funciona
como una SUMO ligasa gigante, que requiere todos sus subcomplejos para su actividad E3
vivo. Por otra parte, mostramos que la SUMOilacion dependiente de Mms21 requiere la funcion

ATPasa del complejo, un paso que es parte del mecanismo que ayuda a la funciéon de Ubc9.

En consecuencia, proponemos que la funcion del complejo Smc5/6 y la actividad SUMO
ligasa de Mms21 cooperan en la eliminacién de las uniones cromosémicas, para evitar la seg-
regacion incorrecta de cromosomas y posibles aneuploidias, asegurando el mantenimiento de

la integridad del genoma.
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Les c¢l'lules dediquen la major part dels esforcos a duplicar i transmetre amb precisio
els seus cromosomes a les cel-lules filles. La precisa distribucié requereix 'assemblatge de con-
nexions proteiques per aparellar les cromatides germanes replicades; pero també I'eliminacio
d’estructures d’ADN que les uneixen, incloent els intermediaris de recombinaci6 i forquilles
de replicacié. ’acci6 individual de diversos enzims, incloent “resolvases” 1 “disolvases”, és

capa¢ d’eliminar aquestes estructures.

El complex de manteniment estructural dels cromosomes (SMC) Smc5/6 té una funcié
pobrament entesa en la reparacié i segregacié dels cromosomes. En aquest estudi, mostrem
que la dissolucié de connexions mitjangades per ADN requereix el complex Smc5/6. Els
mutants del complex Smc5/6 presenten errors en la resolucié d’unions cromosomiques, fet
que provoca una mala segregacié. A més, mostrem que aquestes connexions es deuen prin-
cipalment a 'acumulacié d’intermediaris de recombinacié i a forquilles de replicacio, i no per
encadenats. Aquesta acumulacié pot ser deguda a un increment en la formacié d’unions en-
tre cromatides germanes o a un defecte en la seva eliminacié. Per diferenciar entre ambdues
possibilitats, vam dissenyar un assaig per restaurar la funcié Smc5/6 després de la induccié
d’unions en els cromosomes. Aquest demostra que el complex Smc5/6 és capag¢ de promoutre
la dissolucié d’aquestes unions en cel-lules aturades en metafase, restaurant aixi la segregacio
cromosomica. El complex Smc5/6 és també el lloc d’acoblament per a una SUMO E3 lligasa,
fet que li confereix una possible funcié senyalitzadora. No obstant aixo, es desconeix com es
regula aquesta activitat. La nostra caracteritzacié inicial de les lisines diana per SUMOilacié
suggereix que la SUMOilacié de Smc5 és necessaria per al seu reclutament als llocs de dany
en PADN 1 per a la seva adequada reparacié. L’activitat de la SUMO lligasa s’indueix en re-
sposta a dany en PADN, un fenomen que requereix la presencia d’una via de recombinacid
homologa activa. Els nostres resultats també mostren que el domini SUMO ligasa és necessati
per a la segregaci6é cromosomica, i indiquen que el complex Smc5/6-Mms21 funciona com
una SUMO lligasa gegant, que requereix tots els seus sub-complexes per a la seva activitat E3
in vive. D’altra banda, mostrem que la SUMOilacié dependent de Mms21 requereix la fun-

ci6 ATPasa del complex, un pas que és part de la mecanisme que ajuda a la funcié de Ubc9.

En consequiéncia, proposem que la funcié del complex Smc5/6 i activitat SUMO ligasa
de Mms21 cooperen en I'eliminacié de les unions cromosomiques, per evitar la segregacio in-
correcta dels cromosomes i possibles aneuploidies, assegurant el manteniment de la integritat

del genoma.
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1.1. 'The S. cerevisiae cell cycle

1.1.1. Overview

The eukaryotic cell cycle is a sequence of biological events that allow one cell to grow
and divide into two daughter cells. It is controlled by the specific coordination of many proteins
and deregulation of this complicated cycle has been implicated in a wide variety of human dis-
eases, such as cancer. The complex molecular machinery that coordinates all cell cycle events is
highly conserved among eukaryotes. Since its discovery, much of the work has been conducted
in fission and budding yeast. The availability of the complete genome sequence (Goffeau et al.,
1996), together with ease in genetic manipulation and fast growth rate under laboratory condi-

tions make the budding yeast, Saccharomyces cerevisiae, anideal model organism for cell cycle studies.

The cell cycle involves the cyclical progression through four phases: G1 (Gap 1), S
(Synthesis), G2 (Gap 2) and M (Mitosis) (see Figure 1). Progression through the eukary-
otic cell cycle is controlled by the cyclins and the cyclin-dependent kinases (Cdks). Im-
portantly, the three major classes of cyclins, called G1/S, S, and M cyclins, whose activ-
ity is highly regulated (Bloom and Cross, 2007), oscillate during the cell cycle to generate
a series of cyclin-Cdk complexes that are abruptly switched on at specific cell-cycle transi-

tions; phosphorylating numerous substrates required for progression through the cell cycle.

Cell growth STGRT

©© ;
Bud emergence
il Spindle pole body duplication
Cytokinesis
@@ f
Chromosome segregation | ' Bud growth
Nuclear division DNA replication

‘\ \\ Spindle pole body separation
| ¢
Spindle
elongation

Spindle formation
Nuclear migration

Nucleus O Spindle pole body ©

Microtubule — Mitotic spindle —

Figure 1. §. cerevisiae cell cycle

The budding yeast cell cycle, illustrating the specific cellular morphologies at each cell cycle stage.
Figure taken from Finn et al., 2012.
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In G1, a high rate of protein synthesis increases cell size and mass until budding yeast
cells reach the restriction point, or START. In order to decide whether to enter the cell cycle
and to divide or not, cells integrate external signals such as the availability of nutrients and
the presence of mating pheromones. Under nutrient-restrictive or starvation conditions, cells
typically arrest growth and enter a quiescent state called GO. Otherwise, cells may undergo
cell division. Several internal signals, such as cell size, growth rate, different forms of cell
stress, and the presence of DNA damage can also block the passage through START in bud-
ding yeast (Dirick et al., 1995). When budding yeast cells enter the cell cycle, the spindle pole
body (SPB) duplicates in late G1 (Jaspersen and Winey, 2004) and the actin filaments start to
assembly to form the bud (Pruyne and Bretscher, 2000). During this period, post-Golgi se-
cretory vesicles, and cargo containing membrane-bound organelles also travel along the actin
cables to deliver organelles such as vacuoles, mitochondria, late Golgi complexes, and per-
oxisomes to the daughter cell (Fagarasanu et al., 2010; Pruyne et al., 2004). The next stage,
S phase, is devoted to DNA synthesis. During this phase, cohesion is established between
newly born sister chromatids, and kinetochores are assembled at the centromeres in prepara-
tion for the chromosome segregation (Hirano, 2000; Tanaka et al., 2005). In S. cerevisiae, the
start of M phase overlaps with the end of S phase because mitotic spindle assembly begins
in late S phase (Forsburg and Nurse, 1991). When cells sense the correct signals, they pro-
gress to the final phase of the cycle where chromosomes are pulled apart by the action of
the mitotic spindle (mitosis). Finally, the cytoplasm is split into two (cytokinesis) and septa-
tion occurs to seal the bud neck, releasing the daughter cell (Westhorpe and Straight, 2013).

The order and timing of critical cell cycle transitions requires the presence of surveillance
mechanisms, collectively known as checkpoints, that implement any necessary delay in cell cy-
cle progression until the problem is solved. These delays provide time to resolve the problems,
thereby preventing any unwanted consequences (Cooper, 2000). In that sense, elimination of
checkpoints may increase the susceptibility of the cell to environmental perturbations and ge-
nome instability. Whereas wild type cells are able to induce a cell cycle delay under stress condi-
tions, checkpoint mutants progress to the next stage (Hartwell and Weinert, 1989). There are
several cell cycle checkpoints in eukaryotic cells. The first of these encountered is the START
checkpoint, located at the G1/S transition, and passage through this commits cells to division.
As previously described, it is regulated by cell growth and protein synthesis levels: in the ab-
sence of nutrients, or in the presence of mating pheromones, cells are not allowed to enter the
cell cycle (Hartwell et al., 1974). The next major checkpoint is the DNA damage checkpoint,
which ensures that DNA replication is successfully completed and the genome is ready for
mitosis, and its activation provides a delay to allow the DNA repair machinery to resolve the
damage. The details of this checkpoint will be discussed in more detail below. The final major

checkpoint is located at the metaphase to anaphase transition and is referred to as the spindle
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assembly checkpoint (SAC). The role of this checkpoint is to delay anaphase entry until all kine-
tochores are properly attached to microtubules. Treating cells with a microtubule-depolymeriz-

ing drug, such as nocodazole, can artificially trigger this checkpoint (Foley and Kapoor, 2013).
1.1.2. Chromosome replication

DNA replication, which is a tightly regulated process, initiates from multiple different
sites throughout the genome called origins of replication. These sites in §. cerevisiae have a
specific sequence known as autonomously replicating sequences (ARS). However, other or-
ganisms have more relaxed DNA sequence requirements for initiation (Kearsey and Cotter-
ill, 2003). In metazoans, they are placed into initiation zones or clusters, which are activated

at different moments during DNA replication (Gilbert, 2007; Jackson and Pombo, 1998).

The first step is the assembly of the pre-replicative complex (pre-RC) at the origin of
replication which includes the binding of numerous proteins including the origin recogni-
tion complex 1-6 (ORC1-6) (Bell and Stillman, 1992; Gavin et al., 1995), cell division cycle
6 (Cdc6) and chromatin licensing and DNA replication factor 1 (Cdtl) to DNA; followed
by the recruitment of the mini-chromosome maintenance (MCM2-7) complex, which is
the active replicative helicase (Mendez and Stillman, 2003). Replication is then initiated in
early S phase when Sld2 and SId3 are phosphorylated by the S phase Cdk and the Cdc7-
Dbf4 kinase complex (also known as Dbf4-dependent kinase (DDK)) (Krude et al., 1997,
Let et al., 1997). Their phosphorylation allows them to interact with Dpb11, which in turn
facilitates the loading of Cdc45 and the go-ichi-ni-san (GINS) complex. They have an es-
sential role in origin firing and fork progression (Ilves et al., 2010; Mimura and Takisawa,
1998; Takayama et al., 2003). When the origin of replication fires, the MCM complex un-
winds the parental strands leading to the eviction of nucleosomes ahead of the fork (Groth
et al., 2007) and the GINS complex maintains protein-protein interactions within the replica-
tion complex (replisome) (Gambus et al., 2006; Labib et al., 2000; Pacek and Walter, 2004).

There are three DNA polymerases associated with the replisome, the polymerase
a-primase and the replicative polymerases 0 and €, which replicate the lagging and leading
strands, respectively. The replisome also contains accessory factors, such as the clamp prolif-
erating cell nuclear antigen (PCNA; also known as Pol30 in S. cerevisiae), and the clamp loader
replication factor C (RFC) (Stukenberg et al., 1991). DNA replication is semi-discontinuous
due to the structure of DNA: there is a leading strand, on which DNA nucleotides are added
to the initial primer, and a lagging strand, on which primers are synthesized and elongated
throughout DNA synthesis forming the Okazaki fragments. RFC and PCNA regulate the
polymerase switch (Stukenberg et al., 1994), and are also required for the interaction of flap
endonuclease-1 (FEN-1) and DNA ligase I, which process and seal the Okazaki fragments.
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The unwinding of the double helix by the action of the replicative helicase complex in-
duces a torsional stress that leads to the formation of positive supercoiling ahead of the fork
(Alexandrov etal., 1999; Peter etal., 1998). This torsional stress is reduced by the action of topoi-
somerase 1 (Top1), a Type I topoisomerase that can alter supercoiling by making single-strand
breaks, allowing the uncut strand to pass through the break before resealing the nick (Wang,
2002); see Figure 2). Since each topoisomerase molecule needs around 150 base pair (bp) to
bind to DNA (Bates and Maxwell, 1989), the accessibility of topoisomerases to DNA could be
impaired when two forks approach one another in replication termination. This could lead to
the accumulation of positive supercoiling ahead of the forks, jeopardizing the replication pro-
cess. However, if the replication fork were free to rotate along the axis of the DNA helix, the
torsional stress in front of the fork could diffuse through the replication fork and redistribute
both ahead and behind the fork. This replisome swivelling would generate intertwinings in the
sister chromatids in its wake (Postow et al., 2001; Wang, 2002). These intertwinings, which are
called precatenanes (Peter et al., 1998), need to be removed before chromosome segregation
by the action of topoisomerase 2 (Top2), an enzyme that introduces transient double-strand
breaks in a DNA double helix, through which it passes a segment of uncut DNA before reseal-
ing the break resolving catenations (Lucas et al., 2001; Zechiedrich et al., 1997) (see Figure 2).

A I
Replication Machinery

B
+ Supercolls

+ Supercolls

S

Figure 2. Topological transitions at the fork

Model for topoisomerase function and topological stress associated with DNA replication. The
replication machinery is represented by a rod moving through the double helix. DNA ends are
anchored to hypothetical immobile structures existing in the nucleus. a) upon initiation of DNA
replication, the two strands of duplex DNA are separated, and the replication fork is formed.
b) movement of the replication machinery through the immobilized DNA template strands
induces acute overwinding (i.e. positive supercoiling) ahead of the fork. ) if the replisome ro-
tates around the helical axis of the DNA, compensatory underwinding (i.e. negative supercoil-
ing) behind the replication machinery allows some of the torsional stress in the prereplicated
DNA to be translated to the newly replicated daughter molecules in the form of precatenanes.
If these precatenanes are not resolved, they ultimately lead to the formation of catenated
duplex daughter chromosomes. Topoisomerase 1 is proposed to work ahead of the replica-
tion fork to remove positive DNA supercoils, whereas topoisomerase 11 is proposed to work
primarily behind the fork to remove precatenanes. Figure taken form McClendon et al., 2005.
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1.1.3. Chromosome condensation

A diploid human cell contains about 2 m of DNA (Lander et al., 2001; Venter et al.,
2001), which must be highly packaged into chromosomes before segregation. The ques-
tion of how cells pack such big heavily charged polymers into a nucleus has puzzled scien-

tists ever since the discovery of the structure of DNA in 1953 (Watson and Crick, 1953).

In eukaryotic cells, the basic level of DNA compaction is the nucleosome, which consists
of ahistone octamer containing two copies of each histone H2A, H2B, H3 and H4, around which
147 bp of DNA are wound in 1.7 left-handed super-helical turns (Luger et al., 1997). This con-
formationis referred to as ‘beads onastring’ due toits appearance under the electron microscope.
Since the diameter of the nucleosome is 10 nm, this structure is also called the 10 nm fibre (see
Figure 3). The DNA wrapping around histones neutralizes the negative charge of DNA (Fuss-
ner et al., 2011). The N-terminal tails of histone proteins, which extrude from the nucleosome
(Luger et al., 1997), are subjected to a large variety of posttranslational modifications, including
phosphorylation, acetylation, methylation, ubiquitination and SUMOylation. These modifica-
tions regulate the DNA-nucleosome interactions and the interaction between the nucleosome

and other proteins and can thus influence chromatin composition and structure (Xu et al., 2009).

Rs— -

3:

interphase
chromosome

1400 nm

5:
metaphase chromosome

Figure 3. Chromosome condensation

DNA is wrapped around a histone octamer to form nucleosomes. Then, DNA forms into the 30
nm fibre through the presence of histone H1. Finally this fibre is further compacted into higher-
order structures. Figure taken from MBInfo Wiki, Retrieved 5/8/2014 from http://www.mecha-
nobio.info/figure/figure/1389944285515.jpg.html.
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It has been proposed that the ‘beads on a string’ nucleosome array is then further
coiled around itself to form a higher structure referred to as the 30 nm fibre. This struc-
ture requires the presence of histone H1 (Heermann, 2012). This conformation is the source
of some controversy as a number of studies have failed to find evidence supporting its ex-
istence (Fussner et al., 2011; Fussner et al., 2012). When cells enter mitosis, chromosomes
must be further condensed, resulting in the formation of mitotic chromosomes. Condensa-
tion ensures that chromosomes are small enough to be completely segregated in anaphase,
thus preventing their cleavage during cytokinesis. The formation of mitotic chromosomes
is a dynamic process, that requires the contribution of different proteins and complexes in
constant exchange (Earnshaw and Laemmli, 1983), including cohesin, condensin (Hirano
and Mitchison, 1994), Top2 (Earnshaw et al., 1985; Lewis and Laemmli, 1982), and a num-
ber of signalling molecules. Detailed examination of condensed chromosomes has revealed
that the process of condensation involves the formation of looped and folded structures
(see Figure 3), which themselves are further folded to form a higher-order structure. Con-
densation of chromosomes is an irregular process with no preference over locations of

particular sequences within specific folded loop structures (Strukov and Belmont, 2009).
1.1.4. Chromosome segregation

With each round of cell division, cells face the challenge of transmitting an exact
copy of the genome to the two newly formed daughter cells both in terms of replication
and segregation. Importantly, chromosome segregation errors are frequently seen in can-
cer cells (Gordon et al.,, 2012; Janssen et al., 2011; Ricke et al., 2008; Sheltzer et al., 2011).

The purpose of mitosis is to divide the replicated chromosomes before cytokinesis. Bud-
ding yeast mitosis has distinctive features that are not observed in higher eukaryotes: §. cerevisiae
undergoes a ‘closed’ mitosis, characterized by a lack of nuclear envelope breakdown. There-
fore, the mitotic spindle has to form inside the nucleus and the spindle poles are embedded
in the nuclear envelope (Bouck et al., 2008). In contrast to vertebrate cells, microtubules have
access to chromosomes throughout the cell cycle (Goshima and Yanagida, 2000). To ensure
that each daughter cell inherits an identical copy of the genome, cohesion between the newly
replicated sister chromatids is established during S phase, and maintained until the onset of an-
aphase. Sister chromatid cohesion (SCC) is essential to allow the proper bi-orientation of chro-
mosomes on the metaphase plate, and is provided by a ring-shaped protein complex known as
cohesin. Once all chromosomes are attached to microtubules, the spindle assembly checkpoint

(SAC) is inactivated, cohesion is destroyed, and sister chromatids are irreversibly separated.

From a cell cycle point of view, the transition from metaphase to anaphase requires the

proteolytic destruction of proteins (Enserink and Kolodner, 2010; Morgan, 1999). Entry into
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anaphase is triggered by the activation of the anaphase promoting complex (APC) associated
with the activator protein Cdc20, which promotes the degradation of a large number of pro-
teins, including mitotic cyclins (Shirayama et al., 1999; Wasch and Cross, 2002), and the separase
inhibitor securin (Pds1 in budding yeast). The degradation of Pds1 allows the separase protease
(Esplin budding yeast) to cleave Sccl, thereby triggering the opening of cohesin rings and chro-
mosome segregation (Uhlmann et al., 1999). Additionally, mitotic exit requires reversing Cdk-
dependent phosphorylation, which is largely carried out by the Cdc14 phosphatase in budding
yeast (Azzam et al., 2004; Stegmeier and Amon, 2004). Finally, cytokinesis produces two daugh-

ter cells through the coordinated contraction of the actomyosin ring (Sanchez-Diaz et al., 2008).
1.2. DNA damage response and repair

Every day cells have to cope with a wide range of DNA lesions that compromise
the integrity of our genome. These lesions arise from three different sources. First, ex-
ogenous sources, such as the exposure to the ultraviolet (UV) component of the sunlight
and numerous genotoxic substances can affect the integrity of the DNA. Moreover, chro-
mosomes can also be broken by ionizing radiation or cosmic rays. Second, some reactive
products arising from normal cell metabolism can compromise the DNA structure. In or-
der to counteract the toxicity of these molecules, cells have a complex antioxidant de-
fence system and low molecular-mass scavengers, such as glutathione. DNA can suffer
some spontaneous reactions, such as nucleotide hydrolysis and spontaneous deamination
which will lead to abasic sites and miscoding nucleotides, respectively (Lindahl, 1993). Fi-

nally, errors during DNA replication can also jeopardise the integrity of our genome.

Independently of the nature of the DNA damaging agent, the most common conse-
quence is the activation of the DNA damage checkpoint, which leads to cell cycle arrest. This
provides time for the repair machinery to restore DNA integrity. Although the DNA repair
process is highly efficient, sometimes there are some errors that can lead to mutations and
chromosome aberrations, such as deletions (loss of heterozygosity), translocations, inversions
and duplication events which are related to premature ageing and cancer predisposition (Hoei-
jmakers, 2001). If the cell is unable to repair the lesion and cannot bypass its effects on rep-

lication, transcription or chromosome segregation, cells may initiate the apoptosis program.
1.2.1. DNA replication checkpoint

The DNA damage checkpoint is a surveillance pathway, present in eukaryotic cells,
that monitors replication and is able to trigger a cellular response to preserve genome in-
tegrity in case of sensing replicative stress (Osborn et al.,, 2002). Although it was originally

described as a signal transduction pathway delaying cell cycle progression to provide time
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to allow replication to finish (Enoch and Nurse, 1990), nowadays it is accepted to be a
highly regulated and interconnected pathway that coordinates a wide variety of cellular pro-

cesses in order to maintain cell viability providing genome stability (Labib and de, 2011).

When a replication fork encounters a DNA lesion, the fork can either stall or col-
lapse. Briefly, a stalled fork is one whose movement has been compromised. Even un-
der normal conditions, replication forks do sometimes stop for minutes (Calzada et al.,
2005; Deshpande and Newlon, 1996). On the other hand, a collapsed fork is one in which
some elements of the replisome are no longer associated with the site of synthesis (Yao
and O’Donnell, 2010). Forks are prevented from collapse by the checkpoint pathway, and
possibly other mechanisms (Labib and de, 2011). It has been described that in some spe-
cific places, such as tRNA genes and centromeres, replication fork stabilization by the

checkpoint is a key factor in maintaining genome stability (Zegerman and Diffley, 2009).

The central elements in the DNA damage checkpoint cascade are the phospho-
inositide 3-kinases (PI3)-related Mecl (ATR in humans) and Tell (ATM in humans) (Mal-
lory and Petes, 2000). The highly conserved effector kinases Rad53 (CHK2 in humans)
and Chkl (CHKI in humans) are directly targeted by PI3-related kinases and are respon-
sible for the amplification of the checkpoint signal, as well as for the phosphorylation of
key proteins that modulate different aspects of cellular physiology (Longhese et al., 2003).

The main signal able to trigger the activation of the checkpoint is the generation of
extended ssDNA tracks (Zou and Elledge, 2003), which are due to the uncoupling between
the DNA unwinding and DNA synthesis (Byun et al., 2005), or the uncoupling between the
leading and lagging strand synthesis due to the presence of damaged templates (Branzei and
Foiani, 2009). ssDNA tracks are rapidly coated by the single strand DNA-binding protein
RPA complex (composed of Rfal, Rfa2, and Rfa3) which recruits the apical kinase Mecl
to stalled forks through the action of its associated factor Ddc2 (ATRIP in humans) (Zou
and Elledge, 2003). Then, Mecl phosphorylates several factors, such as Rad53 and Mrcl
(CLASPIN in humans) (Tanaka and Russell, 2001). The latter is required for full Rad53 ki-
nase activation (Alcasabas et al.,, 2001) and prevents uncoupling between helicase unwind-
ing and DNA synthesis at stalled forks by somehow tethering helicases to DNA polymer-
ases (Nedelcheva-Veleva et al., 2006). Other factors, such as the Topbl, the Mrel1-Rad50,
Xrs2 (MRX) complex, the Rad24-Rfc2-5 complex, the Ddcl-Rad17-Mec3 (also known as
9-1-1) complex have also been implicated in the replication checkpoint response (Finn et
al., 2012) (see Figure 4). The DNA checkpoint pathway modulates the cellular physiology in
response to replication stress through phosphorylation by the Mecl, Rad53, and Dunl ki-
nases. Among other processes, they are responsible for inhibition of late origin firing through

down-regulation of Sld3 and Dbf4; transcription of other replication factors, such as MBF
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targets; and increasing the dNTP pool through stimulation of the ribonucleotide reductase
activity, which should also help to successfully complete replication (Labib and de, 2011).

One of the most important roles of DNA damage response is to maintain fork sta-
bility (Lopes et al, 2001). Checkpoint mutants fail to resume DNA synthesis after re-
moval of replication stress and accumulate DNA breaks (Feng et al., 2011a). Collapsed
replication forks, in checkpoint deficient cells, are characterized by the accumulation of ab-
normal replication intermediates (Lopes et al., 2001), which reflects the nucleolytic activi-
ty of exonuclease 1 (Exol)(Cotta-Ramusino et al., 2005). Exol induces fork instability and
therefore lethality in checkpoint deficient cells as they proceed to replicate damaged tem-
plates (Segurado and Diffley, 2008). Rad53-mediated Exol phosphorylation (Morin et al.,
2008) suppresses its exonuclease activity preventing fork breakdown and the accumula-

tion of aberrant structures at stalled forks (Segurado and Diffley, 2008) (see Figure 4).

Finally, normal cellular physiology needs to be restored when the replication stress is
overcome. This requires shutting-down the checkpoint cascade, as well as the reversal of post-
translational modifications. When DNA replication resumes, ssDNA tracks shorten, limit-
ing further Ddc2-mediated recruitment and activation of Mecl (Jossen and Bermejo, 2013).
Moteovet, in S. cerevisiae, several phosphatases, such as Ptc2, Ptc3, and Pph3/Psy2 are involved
in Rad53 dephosphorylation, which tightly correlates with the down-regulation of its activity
(O’Neill et al., 2007).
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Figure 4. The S-phase checkpoint response

The accumulation of ssSDNA tracks causes the activation of the checkpoint. Then, the RPA
bound to ssDNA recruits Ddc2 and Mecl to the stalled forks. Mecl phosphorylates the media-
tor Mrcl and the effector kinase Rad53 activating them. Rad53 maintains stable and functional
DNA replication forks, inhibits firing of late origins, activates gene expression and prevents en-
try into mitosis and unscheduled recombination. Abbreviations: HR, homologous recombina-
tion; PCNA, proliferating cell nuclear antigen. Figure taken from Segurado and Tercero, 2009.
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1.2.2. DNA damage repair mechanisms

To repair the wide variety of lesions that could compromise the integrity of
DNA, cells have evolved sophisticated DNA repair systems to cope with most, if not
all, the possible insults (see Figure 5). Studies in S. cerevisiae have a central role in elu-

cidating the highly conserved mechanisms that promote eukaryotic genome stability.

Direct reversal of DNA damage

This pathway repairs DNA damage in a single-step reaction. However, it is only effec-
tive in a very limited number of DNA lesions, such as specific UV lesions and base meth-
ylation (Y1 and He, 2013). The cyclobutane pyrimidine dimers (CPDs), which are produced
by ultraviolet B (UVB) and UVC radiations, are repaired using a photo-reactivation reac-
tion by the DNA photolyase Phrl (Sancar, 2008). Direct repair is also involved in remov-
ing methyl groups from modified bases, such as O6-methylguanine (O6-MeG) in a reaction
carried out by the methyltransferase Mgtl in budding yeast (Sassanfar and Samson, 1990).

Base excision repair

Base excision repair (BER) is involved in repairing abasic sites, single-strand
breaks (SSB), and chemically modified bases generated by normal cellular metabo-
lism, exposure to some alkylating agents, or some spontaneous reactions (Dianov and
Hubscher, 2013). BER deficiency affects genome stability and it is implicated in many
human diseases, including premature aging (Lombard et al., 2005), neurodegeneration (Cal-
decott, 2008) and cancer (Bartkova et al., 2005). First, a wide range of glycosylases recog-
nizes DNA lesions. Then, they flip the suspected base out of the helix. After base excision,
a DNA polymerase will fill the abasic site and the strand will be resealed (Mol et al., 1999).

Nucleotide excision repair

Nucleotide excision repair (NER) removes multiple different lesions that cause
DNA helix distortions, which could jeopardize replication and transcription. This path-
way is very important in repairing lesions caused by environmental mutagens and chemi-
cal carcinogen-induced bulky adducts (Cadet et al., 2005). Loss of NER in humans is
associated with the disease xeroderma pigmentosum, which is characterized by an ex-
treme sensitivity to sunlight and >1000-fold incidence of sun-induced skin cancer. Af-
ter recognizing the lesion, DNA incisions are made flanking the damage to remove it
(Prakash and Prakash, 2000). These will generate a 20-25 nucleotide gap that will be filled
by a DNA polymerase, and sealed by a DNA ligase (Boiteux and Jinks-Robertson, 2013).
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Mismatch repair

The mismatch repair (MMR) pathway detects helical distortions due to mispairing of
bases during DNA replication (Hsieh and Yamane, 2008). Since MMR reduces the number
of replication-associated errors, defects in MMR increase the spontaneous mutation rate. In
that sense, failures in this pathway provoke microsatellite instability, which is observed in the
hereditary non-polyposis colorectal cancer (HNPCC) and in a variety of sporadic cancers
(Arends, 2013).

Ribonucleotide excision repair

The ribonucleotide excision repair pathway is a pathway that senses the misincorpora-
tion of ribonucleotides into genomic DNA during the replication process. The RNA:DNA
hybrids affect DNA conformation (Wahl and Sundaralingam, 2000), which will lead to ge-
nome instability (Nick McElhinny et al., 2010; Watt et al., 2011). The RNAase H is a family
of proteins that cleave the RNA moiety in RNA:DNA hybrids (Cerritelli and Crouch, 2009).
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Figure 5 DNA damage and the associated DNA repair pathways

The DNA backbone can be attacked by several endogenous or exogenous agents (for instance,
ionizing radiation, alkylating agents, or oxygen radicals), leading to the activation of DNA repair
enzymes. Figure taken from Genois et al., 2014.
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1.2.3. Double-strand break repair

DNA double-strand breaks (DSBs) are one of the most cytotoxic forms of
DNA damage. They can occur accidentally during normal cell metabolism or by ex-
posure of cells to exogenous agents, such as ionizing radiation (IR) or some class-
es of chemotherapeutic drugs. In addition, DSBs appear during programmed re-
combination events, such as meiosis, budding yeast mating-type interconversion,

and lymphocyte development (Paques and Haber, 1999; Soulas-Sprauel et al., 2007).

Classically, two pathways of DSB repair have been defined: non-homologous end
joining (NHE]) and homologous recombination (HR). As their names imply, NHE] in-
volves direct ligation of the broken ends, whereas HR requires an undamaged ho-
mologous sequence to serve as a template for repair of both broken strands. There
is another repair modality called microhomology-mediated end joining (MME]J) that
utilizes annealing of short homologous sequences (microhomologies) revealed dur-

ing the resection step to align ends prior to ligation (Hartlerode and Scully, 2009).

Non-homologous end joining (NHE]) is particularly important during GO, G1 and early
S phase in mitotic cells (Delacote and Lopez, 2008; Takata et al., 1998). Briefly, the two DNA
ends are aligned by the action of the Ku complex which will protect them from degradation
(Walker et al., 2001). Then, the two ends will be joined together and ligated (Grawunder et
al., 1997). The mechanism of this pathway leads to loss of information, which could lead to

genome instability.

Homologous recombination (HR) is a conserved DNA repair mechanism involved in
meiosis, DNA double-strand breaks (DSBs) repair, DNA gap filling, and interstrand crosslinks
repair. Moreover it is required for telomere stability in absence of telomerase and for the
recovery of stalled or broken replication forks (i and Heyer, 2008). However, recombina-
tion is also potentially dangerous as it can lead to gross chromosomal rearrangements and
potentially lethal intermediates (Kolodner et al., 2002). Not surprisingly, defects in HR de-

fine a number of human cancer predisposition syndromes associated with genome instability.

When a DSB occurs within a repetitive sequence, the repeats may provide homology
regions that can anneal to form a continuous chromosome in a process called single-strand
annealing (SSA). Alternatively, 5° end resection will generate 3” protruding tails (Mimitou
and Symington, 2008) followed by formation of Rad51 filaments that invade into homol-
ogous template to form a displacement loop (D-loop) to prime DNA synthesis from the
3’-OH of the broken chromosome on an intact template. After D-loop formation, DSB
repair pathway has three branches that generate different products: first, extended DNA
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synthesis and subsequent D-loop disruption and reannealing to the second end repairs the

break via synthesis-dependent strand annealing (SDSA) (Resnick, 1976). Second, if an in-

tact replication fork is formed, the D-loop can be extended to the end of the chromosome.

This pathway is defined as break-induced replication (BIR) resulting in loss of heterozygo-
sity (LOH) (Malkova et al., 1996). Finally, the 3" overhang could be extended by DNA syn-
thesis and the second end could be captured forming a double Holliday junction (dHJ) in-

termediate (Symington and Gautier, 2011). The dHJ intermediate can then be dissolved or

resolved by different mechanisms generating different products (see below for more detail).

Ku70-Kus0 Rad52, Sawl-
DMA-PHes R, Rad1-Rad10
Pold, ARTEMIS P Rad50-Mrel 1-Xrs2 [WB51] [ [ERCC1-XPF]
Ligase 4 ¢ 5ae2 [CUP] Exol, Dna2 | Msh2-Msh3
+ Sgs1-Top3-Amil, [BLM] !
* RPA [ .
r et —
— - -X
E—— — — 1 Rad51, Rad52, Rad55-Rad57 ' *
e | [RAD51B, RADS1C, RADSID,
# —_— ' KRCCL, XRCC3) BRCAZ-DS51 — —
Rad51, Rad54, Rdh54 *
vioop &\ RADS4E .
L—— NHEJ) — —_ —_—
L— S5A
Sgs1-Top3-Rmi1 [ELM] l \\ Sgs1-Top3-Ami1 [BLM]
Mphi, Fml1 [FANCM] — —_— - — Mph1, Fmill [FARCM)
arsd &'—_’ ; Slx1-5hed, Yen1 [GEN1]
* * Mus81-Mms4 [EME1]
— i — e
1 | <
Half-crossover Noncrossover Crossover MNoncrossover Noncrossover
(LOH)
BIR SD5A dHJ subpathway
' Homologous recombination (HR) !
== Damaged dsDNA Abe  ‘Generic protein . i Presynaptic phase
with broken ends designation HR D Synaptic phase
—  Homologous dsCNA Human-specific protein

a5 repair template

Figure 6. DSB repair pathways

ABCD designation Postsynaptic phase

Protein names refer to the budding yeast Saccharomyces cerevisiae (blue). Where different in

human, names (brown) are given in brackets. Broken lines indicate new DNA synthesis and

stretches of heteroduplex DNA that upon mismatch repair (MMR) can lead to gene conversion.
Abbreviations: BIR, break-induced replication; dHJ, double Holliday junction; NHE],
non-homologous end joining; LOH, loss of heterozygosity; SDSA, synthesis-dependent

strand annealing; SSA, single-strand annealing. Figure taken from Heyer, WD et al, 2010.
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1.2.4. Processing of recombination intermediates

The activation of some DNA repair mechanisms, such as homologous recombination;
ot the activation of some DNA damage bypass, such as template switching, lead to the forma-
tion of DNA junctions that need to be resolved before cells enter anaphase. Therefore, fail-
ures in resolving these linkages will provoke chromosome missegregation leading to genome

instability.

In order to overcome this problem, cells have acquired a collection of endonucleases
that recognize and cleave DNA joint molecules with different substrate specificity (Schwartz
and Heyer, 2011). In §. cerevisiae, four resolvases have been determined to cleave Holliday junc-
tion intermediates: Mus81-Mms4, Slx1-4, Yen1 and Rad1-Rad10 (Svendsen and Harper, 2010).
Recent investigations indicate that some structure-specific nucleases are activated during mito-
sis by the cell cycle machinery to remove DNA joint molecules (JMs): the Mus81-Mms4 com-
plex is upregulated by Cdk and Polo kinase-dependent phosphorylation as cells enter mitosis
(Matos et al., 2013) and the Yen1 resolvase becomes nuclear and active later on, as Cdk activity

declines and the Cdc14 phosphatase removes the inhibitory phosphates (Blanco et al., 2014).

Importantly, depending how these enzymes process DNA joint molecules, a crossover
or non-crossover product is generated. Although crossovers play an important role promoting
genetic diversity during meiosis, they present a threat in mitosis, causing loss of heterozygosity
when recombination occurs between homologous chromosomes; or translocations, inversions,
deletions and gene duplications when crossovers occur between repeated regions on the same
chromosome or other non-homologous chromosomes. To minimize crossover products, mi-
totically growing cells tend to dissolve (as opposed to ‘resolve’) HJs using the RecQ) family of
proteins. The RecQ) proteins form an evolutionarily conserved family of DNA helicases that
are important for the maintenance of genomic stability. Five RecQ helicases have been identi-
fied in humans: BLM, RECQ1, REQL4, RECQ5 and WRN. These proteins have received con-
siderable interest due to their putative roles in the suppression of cancer and premature ageing
in humans. For instance, mutations in BLM cause Bloom’s syndrome, which is characterized
by an increased cancer predisposition and premature ageing (Monnat, Jr., 2010). In budding
yeast there is one RecQ helicase, called Sgs1, which shares a number of features with BLM.
BLM and Sgs1 associate with and stimulate the activity of a type IA topoisomerase (Top3
in yeast; hTOPOIIIa in humans) (Ui et al., 2005). Additionally, both Sgs1-Top3 and BLM-
hTOPOIIIx associate with a conserved OB fold-containing protein (Rmil in yeast; BLAP75/
hRMI1 and BLAP18/RMI2 in humans), which appears to stimulate the enzymatic function of
Sgs1-Top3 (Yang et al., 2010). The Sgs1-Top3-Rmil complex acts cooperatively as a ‘dissolvas-
ome’ processing DNA structures that arise during DNA replication and HR repair generating
non-crossover products (Chu and Hickson, 2009; Mankouri and Hickson, 2007) (see Figure 7).
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Figure 7. Mechanisms for the resolution of Holliday junctions

Three possible pathways for the resolution of Holliday junctions in eukaryotic cells. Dou-
ble-Holliday junctions produced by strand exchanges between homologous molecules
(blue and red) can be resolved by ‘dissolution’ mediated by the BLM complex, symmetri-
cal cleavage by GEN1/Yenl or by asymmetric cleavage mediated by MUS81-EME1 com-
plex. Green arrows indicate junction migration. Red arrows indicate cleavage sites. Bro-
ken lines indicate newly synthesized DNA. Yenl resolvase is absent from S. pombe.
Figure taken from West S.C., 2009.

1.2.5. DNA damage tolerance

Since cells are particularly vulnerable to DNA damage during DNA replication (Branzei
and Foiani, 2009), they have acquired DNA damage tolerance mechanisms to allow replica-
tion fork progression in the presence of damage without the need to repair it. This pathway
is called postreplication repair (PRR). Studies in S. cerevisiae suggest two pathways for PRR:
translesion synthesis (TLS) and the damage avoidance by template switching (TS) which are
error-prone and error-free, respectively (see Figure 8). Mutations in the error-free branch of
PPR lead to a strong mutagenic phenotype in S. cerevisiae (Chang and Cimprich, 2009). In
mammalian cells, the predominant pathway is the TLS, which uses specialized DNA damage-
tolerant polymerases that, unlike replicative polymerases, contain flexible active sites and so

they can replicate through damaged bases (Sale et al., 2012).

The central step of PRR is the posttranslational modification of PCNA (Pol30 in bud-
ding yeast). PCNA is monoubiquitylated on lysine 164 (K164) by the Rad18-Rad6 ubiquitin
ligase complex in response to replication blocks (Hoege et al., 2002). When a replication fork
stalls, the replication protein A (RPA) complex coats the ssDNA generated (Chang et al.,
20006). This leads to Rad18 recruitment and stimulation of its E3 ligase activity, promoting
K164 monoubiquitilation (Davies et al., 2008). Although K164 is the principal ubiquitylation
site in PCNA, in S. cerevisiae K107 has also been implicated in DNA damage response triggered
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by DNA ligase I deficiency (Das-Bradoo et al., 2010). Work from the past decade has shown
that K164 monoubiquitilation promotes the interaction with the Y-family TLS polymerases
that are able to replicate through damaged bases (Sale et al., 2012) (see Figure 8).

In some circumstances, the monoubiquitylated K164 can be extended to a K63-linked
ubiquitin chain (Hoege et al., 2002). This modification has been suggested to trigger an al-
ternative error-free DNA damage tolerance pathway that involves regression of stalled forks
followed by template switching in order to use the newly synthesized strand as a template
to bypass DNA lesions (Ulrich and Walden, 2010). In §. cerevisiae, PCNA polyubiquityla-
tion is mediated by the E3 ligase Rad5 in conjunction with the methansulphonate sensitive 2
(Mms2)-Ubc13 E2 complex (Hoege et al., 2002). The exact mechanism that triggers the switch
from mono- to polyubiquitilation remains elusive (see Figure 8). Moreover, PCNA is also
SUMOylated during S phase in budding yeast (Hoege et al., 2002; Parker et al., 2008; Stelter
and Ulrich, 2003). SUMOylation of PCNA, mediated by the SUMO E3 ligase Siz1, prefer-
entially occurs on K164 and to a lesser extent K127. This may suppress monoubiquitylation
of PCNA and recruitment of TLS polymerases during unperturbed replication (Hoege et al.,
2002). In S. cerevisiae, PCNA SUMOylation recruits the anti-recombinase Srs2,a 3°-5" helicase
that suppresses unwanted recombination events during S phase by disrupting Rad51 nucleo-
protein filaments (Krejci et al., 2003; Papouli et al., 2005; Pfander et al., 2005) (see Figure 8).
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Figure 8. The postreplicational repair pathway

A

a) When the replication forks encounter a lesion (star) the Rad18-Rad6 complex is recruited to the
fork leading to K164 PCNA monoubiquitilation. Then, the Y-family polymerases such as Poln are
recruited to the fork to bypass the lesion in the process termed translesion synthesis (TLS). In ver-
tebrates, the deubiquitinating complex USP1-UAF1 removes ubiquitin from PCNA. b) PCNA can
be polyubiquitilated by the E3 Rad5 and the Ubc13/Mms2 dimeric E2, which promotes template
switching, ¢) PCNA SUMOylation on K164 recruits Srs2, which blocks unscheduled recombina-
tion events within S phase. Figure from Jackson and Durocher, 2013.
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1.3. SMC complexes

The structural maintenance of chromosomes (SMC) proteins are involved in the struc-
tural and functional organization of chromosomes from bacteria to humans (LLosada and Hi-
rano, 2005; Nasmyth and Haering, 2005). They participate in many chromosome functions,
such as sister chromatid cohesion (SCC), chromosome condensation, transcription, DNA re-

pair and recombination.

SMC proteins are large polypeptides that contain two nucleotide-binding motifs (known
as Walker A and Walker B) located at the N- and C-terminal parts of the protein, respectively.
These walker domains are separated by two long coiled-coils and a hinge domain. One SMC
monomer folds back on itself through antiparallel coiled-coil interactions, creating an ATP-
binding head domain at one end and placing the hinge domain at the other (Haering et al., 2002;
Melby et al., 1998). Then, two monomers interact with each other through the hinge domain
forming a V-shaped molecule (Hirano and Hirano, 2002). It has been determined that the length
of each arm is ~50 nm, which is equivalent to ~150 bp of double-stranded DNA (dsDNA).
Binding to ATP has been proposed to induce engagement of ATPase heads in SMC complexes,
while its hydrolysis is supposed to bring them apart. The nucleotide binding, engagement and

hydrolysis functions are essential for the activity of SMC complexes (Hirano and Hirano, 2004).
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Figure 9. The architecture of SMC proteins.

a) Each SMC complex is formed of self-folded anti-parallel coiled coils that contain at one end the
ATP-binding cassette (head domain) and a dimerization domain at the other end (hinge domain).
b) Smc5/6 complex in budding yeast; in fission yeast, the Nse5-Nse6 heterodimer interacts with
the ATPase heads; in both yeast, Nse2 interacts with the coiled coil region of Smc5. ¢) The core
subunits of cohesin are Smcl and Smc3, which associate with Sccl, Scc3, and to other less stably
associated proteins, including Pds5 and Rad61. The complex has been proposed to embrace repli-
cated sister chromatids. d) The condensin complex is formed by Smc2 and Smc4, which associate
with Brnl, Yes4 and Yegl. The illustration depicts the open ring structure of cohesin as opposed
to the more closed ‘lollipop’ structure of condensin. Figure from Seba Almedawar, Cell cycle lab.
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Unlike bacteria, which only contain a single SMC protein, eukaryotes have six different
SMC proteins that form heterodimers in specific combinations (see Figure 9). First, the Smc1-
Smc3 pair constitutes the core of the cohesin complex that mediates sister-chromatid cohe-
sion (Haering et al., 2002). Second, the Smc2-Smc4 heterodimer form the core of the con-
densin complex, which is required for chromosome condensation (Hirano, 2005). Finally, the
Smc5-Smc6 heterodimer form a third complex implicated in DNA damage repair (Lehmann,
2005). Cohesin and condensin conformations are remarkably different. Whereas the hinge
domain of condensin adopts a ‘closed’ conformation, which places the coiled-coils in close
proximity forming a ‘Tollipop-like” structure, the coiled-coils in the cohesin complex display
a more open structure (Anderson et al., 2002). Apart from the SMC subunits, all SMC com-

plexes interact with non-SMC proteins that collectively regulate their function (see Figure 9).
1.3.1. The cohesin complex

The main role of cohesin is sister chromatid cohesion (Guacci et al., 1997; Michaelis et
al., 1997). However, cohesin has been implicated in a wide range of other functions, including
pairing of homologous chromosomes during meiosis (Thomas et al., 2005); double-strand
break repair in mitotic (Sjogren and Nasmyth, 2001) and meiotic cells (Kim et al., 2010); assem-
bly of replication factories during S phase (Guillou et al., 2010) and the axes of synaptonemal
complexes during meiotic prophase (Kim et al., 2010); co-orientation of sister kinetochores
during the first meiotic division (Sakuno et al., 2009); transcriptional control in yeast (Lin et al.,
2011), flies (Pauli et al., 2008), fish (Horsfield et al., 2007) and mammals (Wendt et al., 2008);
regulation of the recombination process that generates a full repertoire of T-cell receptors

(Seitan et al., 2011); and lastly chromatin morphology during interphase (Schmidt et al., 2010).

The core components of the cohesin complex are two SMC proteins, Smcl and Smc3. In
addition two non-SMC proteins, Mcd1/Sccl/Rad21 and Scc3, also interact with the heterodim-
er. Mcd1/Sccl/Rad21 is a kleisin protein (Schleiffer et al., 2003) that binds to the head domain
of Smc3 and Smcl through its N- and C-terminal part, respectively (Haering et al., 2002). This
interaction creates a ring-like structure which allows the physical entrapment of sister chroma-
tids (Haering et al., 2002). Scc1 also interacts with Scc3, which is predicted to be a HEAT (Hun-
tington, Elongation Factor 3, PR65/A, TOR) repeat-containing protein. In addition, there are
several meiosis-specific subunits and some variants in vertebrate cells. For more information

about the importance of cohesin variants in vertebrate cells read (Remeseiro and Losada, 2013).

The cohesin complex is loaded onto chromosomes during G1. This process requires
the loading complex Scc2-Scc4 (Ciosk et al., 2000), ATP hydrolysis by the SMC heads and
transient separation of the hinge regions (Gruber et al., 2006; Hu et al., 2011). Interestingly,

cohesin is constantly being exchanged from chromatin throughout interphase (Getlich et al.,
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20006). This feature may be important to facilitate replication and transcription (Fay et al.,
2011; Terret et al., 2009) and depends on Wapl and Pds5. This destabilizing action on co-
hesin has been called ‘antiestablishment’ (Shintomi and Hirano, 2009). The action of Pds5-
Wapl is particularly important for the prophase pathway that drives dissociation of most

of the cohesin from chromatin at the onset of mitosis in metazoans (Gandhi et al., 2000).

In order to establish cohesion during DNA replication, the cohesin complex
needs to become cohesive. Ecol, which is a cohesin acetyltransferase (CoATs), acety-
lates two lysine residues (K112 and K113) located in the head domain of Smc3 dur-
ing S phase (Zhang et al., 2008). This neutralizes the antiestablishment action of Pds5-
Wapl, most probably by affecting the conformation of the ring. In vertebrates, Smc3
acetylation enables the recruitment of sororin to Pds5, which displaces Wapl promoting
cohesion (Nishiyama et al., 2010). Moreover, in S. cerevisiae, apart from Smc3 acetylation,
cohesin SUMOylation is also required for sister chromatid cohesion and non-SUMOylat-

ed cohesin complexes are not cohesive despite being acetylated (Almedawar et al., 2012).

Cohesin is released from chromatin in two steps in metazoan mitosis, at prophase and
anaphase. At the beginning of mitosis, in prophase, vertebrate Scc3 and sororin are phospho-
rylated by Polo and Cdk1, respectively; which allow Wapl and Pds5 to evict the majority of co-
hesin from chromosome arms (Dreier et al., 2011). At this stage, a small proportion of cohesin
remains at the centromeres protected by Shugoshin (Sgo) and the protein phosphatase 2A
(PP2A) (Kitajima et al., 2006). When cells enter anaphase, the ubiquitin-ligase anaphase pro-
moting complex (APC) gets activated and induces the degradation of securin, which is normally
bound to separase, inhibiting it. Once securin is degraded, separase is released and is able to cut
Sccl (Uhlmann et al., 1999). When Sccl is cleaved and sister chromatids are decatenated by the
action of Top2 (Wang et al., 2008), they are now free to be pulled apart by the mitotic spindle.

In addition to its function in sister-chromatid cohesion, cohesin plays critical roles in the
DNA damage response. Several studies have confirmed a role in DNA repair in different or-
ganisms, such as S. cerevisiae, chicken, and humans (Sjogren and Nasmyth, 2001; Sonoda et al.,
2001). Cohesin participates in DSB repair promoting homologous recombination. In . cerevisi-
ae, cohesin and its positive regulators, including Scc2, Pds5 and Ecol, are all required for DSB
repair during G2 (Sjogren and Nasmyth, 2001). Moreover, cohesin is involved in DNA dam-
age checkpoint activation. Several studies have established the role of cohesin in intra-S phase
checkpoint activation in human cells. In response to DNA damage (IR, UV, HU), ATM or ATR
phosphorylates two residues (§957 and $966) on SMC1, and phosphorylation of these two sites
is required for S phase checkpoint activation. (Kitagawa et al., 2004; Yazdi et al., 2002). In addi-
tion to SMC1, SMC3 is also phosphorylated by ATM at S1083 in response to IR (Luo etal., 2008).
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1.3.2. The condensin complex

Condensin is a large complex evolutionarily conserved from bacteria to humans (Hi-
rano, 2012). It is involved in chromosome organization and condensation during mitosis and
meiosis. They fold chromatin fibres into highly compact chromosomes to ensure correct seg-
regation (Freeman et al., 2000; Hirano et al., 1997). It also prevents unwanted intrachromo-
somal recombination events at the fDNA locus, which helps ensure its stability (Tsang et al.,
2007b) and regulates rDNA condensation during interphase upon nutrient starvation in bud-

ding yeast (Tsang et al., 2007a).

Condensin is formed by the Smc2-Smc4 heterodimer. In addition, three accessory subu-
nits (Brnl, Yes4, Ycgl) bind to the SMC heterodimer and regulate its activity. Kleisin I/Brnl,
a member of the kleisin family (Schleiffer et al., 2003), interacts with Smc2 and Smc4 through
its N- and C-terminal parts, respectively. Its interaction with the Smc2-Smc4 heterodimer
forms a ring-shaped structure (Bhat et al., 1996; Hirano et al., 1997). All three accessory subu-
nits of condensin are required for its association with chromatin and function in chromosome
condensation (Lavoie et al., 2002). Most eukaryotes have two isoforms of condensin, called
condensin I and II. They differ in the composition of the accessory subunits, which may ex-
plain the differential localization patterns, dynamics and functions of the two condensin com-
plexes (Ono et al., 2004). Whereas condensin I-depleted cells show a swollen chromosome
shape, condensin II depletion produces a curly shape. Depletion of both complexes produces

a fuzzy appearance with cloud-like chromosomes (Ono et al., 2003).

Chromosome condensation is a dynamic process, and condensin is required not only to
assemble chromosomes, but also to maintain them in a condensed state throughout mitosis
(D’Ambrosio et al.,, 2008). A wide range of evidence suggests that mitotic Cdk-dependent
phosphorylation stimulates the ATPase and supercoiling activities of Xenopus condensin 1
(Kimura et al., 1998). In budding yeast, Cdk-mediated phosphorylation of Smc4 primes con-
densin to be hyperphosphorylated by the Polo-like kinase Cdc5 enhancing its DNA super-
coiling activity (St-Pierre et al., 2009). Condensin binds to specific sites along chromosomes,

which likely involves the topological entrapment of DNA (Thadani et al., 2012).

1.3.3. The Smc5/6 complex

The Smc5/6 complex is formed by the Smc5-Smc6 heterodimer and 6 non-SMC ele-
ments, Nsel-6 (see Figure 9 and Table 3). Since its discovery in S. pombe in 1995 (Lehmann et
al., 1995), it has been described in other eukaryotes, such as §. cerevisiae (Fujioka et al., 2002),
X. laevis (Tsuyama et al., 2000), A. thaliana (Watanabe et al., 2009), C. glabrata (Miyazaki et al.,
2006) and humans (Taylor et al., 2001).
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Biochemical and two-hydrid experiments in yeast indicate that there are different sub-
entities in the Smc5/6 complex: the first of them is formed by Smc5, Smc6 and Nse2; Nsel,
Nse3 and Nse4 form the second subcomplex; and finally, Nse5 and Nse6 form the third sub-
complex (Duan et al., 2009b; Hudson et al., 2011; Pebernard et al., 2006; Sergeant et al., 2005).
In S. pombe, the Nsel-Nse3-Nse4 heterotrimer and the Nse5-Nse6 heterodimer both interact
with the heads of Smc5 and Smc6 (Palecek et al., 2006; Pebernard et al., 2006). In S. cerevisiae
the Nse5-Nse6 subcomplex binds to the Smc5-Smc6 hinge domains (Duan et al.,, 2009b).

Similarly to cohesin and condensin, the heads of Smc5 and Smc6 are brought together by
the kleisin protein Nse4 (Palecek et al., 2000), also known as Rad62 (Morikawa et al., 2004), al-
though Nse4 seems to beunable to interact with Smc6 onits own. Nse4is related to the EID (E1A-
like inhibitor of differentiation) family of proteins (Hudson etal., 2011). In budding and fission
yeast, the N-terminal part of Nse4 binds to Nse3 (Hudson etal., 2011). In humans, there are two
Nse4 proteins (NSE4a and NSE4b/EID3) containing both N- and C-terminal kleisin domains
(Palecek et al., 20006; Taylor et al., 2008), which also interact with Nse3 (Guerineau et al., 2012).
However, unlike Sccl, Nse4 is not cleaved at any specific cell cycle stage (Palecek et al., 20006).

Nsel contains a RING (really interesting new gene) finger domain, common to ubiq-
uitin E3 ligases (McDonald et al., 2003). Iz vitro experiments failed to demonstrate the ubiq-
uitin E3 ligase activity from purified human and fission yeast Nsel (Pebernard et al., 2008a).
However, when Nse3 was added to the ubiquitination reaction, a strong 7 vitro ubiquitin li-
gase activity was detected (Doyle et al., 2010). Nse3 is a melanoma-associated antigen gene
(MAGE)-like protein. These proteins are specifically expressed in some cancers. They are in-
volved in gene transcription and apoptosis (Feng et al., 2011b). Recently, it has been described
that they also bind to and enhance the ubiquitin ligase activity of other E3 RING ligases
(Doyle et al., 2010). Nse6 contains ARM/HEAT tepeats, also present in the cohesin loading

factor Scc2 (Pebernard et al., 20006), while no conserved domains have been described in Nse5.

Nse2, also known as Mms21 is a SUMO E3 ligase. It contains a characteristic catalytic
Siz/PIAS (SP)-RING domain at its C-terminus. Several experiments in yeast and human cells
have demonstrated that Nse2 is able to transfer SUMO to several different substrates (Andrews
etal., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005). Nse2 binds to the coiled-coil region of

Smc5 (Duan etal., 2009a). The importance of this subunit will be discussed in more detail below.
1.3.3.1. Localisation of the Smc5/6 complex

The Smc5/6 complex is primarily enriched at repetitive regions in the genome, includ-
ing the rDNA array and telomeric sequences, but also at other discrete loci, as shown by im-

munofluorescence on chromosome spreads (Torres-Rosell et al., 2005). ChIP-on-chip analy-
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ses has provided a more detailed insight into the global chromosomal localization of the
Smc5/6 complex in budding (Lindroos et al., 2006) and fission yeast (Pebernard et al., 2008b).

In G1, the Smc5/6 complex shows a strong association with telometic regions in budding
yeast. The complex seems to associate with DNA during S phase (Lindroos et al., 20006), an ob-
servation that has also been reported in X. /evis (Tsuyama et al., 2006). In G2/M, the complex
localizes to all centromeric regions and shows a scattered distribution in intergenic regions. This
pattern is very similar to the chromosomal localization of cohesin (Lengronne et al., 2004). The
recruitment of Smc5/6 in budding yeast is controlled by Scc2, a loading factor required for co-
hesin recruitment onto chromatin (Ciosk et al., 2000). In see2-4 cells, the binding of Smc5/6 to
chromatin is impaired, showing a 40% reduction compared to their wild type counterparts. How-
ever, whereas the centromeric association is almost abolished in sez2-4 mutant cells, the tDNA-
dependent association is not affected (Lindroos et al., 2000). In fission yeast, Smc5/6 is tran-

siently loaded at centromeres when they are replicated in early S phase (Pebernard et al., 2008b).

Double-strand breaks (DSBs), as well as replication fork collapse, triggers Smc5/6 relo-
calization to the damaged sites (Lindroos etal., 2006; Pebernard et al., 2008b). This might reflect
the requirement of the complex in DSB repair and in restarting collapsed replication forks (Am-
patzidou et al., 2006). Similar results were obtained in MMS-treated cells in S. pombe, indicating
that Smc5/6 is also important for replication on damaged templates (Pebernard et al., 2008b).

Immunostaining experiments in human cells showed that Smc5/6 associates with chro-
matin during interphase and dissociates from the nucleus in mitosis (Gallego-Paez et al., 2014;
Taylor etal., 2001). However, fractionation and immunoblotting analysis revealed a small amount
of Smc5/6 in the chromatin-enriched fraction in mitosis (Gallego-Paez et al., 2014). In hu-
mans, Smc5/6 associates with chromatin in early G1; whereas in yeast and X. /aevis it associates
during DNA replication (Gallego-Paez et al., 2014; Lindroos et al., 2006; Tsuyama et al., 2000).

1.3.3.2. The Smc5/6 complex and DNA damage repair

Since the initial isolation of SMC6, previously called RAD78 in S. pombe (Nasim and
Smith, 1975), and NSEZ2in §. cerevisiae (Prakash and Prakash, 1977b) in screens for yeast genes
involved in response to DNA damage, the Smc5/6 complex has been related to DNA dam-
age repair. Years later, it was reported that s7¢6 mutants were sensitive to ultraviolet (UV) and
y-rays in S. pombe (Lehmann et al., 1995). In fact, subsequent studies have uncovered mutations
in every member of the Smc5/6 complex that render cells sensitive to DNA damaging agents,
such as UV, ionizing radiation (IR), methyl methanesulfonate (MMS), Mitomycin C, and hy-
droxyurea (HU) in yeast, Arabidopsis, chicken, Drosophila, mouse, Xenopus and humans (Am-
patzidou et al., 2006; Andrews et al., 2005; Cost and Cozzarelli, 20006; de et al., 2006; Fousteri
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and Lehmann, 2000; Fujioka et al., 2002; Hu et al., 2005; McDonald et al., 2003; Miyabe et al.,
2006; Morikawa et al., 2004; Onoda et al., 2004; Pebernard et al., 2004; Pebernard et al., 20006;
Potts et al., 2006; Potts and Yu, 2005; Sheedy et al., 2005; Torres-Rosell et al., 2005; Zhao and
Blobel, 2005). The function of Smc5/6 at damaged sites seems to be related to the processing
of recombinogenic structures arising at blocked forks. In fact, genetic analyses have related the
Smc5/6 complex with the homologous tecombination pathway. In S. pomzbe, the sme6-X and rhp51
Rad51A4

mutations are epistatic in IR (Lehmann et al., 1995), an observation that has also been

reported in budding yeast and chicken cells (Cost and Cozzarelli, 2006; Stephan et al., 2011a).

The Smc5/6 complex plays important roles at damaged replication forks too. When
replication forks encounter a DNA lesion, the replisome can stall; and if it cannot proceed
beyond the damage, it might eventually collapse (Branzei and Foiani, 2005). The Smc5/6 com-
plex re-localizes to collapsed forks in yeast (Bustard et al., 2012; Irmisch et al., 2009; Lindroos
et al., 20006). Replication forks can restart through homologous recombination (Arnaudeau
et al., 2001). Several sz¢5/6 hypomorphic alleles, such as swc6-74, sme6-X in S. pombe, are hy-
persensitive to replication arrest by hydroxyurea (HU) (Ampatzidou et al., 2006; Miyabe et
al., 2000; Pebernard et al., 2004; Pebernard et al., 2006; Verkade et al., 1999). Interestingly,
deletion of RADS57 (blocking HR) can partially rescue these defects (Ampatzidou et al., 2000;
Miyabe et al., 2006). The HU hypersensitivity and accumulation of X-shaped DNA molecules
in sme6-74 mutant cells can be rescued by overexpression of Brcl, a BRCA1 C-terminal do-
main protein (Rtt107 in budding yeast) (Ampatzidou et al., 2006; Sheedy et al., 2005). Brcl is
required for efficient DNA repair during S phase. It has been proposed that when the activity
of the Smc5/6 complex is compromised, the accumulated HR intermediates can be repaired
through an alternative Brc1-dependent mechanism, which requires the activity of several nu-
cleases, such as Slx1/4 and Mus81/Emel (Sheedy et al., 2005). It has been described that
the Smc5/6 complex has an eatly function in replication fork rescue in S. pombe: Smc5/6 is
required for the loading of RPA and Rad52 onto stalled replication forks to maintain them
in a recombination-competent configuration. s#¢6-X mutant cells show a reduced level of

Rad52 and RPA association at stalled forks compared to wild-type cells (Irmisch et al., 2009).
1.3.3.3. The role of the Smc5/6 complex in DSB repair

Smc5/6 is recruited to DSBs in budding yeast (de et al., 2006; Lindroos et al., 2000).
The recruitment is only significant when the DSB is induced in G2/M-arrested cells (de et al.,
20006) and it requires Mrell and Rtt107; but, neither the checkpoint nor the cohesin loader
Scc2 (Leung et al., 2011; Lindroos et al., 2006; Ullal et al., 2011) (see Figure 10). Recruit-
ment of Smc5/6 to DSBs promotes sister chromatid recombination: hypomorphic sz¢6 al-
leles in budding yeast (de et al., 2006) show reduced sister chromatid exchanges (SCE) in

response to DSB. Analogously, the Smc5/6 complex enhances sister chromatid alignment
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after DNA damage in plants and flies, thereby facilitating correct DSB repair by recombina-
tion between sister chromatids (Chiolo et al., 2011; Watanabe et al., 2009; Xu et al., 2013).

The meiotic program also induces DSBs to trigger recombination between homologues.
In 2004 Pebernard and colleagues showed that nse?, nse2 and nse3 mutants show reduced spore
viability after meiotic divisions in §. pombe (Pebernard et al., 2004). More recently, Wehrkamp-
Richter and colleagues described that the low spore viability in 7se6 mutant cells is due to the ac-
cumulation of joint molecules resembling HJs (Wehrkamp-Richter et al., 2012). s#¢6-9 budding
yeast mutant cells also undergo aberrant meiotic divisions due to unresolved linkages between
chromosomes during prophase 1. These defects are not meiotic recombination-dependent, as
sme6-9 spol 1.4 mutants are also affected, a situation that might be explained by the essential func-
tion of the Smc5/6 complex duting pre-meiotic S phase, where the complex acts to correct ex-
cessive linkages between chromosomes (Farmer et al., 2011). Lilienthal and colleagues demon-
strated that the Smc5/6 complex prevents excessive joint molecule formation and aids in joint
molecule resolution during meiotic divisions. In the absence of a functional Smc5/6 complex,
overall joint molecules levels are 2-3 fold higher than in wild-type cells (Lilienthal et al., 2013).
The dual function of the Smc5/6 complex in prevention and resolution of joint molecules was

supported by two other independent works in meiosis (Copsey et al., 2013; Xaver et al., 2013).

SMC5 and SMCG6 are highly expressed in human testis and they localize to meiotic chro-
mosomes, supporting a meiotic function of the complex in human cells (Taylor et al., 2001).
In mouse cells, the Smc5/6 complex has a role in spermatogonial differentiation and meio-
sis. Smc6 is present in differentiating spermatogonia and colocalizes with heterochromatic
regions, such as pericentromeric regions, which are rich in repetitive sequences (Verver et
al., 2013). Another study identified Smc6 along the chromatid axes in metaphase I and ana-
phase I chromosomes, as well as in mitotic chromosomes (Gomez et al., 2013). The recruit-
ment of the Smc5/6 complex to heterochromatin is conserved in fission yeast, rodents and
flies. In yeast cells, Smc6 is strongly enriched in the pericentromeric regions (Lindroos et al.,
20006; Pebernard et al., 2008b; Yong-Gonzales et al., 2012). In Drosophila, Smc6 has a key role
in the suppression of homologous recombination events in heterochromatic domains in so-

matic cells by inhibiting the recombinase Rad51 within these domains (Chiolo et al., 2011).
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Figure 10. The role of the Smc5/6 complex in DSB repair

The Smc5/6 complex promotes sister chromatid recombination by recruiting the co-
hesin complex to the region of the DSB site. When the functon of the Smc5/6 com-
plex or cohesin is impaired, chromatids will be misaligned, and this can affect the re-
pair process. Based on its known function in damaged replicaton forks, the Smc5/6
complex might also act in parallel with Mus81-Mms4, Sgs1-Top3-Rmil and other factors
in the resolution of DSB-induced double HJs. Figure taken from Kegel and Sjogren, 2010.
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1.3.3.4. The Smc5/6 complex and the segregation of the rDNA locus

The ribosomal DNA (rfDNA) array has around 150 tandem repeats on the right arm
of chromosome XII (Petes, 1979). Each 9.1 Kb repeat contains the 355 and 55 rRNA genes
which are highly transcribed in opposite directions by RNA polymerase I and RNA polymer-
ase 111, respectively (Warner, 1999). Once transcribed, the 355 tRNA precursor is processed
into the 785, 5.85 and 255 tRNAs before all four tfRNA molecules are assembled into a func-
tional ribosome. This process is coordinated within a specialized region of the nucleus called
the nucleolus. Due to the highly repetitive sequence of the rDNA, this site shows a high rate
of recombination. Unscheduled recombination events between tDNA repeats can affect the

number of copies and therefore compromise the rDNA stability (KKobayashi et al., 1998).

The Smc5/6 complex is enriched in the tDNA in S. cerevisiae (Torres-Rosell et al., 2005)
and in 5. pombe (Ampatzidou et al., 2006). Interestingly, sm¢5/6 mutants show a fragmented and
irregular rDNA shape (Torres-Rosell et al., 2005; Zhao and Blobel, 2005) and show massive
defects in segregation of the rDNA locus and the right telomere of chromosome XII (Torres-
Rosell et al., 2005). This defect per se seems sufficient to induce lethality in s72¢5/6 mutant cells.
However, the fact that Smc5/6 is required for viability in cells where chromosomal tDNA has
been deleted (and are kept alive by expression of a unit of the tDNA from a multicopy plasmid)
indicates that the complex has other essential functions beyond rDNA and full chromosome
XII segregation (Torres-Rosell et al., 2005). The rDNA segregation failures are due to the pres-
ence of unresolved recombination intermediates and the failure to complete replication of this
highly transcribed locus. In fact, elimination of 35§ transcription, unidirectional replication
and recombination suppress the sz206-9 missegregation phenotype (Torres-Rosell et al., 2007a).
Interestingly, no known checkpoint is defective in s72¢6-9 mutant cells. This indicates that either
cellular checkpoints do not recognize the DNA structures accumulated in sz26-9 cells or that

the Smc5/6 complex is part of a thus far unidentified checkpoint (Torres-Rosell et al., 2007a).

The Smc5/6 complex and Rad52 SUMOylation prevent unscheduled recombi-
nation events within the nucleolus: HR events cannot be prevented when the function
of the Smc5/6 complex and Rad52 SUMOylation are impaired, a situation that com-
promises the stability of the rDNA locus (Torres-Rosell et al., 2007b) (see Figure 11).
This function might be extended to other heterochromatin-like loci. In Drosophila cells
Smc5/6 is enriched in heterochromatic repetitive DNAs and it is also required to exclude

Rad51 from this domain to prevent aberrant recombination events (Chiolo et al., 2011).
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DSBs generated in the tDNA array are relocated to the nucleus in order to be repaired by Rad52-
mediated recombination. When the function of the Smc5/6 complex is impaired, DSBs ate not re-
located to the nuclear compartment and undergo Rad52-mediated repair in the nucleolus. This could
lead to rDNA instability due to the repetitive nature of the rDNA. Figure taken from de et al., 2009.

1.3.3.5. The Smc5/6 complex and telomere function

Telomeres are repetitive DNA sequences placed at the ends of each chromo-
some (Blackburn, 2001). They are shortened in each cell division due to the end-replica-
tion problem of the lagging strand (Hatley et al., 1990). In order to circumvent this prob-
lem, cells maintain the number of telomeric repeats using an enzyme called telomerase
(Smogorzewska and de, 2004). In the absence of telomerase, the progressive loss of tel-

omere fragments affects cell proliferation and leads to senescence (Bodnar et al., 1998).

There is another pathway, present in some cancer cells, called alternative lengthening of
telomeres (ALT) based on homologous recombination (Henson et al., 2002). One character-
istic feature of ALT cells is the localization of telomeres in promyelocytic leukaemia (PML)
bodies, called ALT-associated PML bodies (APBs) (Yeager et al.,, 1999). Interestingly, the
Smc5/6 complex localizes to APBs in ALT human cells and is required for targeting telomeres
to APBs. In fact, several subunits of the shelterin telomere-binding complex are SUMOylated
in an NSE2-dependent manner. NSE2 stimulates the SUMOylation of four of the six known
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components of the shelterin complex, including TRF1, TRF2, TIN2 and RAP1. Furthermore,
depletion of NSE2 in ALT human cells inhibits shelterin SUMOylation and its recruitment to
PML bodies (Potts and Yu, 2007). The proposed model for APB assembly is that APB forma-
tion can be initiated by the recruitment of NSE2, which will SUMOylate shelterin components.
The initial nucleation event triggers the recruitment of other proteins such as DNA recom-

bination and repair factors to allow telomere extension (Brouwer et al., 2009) (see Figure 12).

Recruitment and/or Maintenance of Telomeres
at PML Bodies in ALT Cells

1 Telomere HR

Telomere Elongation and
Extended Replicative Potential

Figure 12. Model for the role of the Smc5/6 complex in the recruitment of telomeres to PML bodies
in ALT cells

Nse2 stimulates the SUMOylation of TRIE1, TRF2, TIN2, and RAP1, which promotes the
recruitment of telomeres to PML bodies in ALT cells. The relocalization of telomeres to
PML bodies promotes telomere clongation by HR. Abbreviations: PML, promyelocytic leu-
kaemia bodies; ALT, alternative lengthening of telomeres. Figure taken from Potts, 2009.

As previously described, Smc5/6 is highly associated with telomeres in budding yeast
(Lindroos et al., 2006; Torres-Rosell et al., 2005). In §. pombe, MMS-induced DNA damage in-
creases its association in an Nse2-dependent manner (Pebernard et al., 2008b). Although 7se2
mutants show a normal telomere length compared to wild type cells (Hang et al., 2011), they
show a significant perturbation in subtelomeric silencing, suggesting an alteration in chroma-
tin modifications (Wan et al., 2013). In . cerevisiae, the limited cell division potential of about
70 generations in telomerase-lacking cells is significantly reduced to about 50-55 generations
when the function of the Smc5/6 complex is compromised, indicating an increased rate of
senescence. This is due to the accumulation of recombination intermediates at telomeres in

senescing yeast cells in the absence of a functional Smc5/6 complex (Chavez et al., 2010).
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Another study also showed that sz¢5/6 mutants have a significant reduction in the gen-
eration of 3" single-stranded overhangs on unprotected telomeres by Yku80 or Cdc13 inac-
tivation. The authors suggest that the Smc5/6 complex facilitates 5 resection or any other
mechanism that generates 3"-overhangs, providing the ssDNA substrate required for telomere

recombination and telomere maintenance without telomerase (Noel and Wellinger, 2011).
1.3.3.6. The Smc5/6 complex and chromosome cohesion

Some functions of the cohesin complex seem to be regulated by Smc5/6, especially
under conditions of DNA damage. All subunits of the cohesin complex are SUMOylated and
this modification seems to partially depend on the Nse2 SUMO ligase in the Smc5/6 complex.
Interestingly, Ecol-mediated Smc3 acetylation and cohesin SUMOylation are both required for
the entrapment of sister chromatids during S phase (Almedawar et al., 2012). Under conditions
of DNA damage, specific SUMOylation-deficient sec7 alleles are recruited to DSBs but are de-
fective in establishing damage-induced cohesion both at DSBs and undamaged chromosomes
(McAleenan et al., 2012). In chicken DT40 cells, SMC5 knockdown reduces sister chromatid
cohesion (Stephan et al., 2011a). Similarly, SMC5 or NSE2 knockdown by RNAi provokes
a highly extended metaphase arrest with prematurely separated sister chromatids in Hel.a
cells (Behlke-Steinert et al., 2009). Very recently, it has been reported that NSE2-dependent
SCC1 SUMOylation promotes sister chromatid recombination through counteracting WAPL
in DSB repair (Wu et al., 2012). Somewhat strikingly, Sccl SUMOylation has been linked to a
negative role in sister chromatid cohesion: Sccl becomes polySUMOylated in a Siz2-depend-
ent manner in pds5 mutants (D’Ambrosio and Lavoie, 2014), a situation that mark it for de-
struction by the SUMO-targeted ubiquitin ligase (STUBL) SIx5-SIx8 (Mullen and Brill, 2008).

1.3.3.7. The role of the Smc5/6 complex in chromosome topology

ChIP-on-chip experiments have shown that the frequency of Smc5/6 interac-
tion sites along chromosome increases in linear correlation with chromosome length
(Lindroos et al., 20006), a situation that could be explained if the Smc5/6 complex direct-
ly or indirectly sensed topological stress that accumulates during DNA replication. In
fact, cells lacking functional type I topoisomerases show a length-dependent inhibition of
late replication. The same replication delay is observed in smc6 and nse2 mutant cells, sug-
gesting that Smc5/6 senses topological stress and helps to reduce it. One possibility to ac-
count for these observations would be that Smc5/6 may allow replisome swivelling as a

mechanism to reduce the torsional stress generated ahead of the fork (Kegel et al., 2011).

Other evidence points to a link between the Smc5/6 complex and chromosome topol-
ogy. For example, nse2-11 and smc6-56 show synthetic growth defects when combined with
mutations in TOP2 (Takahashi et al., 2008), and the fission yeast swc6-74 mutant is syntheti-
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cally lethal with temperature sensitive 79p2-71971 at semipermissive temperature (Verkade et al.,
1999). Interestingly, the overexpression of the protease separase increases survival in szzc6-74
top2-191 mutant cells, indicating that this mutant suffers from a misregulation of cohesin asso-
ciation (Outwin et al., 2009). It is possible that Smc5/6 and Top2 may physically cooperate on
chromosomes, since both SMC6 and TOP Ila colocalize at centromeres, mitotic and meiotic
chromatid axes, and in etoposide-induced chromatin fibres connecting lagging chromosomes
in human cells (Gomez et al., 2013). Moreover, the redistribution of TOP Ila from interphase
binding sites to the centromeric region in mitosis is blocked in SMC6-depleted cells (Gallego-
Paez et al., 2014).

1.3.3.8. The Smc5/6-mediated SUMOylation and genome stability

NSE2, also known as MMS27, was described for the first time in a genetic screen for me-
thyl methanesulfonate (MMS)-sensitive mutants in budding yeast (Prakash and Prakash, 1977a;
Prakash and Prakash, 1977b). Like all other subunits in the Smc5/6 complex, NSEZ is an es-
sential gene in budding yeast (Andrews et al., 2005; Zhao and Blobel, 2005). Although the gene
is essential for viability, its SUMO ligase domain is not. However, cells bearing mutations in the
Siz/PIAS-like (SPL) RING domain of Nse2 are sensitive to a broad range of DNA damaging
agents, such as hydroxyurea (HU), ionizing radiation (IR), MMS and ultraviolet (UV) light (An-
drews et al., 2005; McDonald et al., 2003; Pebernard et al., 2004; Sergeant et al., 2005; Zhao and
Blobel, 2005). zse2 mutants show constitutive activation of Rad53 (Raietal., 2011), reduced vi-
ability after exposure to DNA damage and high levels of chromosome missegregation, indicat-
ing a role for SUMOylation in efficient DNA repair. zse2 mutant plants show a short-root phe-
notype, with shorter and fewer cells, caused by an apical root meristem cell proliferation defect
and reduced sensitivity to exogenous cytokinins (Huang et al., 2009; Zhang et al., 2013). NSE2
maintains root stem cells survival by ameliorating DSB damage and thus ensures the normal
structure and function of the root stem cell niche (Xu etal., 2013). Moreover, NSE2 has a role in

the drought tolerance response by regulating stomatal opening and closing (Zhang et al., 2013).

As most other E3 ligases, Nse2 is autoSUMOylated 2 vitro and in vivo (Andrews et
al., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005). Only a limited number of Smc5/6-
mediated SUMOylation substrates have been identified so far, most of which are in-
volved in DNA repair, kinetochore function and chromosome integrity: human SMCO,
RAP1, SA2, SCC1, TIN2, TRAX, TRF1, and TRF2 are SUMOylated in a NSE2-depend-
ent manner (Potts and Yu, 2005; Potts and Yu, 2007); Nse3, Nse4 and Smc6 are SUMO-
targets of Nse2 in fission yeast (Andrews et al, 2005; Pebernard et al., 2008b); and
Smc2, Smc4, Brnl, Ku70, Smc5, Ndc10, Birl, RNA pol 1, Fobl, Tof2, and Snfl are SU-
MOylated in a Nse2-dependent manner in budding yeast (Albuquerque et al., 2013; Simp-
son-Lavy and Johnston, 2013; Yong-Gonzales et al, 2012; Zhao and Blobel, 2005).
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1.4. SUMOylation

Posttranslational modifications expand the complexity of a cell’s proteome and regu-
late its properties. Small molecules, such as phosphate, methyl, and acetyl groups, or entire
polypeptides, can be attached to proteins. The best-characterized example of a protein that
modifies other proteins is ubiquitin, a highly conserved 76-residue polypeptide present in eu-
karyotes. Initially, ubiquitin was identified for its ability to target proteins for degradation by
the 265 proteasome (Elsasser et al., 2002; Young et al., 1998). Ubiquitin chains formed on
Lys48 of ubiquitin result in proteasomal targeting, whereas Lys63-linked chains have non-

proteasomal roles, including functions in DNA repair (McDowell et al., 2010).

Since the discovery of ubiquitin in the mid-70s, an entire family of small proteins re-
lated to ubiquitin, called ubiquitin-like proteins (Ubls) has been identified. This family in-
cludes several proteins, such as ISG15, SUMO, Nedd8, FAT10, and ATGS8 (van der Veen
and Ploegh, 2012). Small ubiquitin-like modifier (SUMO) proteins are small polypeptides
(~10 kDa) (Kerscher et al.,, 2006). They are expressed by all eukaryotes, but are absent in
bacteria and archaea. Some organisms, such as yeast, worms and flies, have a single SUMO
gene, whereas plants and vertebrates express several SUMO proteins. The human genome
encodes four distinct SUMO isoforms, SUMO1-4, with different expression patterns (Guo et
al., 2004; Melchior, 2000). SUMO2 and SUMO3 ate often referred to as SUMO2/3 because
they share 97% identity. By contrast, SUMO2/3 shares only ~50% sequence identity with
SUMO-1 (Rosas-Acosta et al., 2005; Saitoh and Hinchey, 2000; Vertegaal et al., 2006). Whereas
SUMO2/3 is able to form chains, SUMO1 seems to act as a chain terminator on SUMO2/3
polymers (Matic et al., 2008). A proline residue at position 90 prevents the processing of
SUMOA4, which makes it unlikely that the protein is conjugated 7z vivo (Owerbach et al., 2005).

1.4.1. The SUMOylation cycle

1.4.1.1. SUMO conjugation

Similar to ubiquitin, conjugation of SUMO to a target protein is mediated by a cascade
of enzymes responsible for SUMO activation, transfer and substrate-selective conjugation of
the modifier. Like ubiquitin, SUMO proteins are synthesized as inactive precursors that must
first undergo a C-terminal cleavage by the Sentrin/SUMO-specific protease (SENP). This
cleavage exposes a di-glycine motif that allows SUMO to be conjugated to a lysine residue in

target proteins (see Figure 13).

SUMO proteins are then activated in an ATP-dependent manner by the E1 activat-
ing heterodimer Sael-Sae2 in mammals or Aos1/Uba2 in budding yeast (Gong et al., 1999).
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This step involves the formation of a thioester bond between the active site cysteine resi-
due of Sae2 and the C-terminal glycine residue of SUMO. SUMO is then passed to the ac-
tive site cysteine of the conjugating enzyme Ubc9 (ubiquitin-conjugating 9), again via a thi-
oester linkage (Desterro et al., 1997; Gong et al., 1997; Johnson and Blobel, 1997; Lee et al.,
1998; Schwarz et al., 1998). Importantly, Ubc9 is the only known SUMO-conjugating enzyme
and Ubc9 itself binds directly to the consensus SUMOylation motif on substrate proteins
(Rodriguez et al., 2001; Sampson et al., 2001). The target protein consensus motif comprises

YKX(D/E) (where W is a large hydrophobic consensus residue). See below for more details.

Although Ubc9 can directly transfer SUMO to some target lysines, it frequently requires
the assistance of a SUMO E3 ligase 7z vivo. Most of the E3 SUMO ligases harbour a RING
finger-like domain, called Siz/PIAS (SP) RING motif. This domain is required for ligase ac-
tivity, and acts as a binding platform that coordinates the contact between the SUMO-Ubc9
complex and its substrate (Hochstrasser, 2001). In mammals, the most important family of
SUMO E3 ligases is the PIAS (protein inhibitor of activated STAT) family (Kahyo et al.,
2001; Kotaja et al., 2002; Nishida and Yasuda, 2002; Schmidt and Muller, 2002). Several other
proteins lacking an SP-RING domain have been reported to function as SUMO E3 ligases,
including TOPORS, MUL1, PC2, HDAC4, HDAC7, the G-protein Rhes, TRAF7, and the
nucleoporin RanBP2 (Braschi et al., 2009; Gao et al., 2008; Gregoire and Yang, 2005; Kagey et
al., 2003; Morita et al., 2005; Pichler et al., 2002; Subramaniam et al., 2009; Weger et al., 2005).

S. cerevisiae has four SP-RING SUMO ligase genes: S1Z7 and S1Z2 (Johnson and Gupta,
2001), the meiosis-specific ZIP3 (Cheng et al., 2006); and NSE2, a component of the Smc5/6
complex (Zhao and Blobel, 2005).

1.4.1.2. SUMO deconjugation

Protein SUMOylation is a highly dynamic process that can be readily reversed by Sen-
trin-specific proteases (SENPs). These enzymes cleave precisely between the terminal gly-
cine of SUMO and the substrate lysine. Certain SUMO proteases are also responsible for
SUMO precursor maturation and thus indirectly affect SUMO conjugation (Hickey et al.,
2012). In humans, there are six SENPs: SENP1-3 and SENP5-7 (Mukhopadhyay and Das-
so, 2007). Moreover, recent studies have identified three new SUMO proteases in humans:
DESI1 (deSUMOylating isopeptidase 1), DESI2 (Shin et al.,, 2012) and USPL1 (ubiquitin-
specific protease-like 1) which share little sequence similarity with the SENP protease class
(Schulz et al., 2012). SUMO proteases show different subcellular distribution and paralogue
specificity (Hickey et al., 2012). In . cerevisiae, the two SENPs, Ulpl and Ulp2, also show
distinct localization and functions. #/p7.4 mutants undergo cell cycle arrest that cannot be

rescued by either pro-Smt3 or mature Smt3, suggesting that Ulp1 is required for both pro-
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Smt3 maturation and Smt3 cleavage from substrate proteins (Li and Hochstrasser, 1999). An-
other Smt3-specific protease, Ulp2 acts to remove Smt3 from substrate proteins but does
not appear to be involved in the maturation of pro-Smt3 (Li and Hochstrasser, 2000). In
addition, yeast strains lacking ULP2 show an accumulation of Smt3 polymers, suggest-

ing that Ulp2 functions in the processing and editing of Smt3 chains (Bylebyl et al., 2003).

SUMO E1 Uba2

(Activating enzyme) Aosi e @Whc»
Ubaz
Aosl : SUMO E2
, (Conjugating enzyme)
Ulpl %

GATY T)

Desumoylating enzymes % SUMO E3/Ligase
(Ulp1/Ulp2) (Siz1/Siz2/Mms21)

ubstrata
Modulate protein- Influence Affect protein stability

protein interaction  biochemical activity

Figure 13. The SUMO cycle

Before the attachment, SUMO must be cleaved to expose two glycine residues (GG) by the
SENP/Ulp proteases. The processed SUMO proteins are then activated by conjugation to the E1
heterodimer Uba2-Aosl, after which it is transferred to the E2 enzyme Ubc9. Finally, SUMO is
ligated to substrate proteins by an isopeptide bond between the terminal glycine of SUMO and
the g-amino group in the substrate. The efficiency of the ligation reaction is aided by SUMO
ligase E3 proteins, which interact with both target proteins and the E2 enzyme, thereby acting as
bridging factors. SUMO polypeptides are removed from target proteins by the action of SENPs,
which recycle SUMO. Three commonly seen effects of substrate SUMOylation are also shown.
Abbreviations: SUMO,SmallUbiquitin-like Modifier; SENP, Sentrin/ SUMO-specific protease; SAE,
SUMO-activating enzyme; Ubc9, ubiquitin-conjugating 9. Figure taken from Cremona et al., 2012.

1.4.2. The consensus motifs for SUMO conjugation

Many SUMO-modified proteins identified contain an acceptor lysine within a
YKX(D/E) consensus motif, where W is a large hydrophobic residue (Rodriguez et al.,
2001). These residues directly interact with the SUMO-Ubc9 complex and thus have a criti-
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cal role in regulating the stability of interactions between the E2 and the substrate (Sampson
et al., 2001). The consensus motif adopts an extended conformation, wherein the acceptor

lysine fits into a hydrophobic groove on Ubc9 (Bernier-Villamor et al., 2002; Lin et al., 2002).

In addition to the canonical four amino acid SUMO consensus motifs, longer sequences
that include both SUMO consensus motifs and additional elements have been identified in some
substrates (see Figure 14). These include phosphorylation-dependent SUMO motifs (PDSMs)
and negatively charged amino acid-dependent SUMO motifs (NDSMs). PDSM are present in
proteins that are substrates for modification by pro-directed kinases (Yang and Gregoire, 2000)
and comprise a SUMO consensus motif located adjacent to a phosphorylation site, YKX(D/E)
XXSP. NDSMs have negatively charged residues located at the C-terminal part of the consen-
sus site to increase the interaction with Ubc9 (Mohideen et al., 2009; Yang et al., 2006). In most
studies, SUMO consensus motifs adopt similar polarity in their interactions with the E2 enzyme.
However, recent studies have uncovered new motifs for SUMO conjugation, such as inverted

consensus motifs and N-terminal hydrophobic cluster motifs (Matic et al., 2010) (see Figure 14).

Whereas SUMO consensus motifs mediate interactions between E2 and substrates, SU-
MO-interacting motifs (SIMs) mediate non-covalent interactions between SUMO and SIM-
containing proteins (Kerscher, 2007). They contain a short stretch of hydrophobic amino ac-
ids, (V/DX(V/I)(V/1), which are flanked by acidic residues (Song et al., 2005). SIMs have been
uncovered in a wide range of proteins, including SUMO enzymes, SUMO substrates, SUMO-
binding proteins and SUMO-targeted ubiquitin ligases (Kerscher, 2007; Perry et al., 2008).

CM: WKXE/D

ICM: E/DxKW
PDSM: WKxXE/DxxSP
NDSM: WKXExxXEEEE
HCSM: WYWKXE

Figure 14. SUMO consensus motifs

Amino acid sequence alignment of the canonical SUMO consensus motifs. W represents a
hydrophobic amino acid. K is the lysine modified by SUMO and X represents any amino acid.
Amino acids shown as blue: basic; red: acid; green: hydrophobic; and gray: phospho-serine. Ab-
breviations: CM, canonical consensus motif; ICM, inverted consensus motif; PDSM, phospho-
rylation-dependent SUMO motif; NDSM, negatively charged amino-acid-dependent SUMO
motif; HCSM, hydrophobic cluster SUMO motif. Figure taken from Da Silva-Ferrada etal.,2012.
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1.4.3. Molecular consequences of SUMOylation

The effects of SUMOylation cannot be predicted easily, as they depend on the function
of the target protein. However, SUMO may lead to one of these non-mutually exclusive ef-
fects: SUMOylation of proteins can affect protein stability or enzymatic activity, alter locali-
zation, or mediate novel protein-protein interactions with other proteins containing SUMO-
interacting motifs (SIMs) (Geiss-Friedlander and Melchior, 2007; Kerscher, 2007). In many
cases, SUMOylation enhances the assembly of large multiprotein complexes. As previously
described, SUMOylation is required to assemble the shelterin complex in the promyelocytic
leukaemia (PML) nuclear bodies to allow telomere elongation in telomerase-negative cells
(Chung et al., 2011). Moreover, SUMOylation may mask the binding site of a protein that
interacts with the substrate protein, essentially acting to occlude the interaction in a SUMO-
dependent manner. For instance, SUMOylation of the ubiquitin-conjugating enzyme E2-
25K inhibits its interaction with the ubiquitin E1 enzyme leading to a decrease in its capa-
bility to conjugate ubiquitin to substrate proteins (Pichler et al., 2005). Finally, the diverse
effects of SUMOylation can also be explained through interactions with other posttrans-

lational modifications, such as ubiquitilation and acetylation (Wilkinson and Henley, 2010).
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sme5/6 mutants show a fragmented and irregular tDNA shape (Torres-Rosell et al.,
2005; Zhao and Blobel, 2005) and show massive defects in segregation of the rfDNA locus
and the right telomere of chromosome XII (Torres-Rosell et al., 2005). Although this de-
fect per se must be sufficient to induce lethality in sc5/6 mutant cells, the fact that Smc5/6
is required for viability in cells where the chromosomal rDNA has been deleted (and are
kept alive by expressing a unit of the rDNA from a multicopy plasmid) indicates that the
complex has other essential functions beyond rDNA and full chromosome XII segregation.
The presence of an E3 SUMO ligase as a member of the complex, suggests that some of
its functions might be regulated by SUMOylation. However, despite multiple experiments in
yeast and human cells have demonstrated that the Nse2 SUMO ligase is required for effi-
cient DNA repair (Andrews et al., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005), little is
known about how the activity of this enzyme is regulated and which factors control its abil-

ity to transfer SUMO. Using Saccharomyces cerevisiae as a model organism, this work aims to:

- Determine if the Smc5/6 complex has a genome-wide function in
chromosome segregation.

- Uncover the regulation of the SUMO ligase activity of Nse2.
- Test the relevance of Smc5 SUMOylation.

- Investigate the role of the Smc5/6 complex in chromosome topology.
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A. S, cerevisiae strains, growth conditions and general yeast
methods

3.1.1. S. cerevisiae strains

A list of strains used in this study is provided in Table 1 below.

Strain Genotype Reference

BY4741 MATa his3AT len2A0 met1 540 ura3.A0 EUROSCARF

YTR28 BY4741 SMC6-9mye:TRP This study

YTR82 AS499  NSE3-9mycTRP This study

YTR109 BY4741 rad24::kanMX4 EUROSCARF

YTRI111 BY4741 ddel ::kanMX4 EUROSCARF

YTR119 BY4741 sme5-6:natMX This study

YTR149 AS499  rad9::KanMX4 This study

YTR178 BY4741 top3::kanMX4 EUROSCARF

YTR186 BY4741 mus81::kanMX4 EUROSCARF

YTR189 BY4741 sixd::kanMX4 EUROSCARF

YTR196 BY4741 rad55:kanMX4 EUROSCARF

YTR252 BY4741 exol::kanMX4 EUROSCARF

YTR358 BY4741 srs2::kanMX4 EUROSCARF

YTR400 BY4741 radl::kanMX4 EUROSCARF

YTR402 BY4741 radl8:kanMX4 EUROSCARF

YTR454 AS499  mmes2::keanMX4 EUROSCARF
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YTR474 BY4741 magl ::kanMX4 EUROSCARF

YTR486 AS499  radl§::kanMX4 This study

YTR489 AS499  smeG-9:natMX4 radl8::kanMX4 This study

smc6-9:natMX4 his3::pHIS 3-lac]-NLS-GFP HIS 3
YMB499 AS499 CEN3:256x/acO:URA3 This study

his3:pHIS 3-Jacl-NLS-GFP HIS3 CEN3::256x/ac0:URA3
YTR516 AS499  sme6-9:natMX4 This study

YTR557 BY4741 6his-Flag-SMT3:kanMX6 This study

YTR570 BY4741 Ghis-Flag-SMT3:kanMX6 nse2AC::hphMX4 This study

YTR572  BY4741 Ghis-Flag-SMT3:kanMXG6 siz1::natMX4 siz2:hphMX4 This study

YTRO13  BY4741 sme5::kanMX4 pRS415-sme5-11 This study

YTR718  AS499  sme6-9:natMX4 Pol30-Mye-7 his:KanMX4 This study

YTR737  AS499 pol30-K127R-Mye-7his:KanMX4 This study

YTR755  AS499 POL30-Mye-7his:KanMX4 rad5::hphMX4 This study

YTR774 BYA4741 rtt101::kanMX4 EUROSCARF

YTR778 BY4741 top1::kanMX4 EUROSCARF

YTR788  AS499  nse3-2-9myc: TRP This study

YTR794 BY4741 Ghis-Flag-SMT3:kanMX6 SMC5-9myc:HLS This study

YTR813 BY4741 Ghis-Flag-SMT3:kanMX6 s5iz2:natMX4 SMC5-9myc:HLS This study

YTR844 BYA4741 Ghis-Flag-SMT3:kan SMCG6-Imyc:TRP This study

YTR848  AS499 Ghis-Flag-SMT3:kan NSEG-Imye TRP This study

YTR852  AS499 Ghis-Flag-SMT3:kan NSE2-9myc TRP This study

~
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YTR856 BY4741 Ghis-Flag-SMT3:kan NSE4-Imye TRP This study

YTRO07  W303  6his-Flag-SMT3:kanMX4 This study

YTRO53  W303 6his-Flag-SMT3:kanMX4 pSMC5p-SMC5:9mye This study

YTR1064 BY4741 sae2::kanMX4 EUROSCARF

YTR1066 BY4741 yend::kanMX4 EUROSCARF

YTR1068 BY4741 mphi ::kanMX4 EUROSCARF

YMB1074 BY4741 GAL-3HA-SMC5:kanMX4 pSMC5p-SMC5:9mye This study

YMB1076 BY4741 GAL-3HA-SMC5:kanMX4 pSMC5p-sme5 (b K-R):9mye This study

YMB1080 BY4741 GAL-3HA-SMC5:kanMX4 pSMC5p-sme5 (K-all-R):9mye This study

YTR1089 BY4741 dna2-1

YMB1117  AS499  6his-Flag-SMT3:kan SMC5-6HA:HILS This study

YTR1154 AS499 SCC1-GFP:kanMX4 This study

MATalpha adel-100 len2,3-112 lys5 ura3-52 trp::hisG ho
bl ADET b ADET ade3:GAL-HO DDC2-GFP:kanMX4

YTR1162 L. Aragon’s lab

MATalpha adel-100 len2,3-112 lys5 ura3-52 trp::hisG ho
bl ADET b ADET ade3:GAL-HO DDC2-GFP:kanMX4

YTR1178 SMC5-9mye:lphNT This study

CCG1297 AS499 TetR-YFP:ADE?2 TetO(5.6Kb):194Kb ChrXII:HIS 3 This study

YMB1328 AS499  nse5-2-9mye:TRP SMC5-6 Flag:kanMX This study

YMB1345  AS499  nse3-2-9mye:IRP 6his-Flag-SMT13:kan SMC5-6HA:hphNT This study

MATa ade2-1 ura3-1 his3-11,15 trp1-1 len2-3,112 can1-100 ura3-
YTR1356 1:ADHT-OsTIR1-9Mye:URA3 MCM4-AID:kanMX This study
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YMB1424 AS499 NSE3-9mye: TRP SMC5-6Flag:kanMX This study

YMB1432 AS499  #nse5-2-9mye:TRP SMC5-6Flag:kanMX MMS21-6HA:HIS This study

GAI-3HA-SMC6:HIS bar1::URA 6his-Flag-SMT3:kanMX4
YTR1444 BY4741 SMC5-9myc TRP This study

YMB1448 AS499 NSE3-9myc:TRP SMC5-6Flag:kanMX MMS21-6HA:HIS This study

SMC5-6HAHIS 6his-Flag-SMT3:hphNT ura3-1::ADH1-Os-
YMB1454 AS499 TIR7-9myc:URA3 NSES5-AID:kanMX This study

MATa adel-100 len2,3-112 lys5 ura3-52 trp1::hisG ho
bl ADET hmr::ADET ade3:GAIL-HO 6his-Flag-
YMB1458 SMT3:hphNT SMC5-9myec:natNT This study

MATa adel-100 len2,3-112 lys5 ura3-52 trp1:hisG ho
bl ADET hmr::ADET ade3:GAL-HO 6his-Flag-
YMB1536 SMT3:hphNT SMC5-9mye:natNT Rad52:1.EU This study

ura3-1::ADHT1-OsTIR1-9Mye:URA3 6his-Flag-SMT3:hphNT
YMB1557 AS499 NSE2-AID:kanMX This study

YMB1608  W303  mect ::TRP 6 HisFlag-SMT3:KanMX SMC5-9mye:HIS 3 This study

YMB1738  W303  6his-Flag-SMT3:kanMX4 SMC5-9myc:TRP This study

6his-Flag-SMT3:kanMX6 SMC5-9nye:HLS mms21 ::mms21-
YTR1766 BY4741 3HA-UBCY:LphNT This study

CCG1800 AS499  rad52:kanMX4 This study

6HisFLAG-SMT3::kanMX6 SMC5-9mye:HIS ESC2-
YMB1815 BY4741 6HA:natMX This study

GAL-3HA-SMC6:HIS barl :URAca 6his-Flag-SMT3:kanMX4
YM1830 BY4741 SMC3-9myc:hphNT This study

~
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MATa ade2-1 nra3-1 his3-11,15 trp1-1 len2-3,112 can1-100 ura3-
1::ADHT-OsTIR1-9Mye:URA3 6HisFLAG-SMT3:kanMX6

YMB1852 This study

YMB1916 BY4741 GAL-3HA-SMC5:kanMX barl ::URAca pADHTp-SMC5:9myec  This study

GAL-3HA-SMC5:kanMX barl ::URAca pADHT p-smc5 (ecl
YMB1918 BY4741 K-R):9mye This study

GAL-3HA-SMC5:kanMX bar1::URAca pSMC5p-smc5 (16-K-
YMB1920 BY4741 R):9mye This study

YMB1921 W303  6his-Flag-SMT3:kanMX4 pSMC5p-SMC5:9mye This study

YMB1922  W303  6his-Flag-SMT3:kanMX4 pSMC5p-smc5 (wa K-R):9mrye This study

YMB1924  W303  6his-Flag-SMT3:kanMX4 pSMC5p-sme5 (wh K-R):Imye "This study

YMB1926  W303  6his-Flag-SMT3:kanMX4 pADH1 p-smc5 (cc1 K-R):9mye This study

YMB1928 W303  6his-Flag-SMT3:kanMX4 pADHT1 p-sme5 (ecl,ec2 K-R):9mrye This study

GAL-3HA-SMC5:kanMX barl :URAca 6His-Flag-
SMT3:hphNT NSE4-6HANatMX pADHT p-sme5 (K751):Imye

YMB1938 BY4741 This study

YMB1950 AS499 MMS21-3HA:HIS pADHTp-SMC5:9mye This study

GAL-3HA-SMC6:HIS barl :URAca 6his-Flag-SMT3:kanMX4
YMB2045 BYA4741 SMC5-9myeTRP MMS21-6HA:natNT This study

ura3-1::ADHT1-OsTIRT-9Myc:URA3 6HisFlag-SMT3:kanMX
NSE2-AID:hphNT SMC6-6HA:natNT pGALp-

YMB2138 AS499 #e2(3BD):3HA This study

YMB2142  W303 SMC5-9mye TRP pGALp-nse2(5BD):3HA This study
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6his-Flag-SMT3:kanMX6 nse2AC::hphMX4 SMCT-
YMB2162 BY4741 6HA:NatNT This study

6his-Flag-SMT3:kanMX6 nse2AC::hphMX4 SMC3-
YMB2166 BY4741 6HA:Na/NT This study

YMB2214 BY4741 6his-Flag-SMT3:kanMX6 SMC1-6HA:NatINT

This study

Ohis-Flag-SMT3:kanMX6 nms21:mms21-3HA-UBCY:bphNT
YMB2231 W303 pADHIp-sme5(K751):Imye This study

GAL-3HA-SMC6:HIS barl ::=URAca 6his-Flag-SM13:kanMX4
SMC5-9mye:TRP pRS415-sme6-1 NSE2-6HA:NatNT

YMB2309 BY4741 This study

MATa ade2-1 trp1-1 can-100 len2-3, 112 his3-11,15
GAL psitura3::URA3/ GPD-TK(7x) RADS p415-ADH
CCG3227 HENTT1::L.LEU2 barl ::natMX4 1. Aragon’s lab

CCG8603  W303 1p2-4:ADEZ2 pRS316

L. Aragon’s lab

UBRT7:pGAL-myc-UBRT (HIS3), len2::pCM244 x3 pRS316

CCGY120 W303  kanMX-11A-tetO2-UB-DHERs-mye-top2 L. Aragon’s lab

UBRT1:pGAL-mye-UBRT (HIS3), len2:pCM244 x3 pRS316
CCG10542 W303  kanMX-f1.A-tetO2-UB-DHEFRfs-mye-top2 sme6-9:nathM X4 L. Aragon’s lab

Table 1. Strains used in this study

3.1.2. Media

Yeast media were prepared according to standard recipes. Yeast extract peptone me-
dium (YP; 1% yeast extract, 2% peptone) and synthetic complete minimal dropout medium
(SC; 0.17% yeast nitrogen base without amino-acids and (NHy)»SOy4 (YNB-AA/AS), 0.5%
(NHy4)2SOy, 0.13% dropout) were used. Solid plates were prepared adding agar powder at

a final concentration of 2%. Media were autoclaved at 121°C for 15 minutes before use.

~
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Yeast strains were grown on different carbon sources, depending on the requirements:
glucose (gluc), galactose (gal), or raffinose (raff), all at a final concentration of 2%, sterilized
by filtration. Yeast cells were also grown on media containing 100 pg/ml nourseothricin, 300
ug/ml hygromycin B or 200 ug/ml geneticin to select for strains carrying NAT, HPH or KAN
markers respectively. For liquid media and plates containing genotoxins, methyl methanesul-
fonate (MMS) or hydroxyurea (HU) was added at different final concentrations depending on

the experiment.
3.1.3. Yeast growth conditions

Liquid cultures were generally inoculated at 25°C from freshly streaked plates in flasks
(with the volume of the flask approximately 5 times the volume of the culture), shaken at high
speed (150 rotations per minute, rpm), generally overnight, until the culture reached mid-log
phase. The culture density was photometrically determined (an ODy ) of 1 is approximately
equal to 3x107 cells/ml). On agar plates, yeast cells were generally grown at 25°C for 72 hours
and stored at 4°C for up to 3 weeks. For long-term storage, cells were frozen at -80°C in media

containing 15% glycerol.
3.1.4. Competent yeast cell preparation

Yeast competent cells were prepared using a modified version of the quick lithium ac-
etate and freezing method described by Janke et al. (Janke et al., 2004): Briefly, cells from an
exponentially growing culture (OD g =0.4-0.8) were harvested at 3,000 rpm for 2 minutes,
washed once in sterile distilled water and once in SORB buffer (100 mM lithium acetate,
10 mM Tris-HCl, 1T mM EDTA, 1 M sorbitol, adjusted to pH 8.0 with acetic acid). Then,
cells were resuspended in SORB buffer (360 pl per 50 ml of original culture) and denatured
salmon sperm DNA was added to a final concentration of 1 mg/ml. Finally, yeast competent

cells were divided into 50 ul aliquots and they were frozen at -80°C for long-term storage.
3.1.5. Yeast cell transformation

The yeast transformation method used was based on Janke et al. (Janke et al., 2004): either
0.2 pg of circular DNA or 1 ug of linear DNA were added to a 50 ul aliquot of yeast compe-
tent cells. Then, 300 ul of PEG buffer (100 mM LiOAc, 10 mM Tris-HCI, 1 mM EDTA, 40%
PEG-3350, pH8.0) were added and the cell suspension was incubated for 30 minutes at room
temperature. Then, DMSO was added to a final concentration of 10% and they were heat
shocked at 42°C for 15 minutes. Afterwards, cells were either resuspended in sterile distilled wa-
ter and plated on selective media; or resuspended in YPD and incubated rocking at room tem-

perature for approximately 3 hours before being plated on antibiotic resistance selective media.
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3.1.6. Genomic integration for protein tagging or gene deletion

Insertions of epitope tags were performed as described by Janke et al. (Janke et al.,
2004; Knop et al., 1999): Briefly, cassettes containing a selectable marker, and an appropriate
epitope tag, were amplified using primers that will direct integration by homologous recom-
bination at a specific locus (see below for list of primers). For gene deletions, a strain with
the deleted gene was used from EUROSCARF (BEuropean Saccharomyces cerevisiae archive for
functional analysis). After genomic DNA preparation (see below), the deletion was ampli-
fied with primers that anneal 400 bp away from the start and the selective marker, respec-

tively. Finally, the PCR product was transformed into yeast to delete the endogenous locus.

Hypomorphic szc5/ 6 alleles were generated by random mutagenesis PCR using the Gen-
eMorph PCR mutagenesis Kit (from Stratagene) (Torres-Rosell et al., 2005). The #se24C allele
was obtained by introducing a stop codon after the position 552 (cys183) in the NSEZ gene.

Ylplac vectors (Gietz and Sugino, 1988) were used to integrate some constructs into the
yeast genome. In order to allow homologous recombination, plasmids were linearized by site-

specific cleavage in the auxotrophy marker before transformation.

Positive transformants in which the recombination event had occurred were checked by

colony PCR, Western blot, growth tests or microscopy (described below).
3.1.7. Phenotype analysis by growth test on plates

Cells were generally inoculated in liquid media at 25°C from freshly streaked plates until
the culture reached mid-log phase. Then, 10-fold serial dilutions from OD;3=1.0 on fresh
media were spotted (as 2 ul drops) onto solid media, incubated at the appropriate temperature

for 3-4 days and then photographed.
3.1.8. Cell cycle synchronizations

In order to synchronize cells in G1, exponentially growing cultures were treated with
alpha factor (from Genescript). For BAR7+ strains, the final concentration used was 100
M and 108 M for bar1A cells. They were maintained in the presence of alpha factor un-
til >95% had been arrested in G1. The release from alpha factor was conducted by wash-
ing cells twice with pre-warmed media and resuspending them in media containing 0.1 mg/

ml protease from §. gricens (pronase; from Sigma), to digest the remaining alpha factor.
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To arrest cells in metaphase, nocodazole (from Sigma) was used at a final concentration of
15 ug/mlin the presence of 1% DMSO. For prolonged metaphase arrests, the concentration of
nocodazole was raised to 22.5 pg/ml. In order to release cells from the nocodazole arrest, cultures

were washed twice with pre-warmed media and resuspended in media containing 1% DMSO.

3.2. General bacterial methods

3.2.1. Plasmids

A list of plasmids used in this study is provided in Table 2 below.

Name Description Reference

pTR943 YCplac22-SMC5p-sme5 (K-16-R):9mye This study

pTRI000  YCplac22-SMCS5p-sme5 (b K-R):Imye This study

pTR1094  YCplac22-ADH1p-SMC5:9mye This study

pTR1150  YCplac22-ADHTp-sme5 (ec1 K-R):9mye This study

pTR1152  YCplac22-ADHT1p-sme5 (ec1,cc2 K-R):9mye This study

pTR1621  YCplac22-ADH1p-SMC5(K751):9mye This study

pl1788 pRS316

pNC2277  pRS315-GAILp-MMS21(5BD):3HA This study

Table 2. Plasmids used in this study

3.2.2. Bacteria growth conditions

E. coli cultures were grown either in Luria-Bertani broth (LB; 1% peptone, 0.5% yeast
extract, 0.5% NaCl) at 37°C with high shaking (200 rpm) or on LB agar plates at 37°C. Bacteria
on plates were stored at 4°C for up to 7 days. For long-term storage, cells were frozen at -80°C

in media containing 20% glycerol.
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3.2.3. DH50. competent cells transformation

Subcloning Efficiency™ DH5a competent cells (from Invitrogen) were generally used
for bacterial transformation. 50 pl of cells were mixed with 1 to 5 pl (1-10 ng) of plasmid
DNA and incubated on ice for 30 minutes. Then, cells were heat shocked for 20 seconds
at 42°C, followed by 2 minutes incubation on ice. After this, 1 ml of pre-warmed LB media
was added, and cells were incubated at 37°C for 1 hour at 225 rpm. Transformed cells were
selected by plating the cell suspension on LB agar plates containing antibiotic (either 50 g/

ml ampicillin or 30 ug/ml kanamycin). Finally, cells were allowed to grow overnight at 37°C.
3.2.4. MCD1061 competent cells transformation

The E. coli MCD10617 strain was used to achieve DNA recombination between a plasmid
and an insert within the cell. To prepare competent cells, 100 ml LB culture at ODg = 0.5
were spun down at 6,000 rpm for 5 minutes at 4°C and incubated in 10 ml of CaCly buffer (60
mM CaCly, 10 mM HEPES, pH 7.0) on ice for 2 hours. After this, cells were spun down at 4,000
rpm for 4 minutes at 4°C and resuspended in 2 ml of CaCl, buffer with glycerol (60 mM CaCl2,
10 mM HEPES, 15% glycerol, pH 7.0). Finally, 300 pl aliquots were made and frozen at -80°C.

5to 10 pl (10-50 ng) of plasmid DNA and insert were added to an aliquot of com-
petent cells and incubated on ice for 30 minutes. Then, cells were heat shocked for 2 min-
utes at 42°C, followed by 2 minutes incubation on ice. After this, 1 ml of pre-warmed LB
media was added, and cells were incubated at 37°C for 1 hout. Transformed cells were se-
lected by plating the cell suspension on LB agar plates containing antibiotic (either 50 pg/
ml ampicillin or 30 pg/ml kanamycin). Finally, they were allowed to grow overnight at 37°C.

3.2.5. Positive clone selection by ‘plasmid jet-prep’

Putative positive transformants were inoculated in 500 pl of LB media contain-
ing antibiotic overnight. Then, cells were harvested at 12,000 rpm for 2 minutes and
all supernatant was removed. After this, 50 ul of lysis buffer (2% Triton™ X-100, pH
12.4) and 50 pl of phenol:chloroform (5:1) were added. Cells were shaken for 30 sec-
onds and spun down at 12,000 rpm for 5 minutes. Afterwards, DNA was precipitat-
ed by adding 4 pl of 2% acetic acid, 4 ul of 3 M sodium acetate, 100 ul of 100% etha-
nol and spun down at 12,000 rpm for 5 minutes at RT. Finally, DNA was resuspended
in 10 pl of sterile distilled water and checked by DNA restriction analysis (see below).
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3.3. Cytological methods
3.3.1. Yeast fixation for microscopy

Cells were centrifuged at 12,000 rpm for 30 seconds and washed in ice-chilled distilled
water. Then, cells were resuspended in 4% paraformaldehyde solution and incubated for 5
minutes at RT. After cell fixation, cells were washed once in potassium phosphate/sorbitol
buffer (0.1 M KyPOy, 1.2 M sorbitol, pH 7.5) and resuspended in a small volume of po-

tassium phosphate/sorbitol buffer. Fixed yeast cells were stored for up to 2 weeks at 4°C.
3.3.2. Optical and fluorescence microscopy

Yeast cells carrying green fluorescent protein (GFP)-tagged proteins were analyzed by
fluorescence microscopy after DNA staining. DNA was stained using 4,6,-diamidino-2-phe-
nylindole (DAPI) at a final concentration of 1 pg/ml in the presence of a mounting solution
(Slow fade® Antifade, form Invitrogen) and 0.4% Triton™ X-100. For fluorescence micros-
copy, series of z-focal plane images were collected with a DP30 monochrome camera mounted
on an upright BX51 Olympus fluorescence microscope. Image stacks were z-projected using

the Image] software.
3.3.3. Flow cytometry analysis

To perform flow cytometry analysis, cells were fixed in 70% ethanol for at least 1 hour
at room temperature. After cell fixation, cells were pelleted at 4,000 rpm for 2 minutes and
resuspended in saline-sodium citrate buffer (SSC; 0.15 M NaCl, 15 mM sodium citrate, pH
7.0) plus 0.1 mg/ml RNAse A (from Qiagen) and incubated overnight at 50°C. Following
RNA digestion, proteinase K (from Qiagen) was added at a final concentration of 0.1 mg/
ml and cells were incubated for a further hour at 50°C. Then, cells were spun down at 3,000
rpm for 2 minutes and all the supernatant was removed. Finally, cell pellets were resuspend-
ed in SSC buffer containing 5 ug/ml propidium iodide and subsequently incubated in dark-
ness at room temperature for at least 1 hour and stored for up to two weeks at 4°C. Be-
fore analysis, samples were sonicated for 8 seconds at power 10 in a Soniprep 150 sonicator
(from MSE). Flow cytometric analyses were performed using a FACSCanto™ II flow cytom-

eter (from BD). Finally, the WinMDI 2.9 software was used to represent the FACS profiles.
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3.4. DNA methods

3.4.1. Primers

A list of primers used in this study is provided in Table3 below.

Number Description Sequence

CYO1202 3-SacI-SMC5 AGGAATGAGCTCTTAATCGAATGAGTAGTTAGAAGTT

CYO1291 3’-Xhol-Smc5 AGAAGCTCGAGCATCGAATGAGTAGTTAGAAGTTT

CYO1354 SMC5+500 AATAGGTAATTGTAAAGGGCTGTTCTC

CYO1356 SMC5(622)5 ATAAGGTCAATCGATGCAAGCT

CYO1358 SMC5(1946)5 CAAACTAATTTTTATCAGGGATC

CYO1360 SMC5(3263)5 ATGATACATTTCGGTGAAACTTC

CYO1362 SMC5(657)3 TTGCAAGCTTTGCTCATTTCCT

CYO1364 SMC5(1944)3 CTGCTCATTTGACATGATTGAT

CYO1366 SMC5(3256)3 ATCGAATGAGTAGTTAGAAGTTTC

CYO1454 3-ADH1p-SMC5 GATCCCGGCGAGCTCAAGCTTGGCGTAATCATGGT

CYO1735 SMC5(913)3’ CTCTTCCACCTGATTTTCCAAAGTCTTCTTAGTATTTG-
CAAAT

CYO1737 SMC5(2409)3 AAATCAGCTTCCCTCTCATTG

CYO1739 SMC5(1077)3’ TGGTTCTTCCTCTATAATATTCG

CYO1741 SMC5(2236)3 ATGTCTTTGCTTGAGTAATAGTTGTTGGATCTGATCAT-
CAATATC

o
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CYO1754 SMC5(1110)3 CTGTAGTTTTTTGGTTCTTCCTCTATAATATTC

CYO1756 SMC5kr(2710)5 ACCATTTGCAAATACTAGAAG

CYO1788 5> SMC5 K751 TTGGGCCAAACGGATCTGGGATATCTACTTTCGTAT-
GCGCAGT

CYO1795 S2-SMC5 CATCTATATGTGTATAATTAATTATGCAATAGTGAAA-
GAATCGATGAATTCGAGCTCG

CYO1805 3* SMC5 D1014A  AGCAACCACTCTAAATGGTGCAGAG

CYO1839 3> SMC5 P305E TTCTTTTTTATCCTTCAGTATAGCC

YO1841 3° SMC5 HLP393E-
CYolss f)LSELC S HL3 O GATCTGTTTGTGCTAATATTTCCTG

CYO1843 3> SMC5 P271E GAGTAGTTGGGAGTGTAACTC

CYO1875 3 SMC5 P393E TAGATGTGTTTGTGCTAATATTTCCTG

CYO1047 Nse2(138) TCAATTAGTGGATTCTACATCTCCT

CYO1389 5-Xhol-NSE2 GTAAGCTCGAGATGGCCTTGAACGATAATCCTAT

CYO1430 S3-nse2Ac ACGAAGACGATCTACAAATAGAAGGTGGTAAAATT-
GAATTGACTCGTACGCTGCAGGTCGAC

CYO1432 5-Xhol-NSE2(471) GTAAGCTCGAGATGACTTGTGTAATACCGGATCTGCA

CYO1490 3’-Sacl-NSE2 AGAAGGAGCTCTAAAACATCGATGGCTTGACTACT

CYO1512 3-Kpnl-NSE2(480) AGAAGGGTACCTACACAAGTTGGATCATTCCATA

CYO1554 Nse2 (134) AAACAAATTGATGAGACCAT

CYO1621 NSE2(323) CCTGTCCGCAAATCGACCTTTCTAC

CYO1692 NSE2 5 AGGGAATATTAAGCTTGGTAC

CYO1699 NSE2 M1 5 CACCTGCAGCTCCAAAATCAGGTAAGTACTTCC

H
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CYO1701 NSE2 M2 GAGACGCTAGCAATATATATCAACAATGCTAC

CYO1820 S2-ESC2 ACGTAAAGAGCCGGAGTTCGGCCTTTTTTAGCAAATT-
GCGCATCGATGAATTCGAGCTCG

CYO1822 5-ESC2 -334 CTCGAACAAAAAATGGAATGTTG

CYO1831 5 ESC2 -403 TTAGTTTTTAGGACATGAAACTGC

CYO1721 MRE11+314 TTGAATACTTTCCTATGCTCTTAATG

CYO1835 S3-SMC1 TCGTCGAAGATCATAACTTTGGACTTGAGCAATTACGCA-
GAACGTACGCTGCAGGTCGAC

CYO1819 S3-SMC3 GCAATCGGATTCATTAGAGGTAGCAATAAATTCGCTGAA-
GTCCGTACGCTGCAGGTCGAC

CYO908 RADS5+282 TTCCACCTACACTTTCTGTCATAATG

CYO1126 RAD51+211 TCATGGGTGACAGACAATACG

CYO1725 RAD52+300 ATACAAATATGGCAACTCGGA

CYO 1074 SMT3-222 TATGAATATGTTGGGTTACCCAGC

CYO914 RAD18+299 ACTTCTTTGCCTAATCCAGTGG

CYO910 RADG6-294 GTGTGAGCTAACCATGCTTACACTA

CYO912 RADOG-462 AAGCGGTCTTTTAGATACAAGCTTG

CYO902 MMS2+269 GCAACAGTCTTTCTGTCGTCTGTTT

CYO1724 RAD52-274 TTGGCGTCTGTATCATCTGCT

GTTGAAATTTCTATCCTGAAGGGAATATTAAATTT-
CYO1821 S3-NSEO6 GTTTTCTAAAATCAGGCGTACGCTGCAGGTCGAC

AAAGAATCTCAGGAACAGGATAAAAGAAGTAGTCAAGC-
CYO1823 S3-NSE2 CATCGATGTTTTACGTACGCTGCAGGTCGAC

¢
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ACTTGGCGAAAACTAATAAAGAAATACAACATCACTTCAC-
CYO1825 S3-NSE4 CATTCTTAGACCGTACGCTGCAGGTCGAC

Table 3. List of primers used

3.4.2. Isolation of plasmid DNA from E. co/i

Single colonies were either streaked on LB plates or inoculated in LB liquid me-
dia containing antibiotic overnight. To extract plasmid DNA, the GenElute™ Plas-

mid Miniprep Kit (from Sigma) was used following the manufacturer’s instructions.

3.4.3. Isolation of genomic DNA from S. cerevisiae

Isolation of genomic DNA from S§. cerevisiae was performed as described by Hoffman,
Cs (Hoffman, 2001) with minor modifications: approximately 5 OD ) of cells were washed
in ice-chilled distilled water and resuspended in 200 ul of breaking buffer (2% Triton™ X-100,
10 mM Tris-HCI, 1% SDS, 1 mM EDTA, 100 mM NaCl, pH 8.0,), 200 ul of phenol:chloroform
(5:1) and 200 pl of glass beads. Cells were vortexed for 4 minutes at RT. Then, 200 ul of Tris-
EDTA buffer (TE; 10 mM Tris-HCI, 1 mM EDTA, pH 8.0) were added and cells were spun
down at 13,000 rpm for 5 minutes at RT to clear the cell suspension. The clean upper phase
was transferred to a clean eppendorf tube and 1 ml of ice-chilled 100% ethanol was added to
precipitate DNA. The mixture was placed on ice for 20 minutes to increase DNA precipitation.
Then, DNA was spun down at 13,000 rpm for 5 minutes at 4°C and the supernatant was re-
moved. The DNA pellet was resuspended in 400 ul of TE buffer and 3 ul of 10 mg/ml RNAse
A were added and incubated at 37°C for 5 minutes to digest RNA. DNA was precipitated by
adding 6.5 ul of ammonium acetate 6.2 M and 1 ml of ice-chilled 100% ethanol. The DNA ex-
tract was placed on ice for 20 minutes and spun down at 13,000 rpm for 5 minutes at 4°C. The
DNA pellet was washed with ice-chilled 70% ethanol and spun down at 13,000 rpm for 5 min-
utes. Finally, the DNA pellet was air dried, resuspended in 100 ul of TE buffer and stored at 4°C.
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3.4.4. Polymerase chain reaction (PCR)

The Expand High Fidelity PCR System (from Roche) was generally used. 2.6 U (0.75
w) enzyme per 50 ul reaction were used with 1.5 mM MgCly, 200 uM dNTPs and 300
uM primers. For products with high GC content, DMSO was added to a final concentra-
tion of 5%. The thermal cycles used were: initial denaturation step of 94°C for 3 minutes;
followed by amplification cycles at 94°C for 30 seconds (denaturation), 52-65°C (depend-
ing on the melting temperature of the primers) for 30 seconds (annealing), 1 minute/kb ei-
ther at 72°C (for PCR products up to 3 kb) or at 68°C (for PCR products larger than 3
kb) (elongation); repeated 10 times. For the next 25 cycles, 5 seconds were added in each

successive elongation cycle. A final elongation step was performed at 72°C for 10 minutes.
3.4.5. Yeast colony PCR

The SupraTherm™ Taq DNA Polymerase (from Genecraft) was used to perform yeast
colony PCR. 1 U (0.2 ul) enzyme per 20 ul reaction was used with 2 mM MgCly, 200 uM dN'TPs
and 500 uM primers. Colonies were picked into a PCR tube and microwaved at 1,200 watts for 30
seconds and placed on ice for 30 seconds. Then, 20 ul of SupraTherm™ mix were added to the
PCR tube and vortexed. The thermal cycles used were: initial denaturation step of 94°C for 5 min-
utes; followed by amplification cycles at 94°C for 30 seconds (denaturation), 52-60°C (depend-
ing on the melting temperature of the primers) for 30 seconds (annealing), 1 minute/Kb at 72°C

(elongation); repeated 35 times. A final elongation step was performed at 72°C for 10 minutes.
3.4.6. Site-directed mutagenesis

The QuikChange XL Site-Directed Mutagenesis Kit (from Stratagene) was used to per-
form site-directed mutagenesis. Briefly, the desired mutation was incorporated into primers (de-
signed using the QuikChange Primer Design programme available at http://www.stratagene.
com/qcprimerdesign. Incorporation of the primers during PCR generates a mutated plasmid
containing staggered nicks. PCR was performed using the standard reaction mix containing 50
ng of template DNA and 125 ng of each primer. The thermal cycles used were: initial denatura-
tion step of 95°C for 30 seconds; followed by amplification cycles at 95°C for 30 seconds (dena-
turation), 55°C for 1 minute (annealing), 1 minute/kb at 68°C (elongation) repeated 12-18 times.

Following PCR amplification, parental DNA (not containing the mutation) was digested
by the addition of 1 ul Dpxl (10 U/ul), an enzyme that specifically digests methylated and
hemimethylated DNA, and incubated for 1 hour at 37°C. The nicked vector containing the
desired mutation was then transformed into XI.10-Gold Ultracompetent® cells (provided
with the kit). 2 pl of the digested PCR mix were added to 50 pl of competent cells that had
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been previously treated with B-mercaptoethanol. The mixture was incubated on ice for 30
minutes, and then heat shocked at 42°C for 30 seconds. Afterwards, cells were immediately
chilled on ice for 2 minutes before being resuspended in 1 ml of LB media and allowed to
grow for 1 hour at 37°C. Finally, cells were plated onto LB plates containing antibiotic (either

50 pg/ml ampicillin or 30 pg/ml kanamycin) and they were allowed to grow overnight at 37°C.
3.4.7. DNA restriction analysis

Restriction enzymes were used for sequence-specific cleavage of DNA. To digest 1
ug of DNA, 1 pl of restriction enzyme (10 units) was usually used. The reaction conditions
were chosen according to the manufacturer’s instructions. Samples were incubated at the rec-

ommended temperature for either 2 hours or overnight in a total reaction volume of 50 pl.
3.4.8. Separation of DNA fragments by gel electrophoresis

Ficoll loading buffer (FLB; 0.25% Bromophenol Blue, 0.25% xylene cyanol, 25% fi-
coll-400) was added to DNA samples and they were run on 0.8-2% agarose gels (de-
pending on the size of the DNA fragments) in Tris-acetate EDTA buffer (TAE; 40 mM
Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 8.0) at 5 V/cm (distance between the
electrodes of the unit). After gel electrophoresis, DNA was stained in 1 pg/ml ethid-

ium bromide solution for 20-30 minutes and visualized using an UV transilluminator.
3.4.9. Purification of DNA fragments from agarose gels

To visualize the DNA, 1 ul of 1/100 dilution of SYBR® Green I Nucleic Acid Gel
Stain (from Invitrogen) was added per 1 pg DNA. After separating the DNA fragments by
gel electrophoresis (see previous section), the DNA fragment was excised from the gel using
a clean scalpel and purified using the QIAquick Gel Extraction Kit (from Qiagen) following

the manufacturer’s instructions.
3.4.10. Ligation of DNA fragments

Digested inserts were ligated into digested and dephosphorylated vectors using the Rap-
id DNA Dephos and Ligation kit (from Roche), which enables fast and efficient dephospho-
rylation and ligation of sticky and blunt-end DNA. For standard ligation reactions, the molar
ratio of vector to insert was 1:3. The protocol was performed following the manufacturer’s

instructions.
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3.4.11. DNA sequencing

DNA sequencing reactions were carried out by Servei cientificotecnic de Proteomica i
genomica (SCT-P&G) of the University of Lleida, Spain.

3.4.12. Chromatin Immunoprecipitation

Chromatin immunoprecipitation experiments were performed according to Nel-
son et al. (Nelson et al.,, 2006) with minor modifications: 50 ml of culture at ODgp =
0.5 were fixed with formaldehyde at a final concentration of 1.42% for 15 minutes at
room temperature. Then, formaldehyde was quenched with glycine at a final concentra-
tion of 125 mM for 5 minutes at room temperature and cells were harvested by centrifu-
gation at 4,000 rpm for 2 minutes. The pellet was washed with phosphate buffered sa-
line buffer (PBS; 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy, 2 mM KH,yPOy4, pH

7.4), transferred to a screw cap tube, frozen in liquid nitrogen and stored at -80°C.

Pellets were resuspended in 100 pl of immunoprecipitation buffer (IP buffer; 150 mM
NaCl, 50 mM Tris-HCI pH 7.5, 5 mM EDTA pH 8.0, 0.5% NP-40, 1% Triton™ X-100)
supplemented with PMSF at a final concentration of 1 mM and complete protease inhibi-
tor cocktail (from Roche). Then, 500 pl of glass beads were added and cells were lysed
by two 20 seconds cycles at power 6.5 in a FastPrep® FP120 machine, with 5 minutes on
ice in between cycles. Afterwards, 300 ul of IP buffer containing PMSF and protease in-
hibitors were added. Tubes were pierced with a hot needle and placed on top of new ep-
pendorfs and spun down at 1,000 rpm for 2 minutes at 4°C to collect lysate minus glass
beads. Samples were pelleted at 13,000 rpm for 1 minute at 4°C. The nuclear pellet was
resuspended thoroughly in 1 ml of IP buffer containing PMSF and protease inhibitors.
Then, chromatin was sonicated for 1 hour (15 seconds ON, 15 seconds OFF at high pow-

er in a Diagenode Biorupter. At this point, sonicated chromatin can be stored at -80°C.

20 pl (30% of sample) were taken for input and 400 pl for IP. After clarifica-
tion at 13,000 rpm for 1 minute at 4°C, input DNA was precipitated from the superna-
tant by the addition of KOAc to a final concentration of 0.3 M and 2.75 volumes of
100% ethanol. The mixture was incubated at -20°C overnight, spun down at 13,000 rpm
for 5 minutes and the supernatant discarded. 100 pl of 10% Chelex® 100 suspension
(from BioRad) were added to the dried pellet and the sample boiled for 20 minutes. The
supernatant was cleaned using the PCR purification kit (from Qiagen) according to the

manufacturer’s instructions, eluted in 250 pl of sterile distilled water and stored at -20°C.

2 pg of antibody (from Roche) were added to 400 pl of chromatin for the IP, and

b

90



Materials and Methods
(R

samples were incubated in an ultrasonic water bath for 30 minutes at 4°C. After clarifi-
cation at 13,000 rpm for 2 minutes at 4°C, the supernatant was added to 100 pl of 50:50
slurry of Protein G beads (from Roche), which had been previously equilibrated in IP
buffer. Beads were incubated overnight on a rotating platform at 4°C. Then, they were
washed 3 times in IP buffer, and 250 pl of 10% Chelex® 100 suspension (from Bio-Rad)
were added and boiled for 20 minutes. After spinning down at 13,000 rpm for 1 minute,
the supernatant was transferred into a fresh tube and stored at -20°C. Finally, the relative

occupancy of the immunoprecipitated factor was analysed by real time PCR (see below).
3.4.13. Real time PCR analysis

PCR reactions were performed using the SensiMix™ NoRef Kit (from Quantace). Re-
actions were carried out according to the manufacturer’s instructions in a total volume of
20 pl, containing either 3 pl of Input or IP DNA and oligonucleotide primer pairs at a final
concentration of 1.5 pM. DNA amplification was performed with the CFX96™ Real-time-
system (from Bio-Rad) and analyzed using the CFX manager™ software (from Bio-Rad).

The primers used for the analysis of an induced HO-break at the MAT lo-
cus were previously described by Shroff et al. (Shroff et al,, 2004). The melting curve
of each primer pair was analysed to confirm the absence of contaminant PCR prod-
ucts. The relative occupancy of the immunoprecipitated factor at the locus was esti-
mated using the following equation: 2(CdP-Clnput) - where CtIP and Ctlnput are mean
threshold cycles of PCR done in triplicate on Input and IP DNA samples, respectively.

3.4.14. Pulsed field gel electrophoresis

Pulsed field gel electrophoresis (PFGE) was performed as described by Lengronne, A
et al. (Lengronne et al., 2001) with minor modifications: A volume of cell culture containing
7 ODg) of yeast was taken for each time point. Cells were pelleted and washed twice with
50 mM EDTA pH 8.0 and resuspended in 50 pl of 50 mM EDTA pH 8.0, 100 pl of solu-
tion 1 (1 M sorbitol, 0.06 M EDTA pH 8.0, 0.1 M sodium citrate, 0.5% B-mercaptoethanol,
1 mg/ml zymolyase 100T) and 300 ul of 1% low melting point agarose (from Sigma), tem-
pered at 50°C. Then, the mixture was immediately poured into 4 PFGE moulds. Follow-
ing polymerization at room temperature, plugs were displaced from their moulds into 1,6 ml
of Buffer 2 (0.45 M EDTA pH 8.0, 7.5% B-mercaptoethanol, 0.01 M Tris-HCI pH 7.0, 10
ng/ml RNAse A) and incubated overnight at 37°C in order to degrade the cell wall. Then,
all buffer was removed and plugs were incubated in 1,6 ml of PK buffer (10 mM Tris-HCI
pH 7.5, 250 mM EDTA pH 8.0, 1% sarcosyl, 1 mg/ml Proteinase K) at 37°C overnight.

After proteinase K treatment, plugs were washed and 1,6 ml of storage solution (0.05 M
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EDTA pH 8.0, 50% glycerol) were added. Plugs were stored at 4°C for up to 3 months.

PFGE was run in 0.5x Tris-borat-EDTA buffer (TBE; 89 mM Tris-base, 89 mM
boric acid, 2 mM EDTA, pH 8.0) for 24 hours at 6 V/cm (initial switching time: 60 sec-
onds; final: 120 seconds). After DNA electrophoresis, gels were stained in 1 pg/ml ethidi-

um bromide solution for 20 minutes and DNA was visualized using an UV transilluminator.
3.4.15. DNA combing

Chromosome combing was performed by Dr. Audrey Ceschia in Dr Pasero’s lab (Mont-
pellier) as described in Tourriere et al. (Tourriere et al., 2005) with minor modifications: Cells
were embedded in agarose moulds and genomic DNA was purified as for pulse field gel
electrophoresis (see above). Then, chromosomal DNA was resuspended in 50 mM 2-(N-mor-
pholino) ethanesulfonic acid (MES) pH 5.5 at a final concentration of 200 ng/ml in a Teflon
reservoir. Silanized coverslips were dipped into the DNA solution for 5 minutes and pulled out
at a constant speed (0.3 mm/sec). Then, coverslips were baked at 60°C overnight, mounted
on microscope slides and stored at —20°C until use. Coverslips were incubated for 30 minutes
in 1 M NaOH to denature the DNA and they were neutralized in phosphate-buffered saline
buffer (PBS; 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy, 2 mM KH,POy, pH 7.4. Then,
coverslips were washed with 2x saline-sodium citrate buffer (SSC; 0.3% sodium chloride, 30
mM trisodium citrate, pH 7.0) supplemented with 50% formamide and they were subsequently
processed for immunofluorescence. BrdU was detected with a rat monoclonal antibody (clone
BU1/75; from AbCys) and a secondary antibody coupled to Alexa Fluor 488 (from Molecular
Probes). DNA molecules were counterstained with an anti-guanosine antibody (from Argene)
and an anti-mouse IgG coupled to Alexa Flour 546 (from Molecular Probes). Replication gaps
were scored as regions positive for the anti-guanosine signal but negative for the anti-BrdU one.

The length of DNA fibres was measured using lambda phage DNA molecules as standard.
3.4.16. 2D gels for X-shaped DINA molecules detection

Total genomic DNA was isolated mainly according to Allers, T. and Lichten, M. (Allers
and Lichten, 2000) with some modifications: 200 ml culture OD ;0.4 were arrested by
addition of sodium azide at a final concentration of 0.1% and cooled down in ice. Cells
were harvested by centrifugation, washed in ice-chilled water, and incubated in spheroplast-
ing buffer (1 M sotrbitol, 100 mM EDTA pH 8.0, 0.1% B-mercaptoethanol, 100 U zymoliase/
ml) for 20 minutes at 37°C. Once yeast cells were spheroplasted, cells were spun down at
4.000 rpm for 10 minutes at 4°C. Then, 2 ml of water, 200 pl of 100 mg/ml RNAse A, and
2.5 ml of Solution I (2% cetyl-trimethyl-ammonium-bromide (CTAB), 1.4 M NaCl, 100 mM
Tris-HCI pH 7.5, and 25 mM EDTA pH 8.0) were sequentially added to the spheroplasted
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pellet and samples were incubated for 30 minutes at 50°C. Afterwards, 200 ul of 20 mg/
ml Proteinase K were added and the incubation was prolonged at 50°C for 1 hour 30 min-
utes. Then, samples were centrifuged at 4,000 rpm for 10 minutes and the cellular debris pel-
let was kept for further extraction, while the DNA present in the supernatant was extracted
with 2.5 ml of chloroform/isoamylalcohol (24:1). DNA was precipitated by addition of 2
volumes of Solution II (1% CTAB, 50 mM Tris-HCI pH 7.5, and 10 mM EDTA pH 8.0)
and centrifuged at 12,000 rpm for 10 minutes. Pellet was resuspended in 2 ml of Solution
III (1.4 M NaCl, 10 mM Tris-HCI pH 7.6, and 1 mM EDTA pH 8.0). Residual DNA in the
cellular debris pellet was also extracted by resuspending in 2 ml of Solution III and incubat-
ing at 50°C for 30 minutes, followed by extraction in 1 ml of chloroform/isoamylalcohol
(24:1). The upper phase was pooled together with the main DNA preparation. Then, total
DNA was precipitated with 1 volume of isopropanol, washed with 70% ethanol, air dried,
and finally resuspended in Tris-EDTA buffer (TE; 10 mM Tris-HCl, 1 mM EDTA, pH 8.0).

After purification, DNA concentration was determined, digested with Hindlll and
EwRl” and separated by electrophoresis. 2D gel electrophoresis was carried out as orig-
inally described by Brewer B.J. and Fangman W.IL. (Brewer and Fangman, 1987) using the
following conditions: first dimension: 0.4% agarose gel in 1x Tris-borat-EDTA buffer
(TBE; 89 mM Tris-base, 89 mM boric acid, 2 mM EDTA) run at 0.6 V/cm for 24 hours
at room temperature. For the second dimension, the dissolved agarose was poured around
the excised agarose lane from the first dimension and run in 1% agarose gel in TBE buff-
er supplemented with 0.3 pg/ml ethidium bromide at 3 V/cm for 11 hours at 4°C. Final-
ly, DNA molecules present in the ARS305 were detected by Southern blot (See below).

3.4.17. 2D gels for catenated plasmid detection

DNA extraction for catenated plasmid analysis was performed as described by Bax-
ter et al. (Baxter et al,, 2011): a volume of cell culture containing 30 OD) of yeast was
taken for each time point. Frozen pellets were resuspended in lysis buffer (50 mM Tris-HCI,
100 mM NaCl, 10 mM EDTA, 1% SDS, pH 8.0) and the cell wall was digested by incuba-
tion with 80 units of lyticase (from Sigma) and 1% B-mercaptoethanol at 37°C for 5 min-
utes. Then, DNA was extracted with phenol/chloroform/isoamylalcohol (25:24:1) and the
aqueous layer collected using phase lock tubes (from 5 prime) by spinning down at 12,000
rpm for 10 minutes at RT. DNA was precipitated with 2 volumes of 100% ice-chilled etha-
nol and washed with 70% ethanol before being re-solubilized in 10 mM Tris-HCI, pH 8.0.

Neutral-neutral two-dimensional (2D) gel electrophoresis was carried out as described
by Martinez-Robles M.L. et al. (Martinez-Robles et al., 2009): the first dimension was per-
formed in a 0.4% agarose gel in 1x Tris-borat-EDTA buffer (TBE; 89 mM Tris-base, 89
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mM boric acid, 2 mM EDTA) run at 0.9 V/cm at room temperature for 24 hours. The sec-
ond dimension was performed in a 1% agarose gel in TBE buffer, run perpendicular with
respect to the first dimension. The dissolved agarose was poured around the excised aga-
rose lane from the first dimension and run at 4.5 V/cm in a cold chamber for 15 hours.

The different forms of the pRS376 plasmid were detected by Southern blot (see below).
3.4.18. Southern blot

Agarose gels were prepared for Southern blot by incubating the gels in depurinating
solution (0.125 M HCI) for 15 minutes, in denaturing solution (0.4 M NaOH, 1 M NaCl) for
30 minutes and finally in neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCI, pH 7.5) for 30
minutes. After these incubations, DNA was transferred onto a positively-charged nylon mem-
brane (Hybond-N+; from GE Healthcare) via upward capillary transfer in 20x sodium citrate
buffer (SSC; 3 M NaCl, 300 mM Sodium citrate, pH 7.0). Then, DNA was immobilized by UV
irradiation using the autocrosslinking function of the UV Stratalinker 2400 (from Stratagene)
and washed in 5x SSC.

DNA probes were amplified by PCR either from wild type genomic DNA or plasmids,
and purified using the QIAquick PCR Purification Kit (from Qiagen). 500 ng of DNA were
labelled with fluorescein-12-dUTP with the Fluorescein-High Prime labelling system (from
Roche). Then, labelled probe was boiled for 5 minutes and chilled on ice. Membranes were
blocked in blocking solution (0.1% SDS, 5% dextran sulphate, 5% Rapid-Hyb (from GE
Healthcare) in 5X SSC buffer) for 1 hour, and then they were hybridized with the probe over-
night at 60°C.

Blots were washed twice in 1x SSC with 0.1% SDS at 60°C for 10 minutes and twice
in 0.5X SSC with 0.1% SDS at 60°C for 10 minutes. After a brief wash in antibody buffer
(AB; 150 mM NaCl, 100 mM Tris-HCI, pH 7.5), blots were blocked in AB buffer plus 1%
dried skimmed milk for 1 hour at room temperature with gentle agitation and then incubated
for 1 hour with alkaline phosphatase conjugated anti-fluorescein F(ab)2 antibody (dilution
1:250,000; from Roche) in AB buffer plus 0.5% dried skimmed milk. Afterwards, blots were
washed three times in AB buffer plus 0.2% Tween® 20 for 10 minutes each. After washes,
membranes were incubated with the CDP-Star™ reagent (from GE Healthcare) followed by
exposure to high performance chemiluminescence films (Amersham hyperfilm™ ECL from

GE Healthcare), to detect the signal.
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3.5. Protein methods
3.5.1. Protein extraction under denaturing conditions

Yeast protein extracts were prepared under denaturing conditions as described by Gal-
lego, C et al. (Gallego et al., 1997): briefly, 5 OD g were used for Western blot analysis. 15 pl
of 5 M urea were added and immediately boiled for 2 minutes. After addition of an equal vol-
ume of glass beads, cell suspension was broken by one 45 seconds cycle at power 5.5 in Fast-
Prep® FP120 machine. Then, 50 pl of SR buffer (2% SDS, 0.125 M Tris—HCI, pH 06.8) were
added, vortexed, boiled for 2 minutes and centrifuged at 12,000 rpm for 2 minutes at RT. The
protein concentration in the supernatants was determined by a Micro DC protein assay (from
Bio-Rad). After protein quantification, loading buffer at a final concentration of 125 mM
Tris-HCI pH 6.8, 5% sacarose, 0.0125% bromophenol blue, 0.025% sodium azide, 2% SDS
supplemented with 4% B-mercaptoethanol was added. Finally, samples were boiled at 95°C
for 2 minutes and loaded onto a SDS-PAGE gel and analysed by Western blot (see below).

3.5.2. Post alkaline protein extraction

Post alkaline protein extraction was performed based on Kushnirov, V.V et al. (Kush-
nirov, 2000) for rapid protein extraction, such as checking transformants by Western
blot: 2.5 ODg) of cells were harvested by centrifugation from liquid culture or scraped
off from an agar plate and resuspended in 100 pl of sterile distilled water. Then, 100
ul of 0.2 M NaOH were added, and they were incubated for 5 minutes at room tempera-
ture. Afterwards, cells were pelleted at 13,000 rpm for 30 seconds and resuspended in 50
ul of 2x SSR buffer (10% sacarose, 0.025% bromophenol blue, 0.05% sodium azide, 4%
SDS, 250 mM Tris-HCI, pH 6.8) supplemented with 4% B-mercaptoethanol. Then, sam-
ples were boiled at 95°C for 3 minutes and pelleted at 12.000 rpm for 2 minutes. Finally, the
supernatant was loaded onto a SDS-PAGE gel and analysed by Western blot (see below).

3.5.3. SUMO and SUMO-conjugates purification

Pull-down experiments were performed as previously described by Sacher, M et al.
(Sacher et al.,, 2005) with minor modifications: Briefly, 200 OD of cells were harvested
at 4,000 rpm for 2 minutes, washed once with ice-chilled water, and the cell pellet frozen
at -80°C. Cells were resuspended in 500 ul of Buffer A (8 M Urea, 100 mM KH,POy, 10
mM Tris-HCI, 0.05% Tween® 20, pH 8.0), an equal volume of glass beads was added, and
cells were lysed by one 45 seconds cycle at power 5.5 in a FastPrep® FP120 machine. Then,
tubes were pierced with a hot needle and placed onto new eppendorfs and spun down at

1,000 rpm for 2 minutes to collect cell lysate minus glass beads. Cell lysate was clarified by
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centrifugation at 14,000 rpm for 10 minutes at 4°C. Protein concentration was determined
using a Micro DC protein assay (from Bio-Rad). Afterwards, cell extract was scaled up to 5
ml in buffer A and 50 ul of Ni-NTA beads (from Qiagen) were added. To reduce non-spe-
cific binding, imidazole was added to a final concentration of 15 mM. Proteins were bound
overnight at 4°C on a rotating platform. After binding, beads were washed 3 times in Buff-
er A containing 2 mM imidazole, followed by 5 washes in Buffer B (8 M Urea, 100 mM
KH,POy, 10 mM Tris-HCI, 0.05% Tween, pH 6.3). Bound proteins were eluted from the
beads using 25 pl of 2x SSR buffer (10% sacarose, 0.025% bromophenol blue, 0.05% so-
dium azide, 4% SDS, 250 mM Tris-HCI, pH 6.8) supplemented with 4% B-mercaptoethanol;
boiled at 95°C for 2 minutes. Eluates were loaded onto SDS-PAGE gels and analysed by
Western blot (see below). In all cases, SUMO pull-downs were loaded next to protein extracts

to confirm the slower mobility of SUMO conjugates with respect to the unmodified protein.
3.5.4. Co-immunoprecipitation

Myc-tagged proteins were immunoprecipitated using anti-Myc antibodies (9E10; from
Roche) coupled to protein G Dynabeads (from Invitrogen). HA-tagged and Flag-tagged pro-
teins were immunoprecipitated using anti-HA Affinity matrix (from Roche) and Anti FLAG®
M2 Affinity Gel (from Sigma), respectively.

Co-immunoprecipitation experiments were performed based on Arumugam et al
(Arumugam et al., 2003) with minor modifications: 100 ODg ) of cells were harvested at
4,000 rpm for 2 minutes, washed once with ice-chilled water, and cell pellet frozen at -80°C.
Cells were resuspended in 500 pl of pre-chilled lysis buffer (50 mM HEPES, 150 mM KCl,
1.5 mM MgCly, 0.5 mM DTT, 0.5% Triton™ X-100, pH 7.5) supplemented with Complete
protease inhibitor cocktail tablets (from Roche), and an equal volume of glass beads was
added. Then, cells were lysed by one 45 seconds-cycle at power 5.5 in a FastPrep® FP120
machine. Tubes were pierced with a hot needle and placed onto new eppendorfs and spun
down at 1,000 rpm for 2 minutes to collect cell lysate minus glass beads. Afterwards, cell
lysate was clarified by centrifugation at 14,000 rpm for 10 minutes at 4°C and protein con-
centration was determined using a Micro DC protein assay (from Bio-Rad). Then, 30 ul
of beads were added to the lysate and the suspension was incubated for 2 hours at 4°C.
After protein binding, beads were washed with IPP150 buffer (10 mM Tris-HCI, 150 mM
NaCl, 0.1% Triton™ X-100, pH 7.5) three times and eluted in 40 pl of 2x SSR buffer (10%
sacarose, 0.025% bromophenol blue, 0.05% sodium azide, 4% SDS, 250 mM Tris-HCl pH
6.8) supplemented with 4% B-mercaptoethanol; boiled at 95°C for 2 minutes. Finally, elut-
ed proteins were loaded onto SDS-PAGE gels and analysed by Western blot (see below).
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3.5.5. Protein chromatin-binding assay

Protein chromatin-binding assays were performed as described by Liang, C & Stillman,
B (Liang and Stillman, 1997) with minor modifications: 15 OD ) of cells were harvested and
sodium azide was added to a final concentration of 0.1%. Cells were spheroplasted according
to Conradt, B et al. (Conradt et al., 1992). They were incubated at room temperature for 10
minutes in 1 ml of pre-spheroplasting buffer (100 mM KH,PO4/KyHPO,4 pH 9.4, 10 mM
DTT, 0.1% sodium azide), followed by incubation in 1 ml of spheroplasting buffer (100 mM
KH,PO4/KyHPO, pH 7.5, 0.6 M sorbitol, 10 mM DTT) containing 3 ul of 10 mg/ml of zy-
moliase 100T at 37°C for 10 minutes with occasional mixing, until the OD() of a 1:100 di-
lution of the cell suspension (in water) dropped to <10% of the value before digestion. Then,
spheroplasts were washed with 1 ml of ice-chilled spheroplasts washing buffer (SWB; 100 mM
KCI, 50 mM HEPES-KOH pH 7.5, 2.5 mM MgCl,, and 0.4 M Sorbitol), pelleted at 1,200 rpm
for 1 minute at 4°C, and resuspended in an equal pellet volume (50 ul) of extraction buffer (EB;
100 mM KCI, 50 mM HEPES-KOH pH 7.5, 2.5 mM MgCly,) supplemented with Complete
protease inhibitor cocktail tablets (from Roche). Spheroplasts were lysed by adding Triton™
X-100 to a final concentration of 0.25% and incubated on ice for 5 minutes with gentle mixing,
The suspension was split into two tubes (one for whole cell extract (WCE) and the other for
chromatin pellet (CP)). Afterwards, lysate was underlayered with 50% volume of 30% sucrose
(volume refers to the volume of the spheroplasts suspension in EB buffer; the same below), and
spun down at 12,000 rpm for 10 minutes at 4°C. Then, the pellet was washed with 25% volume
of EBX buffer (EB buffer supplemented with 0.25% Triton™ X-100), and spun down again
at 10,000 rpm for 5 minutes at 4°C. An equal volume of 2XSSR buffer (10% sacarose, 0.025%
bromophenol blue, 0.05% sodium azide, 4% SDS, 250 mM Tris-HCI, pH 6.8) supplemented
with 4% B-mercaptoethanol was added to each fraction (chromatin pellet (CP) and whole
cell extract (WCE)), boiled for 3 minutes at 95°C and spun down at 10,000 rpm for 1 minute.
Finally, samples were loaded onto SDS-PAGE gel and analysed by Western blot (see below).

3.5.6. SDS-PAGE

The Mini-PROTEAN® 3 system (from Bio-Rad) and the NuPAGE® Novex® gel sys-
tem (from Invitrogen) were used for SDS-PAGE.

Acrylamide gels were prepared according to the Laemmli SDS-PAGE gel formulation.
The stacking casting solution was made with 5% acrylamide, 0.13% bis-acrylamide, 125 mM
Tris-HCI pH 6.8, 0.1% SDS, 0.067% ammonium persulfate, 0.1% N,N,N’ N~ tetramethyl-
ethylenediamine (TEMED). The resolving casting solution was made in a 6-12% acrylamide
solution depending on the size of the protein, in all cases with an acrylamide:bis-acrylamide
ratio of 37.5:1, in 375 mM Tris-HCI pH 8.8, 0.1% SDS, 0.067% ammonium persulfate, 0.1%
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N,N,N,N " tetramethylethylenediamine (TEMED). These gels were run using the Mini-PRO-
TEAN® 3 system (from Bio-Rad) at 20 mA/gel constant for 60-120 minutes (depending
on the protein) in running buffer (25 mM Tris-HCI, 192 mM glycine, 0.1% SDS, pH 8.9).

Pre-cast 4-12% Bis-Tris gels (from Invitrogen) were run using the NuPAGE® Novex®
gel system in NuPAGE® MOPS SDS buffer (50 mM MOPS, 50 mM Tris-base, 0.1% SDS,
1 mM EDTA, pH 7.7) at 200 V constant for 60-120 minutes (depending on the protein).

3.5.7. Coomassie staining

SDS-PAGE gels and polyvinylidene fluoride (PVDY) membranes were stained with
Coomassie staining solution (0.1% Coomassie brilliant blue, 25% isopropanol, 10% acetic
acid) for 20 minutes and distained with distaining solution (10% acetic acid, 10% isopropanol)

for 20 minutes and then air dried.
3.5.8. Western blot

SDS-PAGE gels were transferred to polyvinylidene fluoride (PVDF) membrane using
cither the TE70X semi-dry blotter system (from Hoefer) or the XCell II™ blot module (from
Invitrogen). The Bio-Rad system was used in conjunction with transfer buffer (48 mM Tris-
base, 39 mM Glycine, 0.0375% SDS) containing 10-20% methanol for 1 hour at 1 mA/ cm?
constant. The NuPAGE® system was used with NuPAGE® transfer buffer (12 mM Tris-
base, 96 mM glycine, pH 8.3) containing 10-20% methanol for 2 hours at 25 V constant.

PVDF membranes were blocked in 5% dried skimmed milk in Tris-buffered saline buffer
(TBS; 20 mM Tris-HCI, 125 mM NaCl, pH8.0) supplemented with 0.1% Tween® 20 (TBST)
for either 1 hour at RT or overnight at 4°C. Then, the blocked membranes were incubated
with the primary antibody (see Table 4) for either 1 hour at room temperature or overnight at
4°C. After several washes in TBST buffer, membranes wete incubated with the secondary pet-
oxidase-linked antibody (see Table 4) for one hour. Then, membranes were washed in TBST
buffer several times and they were incubated with the Immobilon Western Chemiluminescent
HRP Substrate (from Millipore) for 5 minutes. Finally, the chemiluminescent signal detection

was performed with a CCD camera-based system (Lumi-Imager) from Boehringer Mannheim.
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Antibody Specie Clone Company Dilution

Anti-HA Rat monoclonal Clone 3F10  Roche 1:5,000

Anti-Smt3 Rabbit  polyclonal Abcam 1:5,000

Anti-Histone H3 Rabbit  monoclonal Clone A3S  Millipore 1:5,000

Anti-Rad53 (yC-19) Goat polyclonal Santacruz 1:5,000

Anti-Guanosine Mouse Argene 1:10

Anti-Rat IgG-HRP Goat Santa Cruz  1:12,500

Anti-Goat IgG-HRP Rabbit

Santa Cruz 1:12,500

Fluor® 546 Life tech. 1:200

Table 4. List of antibodies
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4.1. The role of the Smc5/6 complex in sister chromatid disjunction

sme6-9 mutant cells fail to segregate the distal part of chromosome XII at the re-
strictive temperature. They show sister chromatid junctions (SCJs) and replication in-
termediates in the rDNA at anaphase onset which lead to rDNA missegregation.
However, the fact that the entire deletion of the rDNA array does not suppress the ther-
mosensitivity of wz6-9 mutant cells indicates that the Smc5/6 complex has further essential
non-nucleolar functions (Torres-Rosell et al., 2007a). Based on this, we decided to investi-

gate whether the Smc5/6 complex had a genome-wide function in chromosome segregation.

To address this question, DNA replication, chromosome segregation and DNA dam-
age checkpoint activation were studied in sz¢5/6 mutants in response to the alkylating agent

methyl methanesulfonate (MMS).
4.1.1. smc5/6 mutants are hypersensitive to MMS

MMS is an alkylating agent that produces DNA methyl adducts (Roberts etal., 1971). The
predominant lesions induced are [N’ 4 -methylguanine (N7meG) followed by N?-methyladenine
(N3meA) (Wyatt and Pittman, 2006). Only 0.3% of total alkylations induced by MMS are 00-
methylguanine (O6meG), the major toxic and mutagenic lesion produced by methylating agents
(Roberts et al., 1971). Alkylation damage has been previously demonstrated to disturb cell cy-
cle progression and origin firing in yeast (Tercero and Diffley, 2001) and human cells (Painter,
1977). It inhibits replication elongation in a manner that is dose-dependent and related to the
overall alkylation grade (Groth et al., 2010). If the MMS-induced DNA damage is not repaired,
mainly by BER (Boiteux and Guillet, 2004), during DNA replication the alkylated bases will
either (i) force the replisome to replicate through the damaged site using translesion synthesis
polymerases, or (ii) activate some bypass mechanisms based on homologous recombination

and template switch in order to proceed with DNA replication (Jackson and Durocher, 2013).

First, we tested the MMS sensitivity of two sc6 mutants (s#2¢6-9 and sme6-1). Although
these two alleles are both sensitive to MMS, the s72¢6-9 allele, which contains E903G and S908P
mutations, displays a higher sensitivity. The s#¢6-1 allele, which contains E97G, E378G, H379R,
M432V and K770R mutations, displays higher temperature sensitivity butis slightly less sensitive
to MMS than the s#2¢6-9 allele (see Figure 16). Furthermore, zse24C mutant cells, which contain a
deletion of the SUMOligase domain of Nse2,also displaya high sensitivity to MMS. Thisindicates
that Nse2-dependent SUMOylation is required in the presence of DNA damage (see Figure 16).

These results are supported by several studies that have uncovered mutations in every

subunit of the Smc5/6 complex that render cells sensitive to many DNA damaging agents, such
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as UV, ionizing radiation, and MMS (Ampatzidou et al., 2006; Andrews et al., 2005; Cost and
Cozzarelli, 2006; de et al., 2006; Fousteri and Lehmann, 2000; Fujioka et al., 2002; Hu et al., 2005;
Lehmann et al., 1995; McDonald et al., 2003; Miyabe et al., 2006; Miyazaki et al., 2006; Mori-
kawa et al., 2004; Onoda et al., 2004; Pebernard et al., 2004; Pebernard et al., 2006; Potts et al.,
20006; Potts and Yu, 2005; Sheedy et al., 2005; Torres-Rosell et al., 2005; Zhao and Blobel, 2005).
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Figure 16. s7¢5/6 mutants are hypersensitive to MMS

Serial dilutions of wild type (BY4741), sme6-1 (YTRG608), smc6-9 (YTR53), nse2AC (YTR570) cells.
They were spotted on YPD plates or YPD plates containing the indicated amounts of MMS. Note
that s#¢5/6 mutants are sensitive to MMS.

4.1.2. Bulk replication fork progression is not impaired in sz5/6 mutants

In order to determine whether the Smc5/6 complex has a role in replication fork progres-
sion in the presence of MMS, wild type, s#2¢6-9 and nse2A4C cells were arrested in G1 with alpha
factor at the permissive temperature. After G1 synchronization, cells were shifted to 37°C for 30
minutes to inactivate sz¢5 /6. Then, they were released into fresh media containing 0.02% MMS
at 37°C. Wild type cells go through a verylong and slow S phase when replicating in the presence
of MMS (Tercero and Diffley, 2001). As shown in Figure 17, FACS analysis indicates that szzc6-
9 and nse24C mutant cells enter S phase and complete bulk DNA replication with wild type ki-

netics. Under these conditions, the DNA damage checkpoint is activated, which causes cell cycle
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arrest. Interestingly, sz¢5/6 mutants do not show defects in S phase progression when replicat-
ing in the presence of MMS. These results strongly suggest that the Smc5/6 complex is not re-
quired for general replication fork progression in the presence of MMS-induced DNA damage
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Figure 17. Bulk replication fork progression is not affected in s7¢5/6 mutant cells

FACS analysis of wild type (AS499), sm¢6-9 (CCG1761) and n5e2AC (YMB539) cells replicating in the
presence of 0.02% MMS. Cells were arrested with alpha factor at the permissive temperature. Once
arrested, theywere shifted to 37°C for 30 minutes and releasedinto 0.02% MMS at 37°C. FACS analysis
shows that they replicate with the same kinetics, reaching 2N DNA content at the same time (=180
minutes). All three remainarrested forup to4hoursin G2/M, showingwild type checkpointactivation.

However, two-dimensional (2D) gel electrophoresis revealed that smc6-9 and smc6-1
mutant cells accumulate sister chromatid junctions (SCJs) when replicating in the presence
of MMS in the ARS305 (see Figure 18). Similar results have been obtained using different
sme5 /6 mutants: mms21-CH (Branzei et al., 2006), mms21-11 and smc6-P4 (Chen et al., 2009;
Chen et al., 2013; Choi et al., 2010), sz6-56 (Yong-Gonzales et al.,, 2012), and mms21-SP
(Chavez et al., 2011). Therefore the aforementioned data provide compelling support for the
idea that smc5/6 mutants accumulate SCJs during replication of a damaged DNA template.
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Figure 18. s7206-9 and smc6-1 mutants accumulate sister chromatid junctions when replicating in the
presence of MMS

a) Diagram of the region analysed by replication 2D gel electrophoresis. The dia-
gram shows EwRID” restriction sites (E) and the localization of the probe used to ana-
lyse the ARS305. b) Schematic representation of the visualized structures by replica-
tdon 2D gel electrophotesis. ¢) smc5/6 mutants accumulate sister chromatid junctions.
Exponentially growing cultures of wild-type (BY4741), sme6-1 (YTRGO8) and sme6-9
(YTR53) mutant cells were arrested in G1 and released into S phase at the restrictive tem-
perature in the presence of 0.033% MMS for 3 hours. Samples were taken and processed
for 2D gel electrophoresis and FACS analysis. Note the accumulation of X-shaped DNA
molecules forming sister chromatid junctions (SCJs) in both sze6 mutants. FACS analy-
sis revealed that cells are still in S phase after 3 hours from the G1 release into MMS.
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4.1.3. An MMS pulse does not affect S phase progression in wild type cells

Although MMS-induced DNA damage has been extensively used, its effects on chromo-
some segregation have not been previously addressed because activation of the DNA damage
checkpoint precludes anaphase entry (Tercero and Diffley, 2001). In order to circumvent this
problem, we set up a more physiological approach based on a pulse of 0.01% MMS for 30
minutes while cells are arrested in G1. Then, cells are washed thoroughly and allowed to enter
S phase in the absence of the DNA alkylating agent. Under such conditions, FACS analysis
revealed that wild type cells do not experience a significant delay in cell cycle entry or progres-
sion through S phase (see Figure 19), and start chromosome segregation with similar kinetics
to unchallenged cells. In our hands, yeast cells treated this way frequently took a long time to

complete cytokinesis, leading to the appearance of re-budded cells with >2N DNA content.
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Figure 19. Cell cycle progression is not impaired by an MMS pulse in wild type cells

rad5A

a) An MMS pulse does not impair cell cycle progression in wild type cells. Wild type cells (AS499)
were arrested in G1 with alpha factor at 25°C. Then, the culture was split into two and one half was
treated with 0.01% MMS for 30 minutes. Both cultures were subsequently washed, resuspended
in fresh media and allowed to enter the cell cycle in the absence of MMS. Note that both cultures
proceed through S phase with similar kinetics. b) An MMS pulse prevents nuclear segregation in
rad524 and rad5 mutant cells. Wild type (AS499), rad524 (CCG1800) and rad54 (YTR896) cells
were treated as previously described. Samples were taken at the indicated time points for FACS
analysis. Note that contrary to wild type cells, rad54 and rad52A4 cells arrest in G2/M. Representa-
tive micrographs of DAPI-stained nuclei of wild type and rad54 cells at 120 minutes after G1
release. Note that whereas in wild type cells the nuclei are segregated, in rad5 mutant cells only
one nuclear mass can be detected, indicative of G2/M arrest.
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DNA damage bypass mechanisms, which lead to sister chromatid junction forma-
tion, are required in the presence of MMS. Inactivation of the homologous recombination
pathway (rad52 null cells) or the error-free branch of the postreplicational repair pathway
(rad5 null cells) prevent the formation of sister chromatid junctions (SCJs) after an MMS
treatment (Branzei et al., 2006; Liberi et al., 2005). rad524 and rad54 mutant cells arrest
for a prolonged time in G2/M after an MMS pulse (see Figure 19). These findings indi-
cate that the MMS pulse conditions are acute enough to require SCJ formation through HR
and the error-free branch of the PRR pathway to bypass the MMS-induced DNA damage.

4.1.4. smc5/6 mutant cells undergo aberrant mitosis after an MMS pulse

Using this experimental condition we tested several genes involved in DNA repair and/
or SCJ metabolism. Interestingly, cells bearing single deletions in base excision repair, nucleo-
tide excision repair or in the DNA damage and S phase checkpoints progress and segregate
the nuclei with the same kinetics and efficiency as wild type cells (see Table 5). Similarly, al-
though the combined action of a helicase and a topoisomerase has been proposed to dissolve
some types of SCJs (Liberi et al., 2005; Wu and Hickson, 2003), nuclear segregation was unaf-
fected in single helicase or topoisomerase mutants. This finding suggests that, despite the ac-
cumulation of SCJs in sgs74 and 79p34 mutant during continuous MMS damage (Liberi et al.,
2005), the Sgs1-Top3 pair is not essential for removal of SCJs, at least under our experimental
conditions. In addition, deletion of other yeast DNA nucleases, such as EXO7, SL.X7, SI.X4,
MMS4, MUSS1, RAD2, MRET1, SAE2 and YENT) leads to no obvious nuclear missegrega-
tion after an MMS pulse (see Table 5). Overall these results indicate that no single nuclease is

essential for the removal of SCJs when cells are subjected to a low dose of alkylating damage.

Phenotype

rad574 (YT193) G2/M arrest

magl A (YT474) wild type

apn2 (YT250) wild type

Nucleotide excision repair rad104 (YT401) wild type

dde1 A (YT111) wild type

rad24.4 (Y1109) wild type

mph14 (YT1068) wild type
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51524 (YT358) wild type
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top1.A4 (YTT78) wild type

exol A (YT252) wild type

shc4A (YT189) wild type

Other DNA nucleases mus814 (YT186) wild type

mrel 14 (YT114) wild type

dna2-1 (YT1089) wild type

sme6-9 (YT1761) Missegregation

n5e2AC (YT539) Missegregation

sme5-11 (YT613) Missegregation

Table 5. Nuclear segregation phenotype after 0.01% MMS pulse in G1 arrested cells

In order to determine whether the Smc5/6 complex is required under these expeti-
mental conditions, smc5/6 mutants (sme5-6, sm5-11, smc6-1, smc6-9 and nse2AC) were arrested
in G1 with alpha factor at 25°C. Once arrested, cells were treated with 0.01% MMS and the
temperature was shifted to 37°C (restrictive temperature) to inactivate the function of the
complex. After 30 minutes, cells were washed to remove the MMS and they were allowed
to enter S phase in the absence of the alkylating agent. FACS analysis indicates that szc5/6
mutant cells enter S phase and complete bulk DNA replication with wild type kinetics, indi-
cating no gross defects in completion of DNA replication after an MMS pulse (see Figure
20). Microscopic analysis indicates that nuclear segregation starts on time in sz¢5/6 mutant
cells after an MMS pulse (see Figure 20). However, sz¢6 mutant cells display an abnormally
high proportion of anaphase cells and are defective in generation of binucleated cells (see
Figure 20), suggesting chromosome disjunction problems. Moreover, at the time of entry
into the second cell cycle (80 minutes onwards), s7¢6 mutant cells display massive nuclear
segregation defects: ~30% of the sme6-9 and sme6-1 population display missegregated nu-
clei at time 120 minutes, and ~70% of those that grow a second bud from 80-120 minutes

have distributed unequal masses of DNA between mother and daughter cells, or have sim-
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ply failed to divide the nucleus (see Figure 20). As expected, only sz¢6 mutant cells that had
inherited the larger DNA mass were able to start a new cell cycle and re-bud. FACS analysis
also revealed the presence of cells with less than 1N (<1N) DNA content at later time points

in the cell cycle, indicative of gross chromosome segregation defects in sz¢6 mutant cells.
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Figure 20. wzc5/6 mutant cells undetrgo aberrant mitosis after an MMS pulse

a) sme6 mutants show nuclear missegregation after an MMS pulse. Wild type (BY4741), sme6-1
(YTRG608) and sme6-9 (YTR53) cells were treated as previously described. After DAPT staining,
cells were scored for budding, re-budding, anaphase nucleus and binucleated cells. Note the high
percentage of nuclear missegregation. Representative micrographs of DAPI stained cells at 120
minutes after G1 release are shown. sz¢6 mutant cells display unequal segregation of DNA masses
(white arrows). b) szc6-9 mutant cells show cells with <IN DNA content after an MMS pulse.
FACS analysis from the previous panel shows that wild type and sm6-9 cells pro-
gress with similar kinetics during the first cell cycle. Note the appearance of cells with
less than 1IN (<IN) DNA content in the wz6-9 culture from 105 minutes onwards.
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In order to evaluate the chromosome segregation defects in more detail, we analysed the
fate of chromosomal tags inserted at different positions in the genome after an MMS pulse.
Yeast cells fail to segregate the rDNA and rtDNA-distal sequences on chromosome XII after in-
activation of the Smc5/6 complex in unchallenged conditions. However, centromeres and the
tDNA-centromeric flank on chromosome XI1I are faithfully segregated after sm¢5/ 6 inactivation
in the absence of DNA damage (Torres-Rosell et al., 2005). In contrast, s7¢6-9 mutant cells fail
to segregate centromere III, centromere XII and the tDNA-centromeric flank after an MMS
pulse (see Figure 21, red area). Centromeres are the firstloci to be separated and segregated by the
spindle apparatus, and normally lead chromosome arms. To our surprise, many s7zc6-9 mutant
cells with an anaphase nucleus displayed a single dot, instead of two dots leading the segregat-
ing nuclei. A more detailed analysis indicates that 18%, 35% and 58% of szc6-9 cells undergo-
ing anaphase have failed to resolve centromere 111, centromere XII and the rDNA centromeric
flank, respectively (N=94; 262; 263). In contrast, only 2%, 0% and 6.7% of wild type anaphase
cells show remaining cohesion at these loci (N=94; 72; 45). Therefore, s7¢6-9 mutant cells ac-

cumulate chromosome linkages after MMS damage, which prevent chromosome segregation.
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Figure 21. s7¢6-9 mutant cells fail to segregate centromeric sequences after an MMS pulse
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a) sm6-9 shows a high proportion of unresolved and missegregated chromosomal tags after
an MMS pulse. Wild type (YTR506, CCG1297, CCG1298) and sme6-9 (YTR516, CCG1920,
CCG1922) cells carrying the indicated chromosome tags were treated as previously described.
Samples were taken at different time points after G1 release, stained with DAPI and microscopi-
cally examined for localization of chromosome tags. Data are presented as stacked percentages of
cells in each category. Both wild type and sz¢6-9 mutant cells start anaphase around 75 minutes af-
ter G1 release. Wild type cells first go through an anaphase stage with segregating tags (light blue),
and then complete nuclei and tag segregation (dark blue). In contrast, very few sz¢6-9 mutant cells
complete a successful anaphase and many mutant cells display aberrant morphologies. Note the
presence of se6-9 anaphase cells that fail to resolve CEN3 or CEN12 tags (orange), and cells that
fail to complete tag segregation (red). b) smc6-9 cells show a high percentage of untesolved loci
with an anaphase nuclei. Anaphase nuclei from (a) were scored according to the resolution of the
tags. Note that sz¢6-9 mutant cells show a high proportion of unresolved loci.

However, the centromere resolution problems indicate that the chromosome linkages
presentin szc6-9 cells are not concentrated at or displaced towards the ends of the chromosome,
but scattered throughout the genome. The higher frequency of anaphase misresolution for the
rDNA-centromeric flank compared to the centromere indicates that the linkage accumulation

probability increases with distance from the centromere, as expected for random DNA damage.

sme6-9 mutant cells activate Rad53 as they enter a second cell cycle at the restrictive
temperature (Torres-Rosell et al., 2005). Analysis of Rad53 phosphorylation in s#¢6 mutant
cells shows that the DNA damage checkpoint is not activated during the first S phase af-
ter an MMS pulse (see Figure 22), which is in accordance with the absence of G2/M at-
rest. However, the appearance of the slower mobility forms of Rad53 coincides with the
entry into the second cell cycle. These results suggest that the brief treatment with MMS
does not produce, in most of the cells, a sufficient number of stalled forks to activate a

checkpoint response during the first cell cycle (Sanchez et al., 1996; Tercero et al., 2003).
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Figure 22. sn¢6-9 mutant cells show an activation of the DNA damage checkpoint in the second cell
cycle after an MMS pulse

Wild type (AS499) and sme6-9 (CCG1761) mutant cells were treated as previously de-
scribed. Samples were taken for FACS and Western blot analysis of Rad53. Note the
presence of phosphorylated forms of Rad53 after 100 minutes in se6-9 mutant cells.
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4.1.5. smc5/6 mutant cells accumulate replication and recombination
intermediates after an MMS pulse

The nuclear segregation problems in sz mutant cells could stem from defects
in dissolution of DNA linkages, but also from defects in removal of catenanes or pro-
tein-based cohesion. In order to discern between them, we prepared intact chromo-
somes in agarose plugs. Importantly, sister chromatids that are glued together by pro-
tein or RNA are resolved during intact chromosome preparation. Catenated sister
chromatids are also resolved during migration and reorientation of chromosomes in a
pulsed field gel electrophoresis (PFGE)(Baxter and Diffley, 2008). Therefore, only sister
chromatids that are linked by DNA-mediated structures, such as replication or recombina-

tion intermediates, will fail to migrate into the gel when subjected to a pulsed electric field.

Wild type and sme5/6 mutant cells (sme6-1, sme6-9, and nse2AC) were treated with an
MMS pulse, as previously described and processed for PFGE. Figure 23 shows that chro-
mosomes do not enter the PFG while they are replicating in S phase (40 to 80 minutes).
This is due to the presence of branched replication intermediates. It is widely accepted that
PFGE prevents chromosomes containing replication forks or branched recombination in-
termediates from entering the gel (Azvolinsky et al., 2006; Hennessy et al., 1991). Follow-
ing S phase completion, when these structures disappear, chromosomes from wild type cells
enter into the gel (80 minutes onwards). In contrast, chromosomes from sm¢5/6 mutant
cells fail to enter into the gel even at later time points (see Figure 23). Gel quantifications
show that up to 160% of wild type chromosomes enter into the gel after S phase (relative
to G1), while only 14% of those from sme6-9 mutant cells are able to do so. Interestingly,
larger chromosomes from sz¢5/6 mutant cells tend to enter less into the gel, suggesting that
they are more likely to carry DNA linkages, as expected for random DNA damage (see Fig-
ure 23). These observations indicate that SUMOylation by Nse2 together with a function-

al Smc5/6 complex are required to prevent the accumulation of DNA-mediated linkages.

Although protein-mediated linkages (mainly based on the cohesin complex) are degrad-
ed during preparation of intact chromosomes; and catenated sister chromatids can be resolved
by PFGE (Holm et al., 1989), we decided to rule out any further contribution from these two
possibilities. It has been proposed that the Smc5/6 complex has a role in cohesin removal in S.
pombe (Outwin et al., 2009). To confirm that the missegregation phenotype seen in s#¢6-9 mu-
tant cells is not due to problems in cohesion removal, a GFP-tagged version of Sccl was used.
As seen in Figure 24, nuclear Scc1-GFP signal appears during S phase and disappears when cells
enter into anaphase with the same kinetics in wild type and s#¢6-9 mutant cells. This suggests
that the chromosome linkages seen in sz¢5/6 mutant cells are cohesin-independent. Moreovert,

chromosomes of 7gp2-4 mutant cells arrested in G2/M, although being catenated can be resolved

113



Results
. |

in a PFG, while those in s7z¢6-9 mutant cells cannot (see Figure 24). Overall, these observations
indicate that s»¢5/6 mutants accumulate DNA-mediated linkages that prevent chromosome

segregation and that protein or catenation-based linkages are not significant in this process.
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Figure 23. ou¢5/6 mutants accumulate DNA-mediated structures after an MMS pulse

(a) Wild type (AS499) and sme6-9 (CCG1761); (b) Wild type (BY4741) and sme6-1 (YTR6OS);
and (c) Wild type (BY4741) and 75e24C (YMB539) mutant cells were treated as previously de-
scribed. Samples were taken every 20 minutes for FACS and PFGE analysis. FACS analysis (left
panel) and PFGE (middle panel) show that all strains start replication on time but the mutants
fail to resolve sister chromosomes after S phase. Note that chromosomes fail to enter into the
PFG after S phase and stay in the well even at late time points in s¢5/6 mutants. Arrows point
to the chromosome used for quantification (right panel). Data from three independent experi-
ments were used for quantification. Note that all s7¢5/6 mutants tested show the same behaviour.
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Figure 24. on¢5/6 mutants accumulate protein/topological-independent linkages after an MMS pulse

a) sme6-9 mutant cells do not show cohesin removal defects after an MMS pulse.
Wild-type (YTR1154) and sme6-9 (YTR1156) mutant cells expressing a GFP-tagged version of
Sccl were treated as previously described. Samples were taken after G1 release and microscopi-
cally examined for nuclear Scc1-GFP signal. Note the parallel appearance and disappearance of
nuclear Scc1-GFP signal in both strains. b) Contrary to s#e6-9 cells, chromosomes in /9p2-4 mu-
tant cells can be resolved in a PFG. Wild-type (AS499), 79p2-4 (YTR1268) and sme6-9 (CCG1761)
mutant cells were arrested in G1 with alpha factor. Once arrested, they were treated with 0.01%
MMS (wild type and sme6-9 cells) and shifted to 37°C for 30 minutes. Then, cells were released
into a nocodazole block (G2/M). Samples from G1 and G2/M arrests were processed for PFGE.
Note that chromosomes from wild type and 79p2-4 cells enter the gel in G2/M, while those from
sme6-9 cells are defective.

Next, we studied the nature of the DNA-mediated linkages that prevent chromosome
segregation in szc6 mutants. The segregation defects shown in s7zc5/6 mutant cells indicate
that these structures should still be present at anaphase onset. In nocodazole-arrested cells,
the levels of replication and recombination intermediates are almost undetectable in wild type
cells in a two-dimensional gel electrophoresis. In contrast, sz¢6-9 mutant cells display low but
readily detectable levels of SCJs and ongoing replication forks in the A4ARS305 on chromo-
some III (see Figure 25). This result indicates that sz¢6-9 mutant cells accumulate SCJs and

replication intermediates throughout the genome when exposed to alkylating DNA damage.

The presence of ongoing replication forks was confirmed by DNA combing analysis.
Wild type and s72¢6-9 mutant cells were treated with an MMS pulse. Then, cells were released
into S phase in the presence of bromodeoxyuridine (BrdU) and nocodazole to label replicated
DNA and arrest cells in metaphase, respectively. The number of unreplicated gaps (BrdU-
negative) was scored as well as the overall percentage of DNA replication. It should be noted
that the MMS pulse does not affect the gap frequency in wild type cells; besides, unchallenged
sme6-9 cells display the same frequency of replication gaps as wild type cells. In contrast, sm¢6-9

mutant cells display a ~2.5 times increase in the number of unreplicated gaps relative to wild
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type cells after an MMS pulse. The estimated failure in DNA replication completion increases
from 6.5% in wild type cells to 16.3% in szc6-9 mutant cells. Additionally, the average length
of chromosome fibres is significantly shorter in sz¢6-9 cells, suggesting that szc6-9 fibres are
more fragile. This could be due to the presence of sister chromatid linkages, which could also
minimize the calculated amount of unreplicated chromosomal DNA. It is worth noting that,
although the percentages of unreplicated gaps are relatively high in both strains, most of the
chromosomes have been replicated in metaphase-arrested cells. According to the obtained
data by 2D gels and DNA combing analysis, we concluded that the Smc5/6 complex is re-
quired for completion of genome replication in response to MMS-induced DNA damage.
Therefore, persistent chromosomal linkages in swz¢5/6 mutant cells arise from at least, two

different different types of structures, incomplete replication and sister chromatid junctions.

a) b)
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Number of fibers 166 242
Total DNA (Mb) 47 57
Fiber length (Kb) 282 236
Gap length (Kb) 59 57
BrdU track length (Kb) 215 145
Gaps/Mb 1,1 2,7
% unreplicated 6,5 16,3
c)
wt
smc6-9

Figure 25. s77¢6 mutant cells accumulate SCJs and unfinished replication intermediates after an
MMS pulse

a)Smc6-9 mutant cells show SCJs and ongoing replication forks after an MMS pulse.
Wild type (CCG3227) and sze6-9 (CCG3229) mutant cells were treated as previously described. Cells
were subsequently blocked in metaphase with nocodazole. Samples were taken for 2D gel analysis
and probed for the ARS305. Note the presence of replication intermediates and SCJs in szc6-9
cells. b) Sz¢6-9 mutant cells show a higher percentage of unreplicated DNA after an MMS pulse.
Wild type (CCG3227) and sme6-9 (CCG3229) mutant cells were treated as in (a) except that
they were released from the G1 block in the presence of bromodeoxyuridine (BrdU) to label
newly replicated DNA. Once arrested in G2/M, samples were taken for DNA combing. Ab-
solute values for number of examined fibres, total DNA, mean values for length of fibres, gap
length, BrdU track length and gaps per megabase were measured. Experiment carried out by
Dr. Audrey Ceschia in Dr. Pasero’s lab. ¢) Representative fibres from (b). Red corresponds to
DNA; green, BrdU; white, BrdU channel alone. Asterisks mark unreplicated gaps. Bar, 50 kb.
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4.1.6. Suppression of SC]J formation has a beneficial effect on s72c5/6 mutants

The thermosensitivity of s6-9 mutant cells is partially suppressed by deletion of
RAD52, a key component of the homologous recombination pathway (Torres-Rosell et al.,
2005), probably because SCJ formation is deleterious when the function of the Smc5/6 com-

plex is compromised.

Formation of SCJs depends on a functional HR pathway and the template switch
branch of the postreplicational repair (Branzei et al.,, 2008). In accordance with this, the
MMS sensitivity of sze6-9 mutant cells is significantly suppressed by deletion of RAD52
(see Figure 26). Analysis using PFGE revealed that rad524 mutant cells display chromo-
some resolution defects after an MMS pulse. These failures might be due to incomplete
chromosome replication, since the HR pathway is required for replication fork progression
in MMS (Vazquez et al., 2008). Even though deletion of RAD52 alone prevents comple-
tion of chromosome replication, its deletion in s#c6-9 cells is able to improve resolution

of chromosomes, an effect that is more evident for large chromosomes (see Figure 20).

In order to ensure that we had captured metaphase conditions, cells were syn-
chronized in G1, and subjected to a 0.01% MMS pulse before release into a nocodazole
block. As shown in Figure 26, the smc6-9 mutant defects still show partial rescue by dele-
tion of RAD52. This result is supported by the fact that mms21-11 rad514 (Branzei et al.,
2000) and s#2c6-9 rad514 (Sollier et al., 2009) mutants do not accumulate significant SCJs
when replicating in the presence of MMS compared to single sc5/6 mutants. Therefore,

sme5/6 mutants accumulate SCJs at damaged forks in a recombination-dependent manner.

To determine whether the template switch branch of the postreplicational repair
pathway has a detrimental effect when Smc5/6 function is compromised, we used 52
null cells, which channel repair of MMS-induced DNA lesions into the error-prone branch
of the PRR pathway. As seen in Figure 27, the phenotype of s7c6-9 mutant cells can be
partially rescued by deletion of MMS2 on MMS plates, suggesting that promotion of TLS
polymerases to the detriment of the template switch branch is beneficial in s7¢6 mutants.
Similar to deletion of RAD52, MMS2 deletion increases chromosome entering in a PFG.
This result is supported by the fact that smc6-P4 mms2 mutant cells show a reduced level
of SCJs compared to smc6-P4 single mutant cells in 2D gels, which correlates with a better
growth on MMS plates (Choi et al.,, 2010). Therefore, preventing SCJ formation via tem-

plate switching is beneficial when the function of the Smc5/6 complex is compromised.
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Figure 26. Homologous recombination has a negative effect in sz¢5/6 mutant cells

a)Deletion of RAD52 partially suppresses the MMS sensitivity in sz6-9 mutant cells. Seri-
al dilutions of wild type (AS499), smc6-9 (CCG1761), rad524 (CCG1800) and s#2c6-9 rad524
(CCG1804) cells. They were spotted on YPD plates or YPD plates containing the indicated
amount of MMS. Note that deletion of RAD52 significantly suppresses MMS sensitivity in szc6-
9 mutant cells. b) Deletion of RADS52 improves chromosome resolution in sz¢6-9 mutant cells.
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Wild type (AS499), sme6-9 (CCG1761), rad524 (CCG1800) and smc6-9 rad524 (CCG1804) cells
were arrested in G1 with alpha factor at 25°C. Then, they were shifted to 37°C (time 0) and
simultaneously treated with 0.01% MMS for 30 minutes (time 0%). Then, cells were washed
twice with pre-warmed medium to release them from the G1 block and remove MMS. Samples
were taken every 20 minutes after G1 release. Wild type cells show entry of chromosomes into
the gel after S phase (60 minutes onwards). Note that, relative to wild type cells, both rad524
and smc6-9 strains display chromosome resolution defects after S phase. However, s#zc6-9 fail-
ures can be partially suppressed by deletion of RAD52 (compare right top and bottom gels).
Arrow points to the chromosome used for quantification. Note that the szc6-9 allele has lit-
tle effect on chromosome resolution on a rad524 background. Experiment performed in Luis
Aragon’s lab ¢) Deletion of RAD52 improves chromosome resolution in sz¢6-9 mutant cells.
Wild type (AS499), sme6-9 (CCG1761), rad524 (CCG1800) and sme6-9 rad524 (CCG1804)
cells were treated as previously described. After G1 release, cells were blocked in G2/M with
nocodazole (Nz). Note that the chromosome resolution defects seen in s#c6-9 mutant cells
can be partially suppressed by deletion of RAD52. Arrow points to the chromosome used
for quantification. Data from two independent experiments were used for quantification.
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Figure 27. Blocking the template switch pathway is beneficial in s72¢6-9 mutant cells

a)Deletion of MMS2 partially suppresses the MMS sensitivity in sz¢6-9 mutant cells. Serial dilu-
tions of wild type (AS499), sme6-9 (CCG1761), mms2A (YTR454) and  sme6-9 mms24 (YTR456)
cells. They were spotted on YPD plates containing different MMS concentrations and incubated
for 3 days at 25°C. Note that deletion of MMS2 partially suppresses the MMS sensitivity in sze6-
9 mutant cells. b) Deletion of MMS2 improves chromosome tresolution in sme6-9 mutant cells.
Wild type (AS499), sme6-9 (CCG1761), mms2A4 (YTR454) and sme6-9 mms24 (YTR4A56). Cells were
treated as in fig. 26¢c. Note that the chromosome resolution defects seen in sz¢6-9 mutant cells can
be partially suppressed by deletion of MMS2.
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4.1.7. Smcb6 promotes resolution of SCJs

In order to test whether the Smc5/6 complex has a role in the removal of sister chro-
matid junctions (SCJs), we designed an experiment to re-activate the Smc5/6 complex after
their generation. Smc5/6 re-activation would help to eliminate DNA-mediated linkages only
if the complex were required for their dissolution. smc6-1 GALP-SMC6 cells were arrested in
G1 and released into S phase in the presence of 0.033% MMS. After 3 hours, a sample was
taken as a control for SCJ accumulation. The culture was then split into two, and galactose was
added to one half to induce expression of wild type SMC6. Samples were taken 2 and 3 hours
after galactose addition and processed for two-dimensional gel electrophoresis analysis. As
shown in Figure 28, reactivation of wild type SMC6 allows removal of SCJs. In contrast, SCJs
remain in cells that do not express wild type SMC6 (glucose conditions). Signal quantification
showed that SCJs are 2.5 times lower in the induced culture (galactose), compared to the non-
induced culture (glucose), at the two time points tested. These results indicate that, similarly to
Sgs1 and Top3 (Liberi et al., 2005), Smc6 is involved in removal of DNA-mediated linkages.
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Figure 28. Smc6 promotes SCJs resolution 7z vivo

sme6-1 GALPp-SMC6 (YTRG633) cells were grown in YP raffinose and arrested in G1. Then,
cells were released into 0.033% MMS for 3 hours. Afterwards, the culture was split into two
and galactose was added to one half to induce expression of wild type SMC6 and glucose
to the other half as a control for no expression. Samples were taken at the indicated times
and processed for 2D gel analysis. Note that SMC6 reactivation allows removal of SCJs.

The reduction of SCJs should correlate with an increase in chromosome resolution
in a PFG. To test this idea, smc6-1 GALp-SMC6 cells were arrested in G1 and treated with
a 30 minutes pulse of 0.01% MMS before releasing them into a metaphase block. Once ar-
rested in G2/M, the culture was split in two. The GAL promoter was induced in one half
by addition of galactose, and repressed in the other by glucose. Both cultures were kept
arrested in nocodazole for the rest of the experiment. Western blot analysis indicates that
Smc6 protein is detected 20 minutes after induction of the GAL promoter, and accumu-
lates above wild type levels after 40 minutes of expression (see Figure 29). As expected,

SMC6 reactivation increases chromosome entry into the PFG 20 minutes after induction,
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indicating resolution of DNA-mediated linkages. The entry is most obvious for the two most
retarded chromosomes in the gel, probably chromosomes XII and IV, which can barely be
detected and quantified in the non-reactivated culture conditions (glucose). Quantification
of the bands in the PFG shows active linkage resolution for all medium-sized chromosomes

(~3 times more present after 30 minutes than in the nocodazole arrest) (see Figure 29).
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Figure 29. SMC6 reactivation increases chromosome resolution in a PFGE

a) Smc6 reactivation increases chromosome resolution in a PFGE. sme6-1 GALp-SMC6
(YTR633) cells growing in YPraf were arrested and treated with an MMS pulse as previously
described. Then, cells were released in the absence of MMS and arrested in G2/M with nocoda-
zole. Once blocked in G2/M, the culture was split into two and galactose ot glucose was added
to a final concentration of 2%. Samples were taken for PFGE analysis at the indicated times
after induction of the GAL promoter. Lane profile quantification (right panel) shows that only
SMCG6 re-activation allows entry of chromosomes into the gel. Asterisks denote signal from well.
b) Smc6 expression after SMC6 reactivation. Smc6 can be detected after 20 minutes of GAL
promoter induction.

Finally, SCJ reduction, which improves chromosome resolution after SMC6 reactiva-
tion, should ameliorate the segregation problems detected in s7¢5/6 mutants after an MMS
pulse. To test this idea, we repeated the same previous procedure, except that both cultures
were released from the nocodazole block into anaphase. Microscopic analysis indicates that
both cultures complete mitosis and enter a new cell cycle with similar kinetics (see Figure 30).
As expected from the previous results, s#¢6-1 GALp-SMC6 cells that progress into anaphase in
raffinose media display nuclear segregation defects, since most of the cells that re-bud display

unequal separation of nuclei. These failures are paralleled by the appearance of cells with less
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than 1IN (<1N) DNA content by FACS (see Figure 30). In contrast, sz¢6-1 cells that progress into
anaphase after expression of wild type SMC6 display virtually no defects in nuclear segregation.

The reversibility of the chromosome segregation failures confirms that, rath-
er than a function in preventing the appearance of sister chromatid junctions, Smc5/6
has a role in their resolution. Smc5/6 probably triggers a fast reaction, since chromo-
some resolution is a relatively quick event after SMCO6 re-activation (20 minutes onwards).
It is worth noting that although such a reaction might be carried out in S phase dur-

ing a normal cell cycle, Smc5/6 can perform its function even in metaphase-arrested cells.
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Figure 30. SMCG reactivation prevents nuclear missegregation after an MMS pulse

sme6-1 GALp-SMC6 (YTR633) cells were treated as previously described, except that cells were re-
leased from the metaphase block and allowed to enter anaphase. 20 minutes before the nocodazole
release, galactose was added to one half of the culture to induce expression of wild type SMC6 from
the GAL promoter, while the other half was keptin raffinose. Note that SMC6 reactivation prevents
nuclear missegregation (left panel) and the appearance of cells with <1 DNA content (right panel).
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4.2. Characterization of the Nse2 SUMO ligase activity regulation

Although multiple experiments in yeast and human cells have demonstrated that Nse2
is indeed an E3 SUMO ligase that is required for efficient DNA repair (Andrews et al., 2005;
Potts and Yu, 2005; Stephan et al., 2011a; Zhao and Blobel, 2005) little is known about how
the activity of this enzyme is regulated and which factors control its ability to transfer SUMO.

4.2.1. Detection of SUMOylated proteins 77 vivo

In order to determine whether a candidate protein is SUMOylated, Smt3, the . cerevi-
siae SUMO protein, was tagged at its N-terminus with a 6HisFLAG tag and the protein of
interest was tagged at its C-terminus with either HA or myc epitope tags. Cells were grown
to mid-log phase and total cell protein was extracted under denaturing conditions in 8 M
urea to block the activity of SUMO peptidases. After protein extraction, all SUMOylated
proteins were purified using nickel-conjugated agarose (Ni-NTA) beads. Subsequent Western
blot analysis with an antibody against either the myc or HA epitope revealed the SUMOylated

forms of the protein of interest (see Figure 31 and materials and methods for more details).

a) b)

Culture and harvest cells

N_"1Gene of interest| 9myc / BHA Y™ \_ Cell lysis in 8 M urea buffer

SUMOylated proteins enrichment
with Ni-NTAbeads

\_/\|6HisFLAG SUMO N L

Detection of purified proteins
by Western blot probed
with a-myc or a-HA

Figure 31. Strategy for purification of SUMO-conjugated proteins

a)Representation of the constructs used to study the SUMOylation of candi-
date proteins. The OHisFLAG epitope tag was inserted at the N-terminus of Smt3
and either myc or OHA epitope tag was inserted at the C-terminus of the tar-
get protein. b) Diagram showing the strategy used for SUMO-conjugate detection.
Cells were grown in liquid media until mid-log phase. Then, cells were harvested and ly-
sed under denaturing conditions. After protein extraction, the SUMOylated proteins were
purified using Ni-NTA beads. Finally, after protein elution, the SUMOylated target pro-
teins were detected by Western blot using an antibody against the myc or HA epitope tag.
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The size of the candidate protein in the protein extract lane (PE) reflects the un-
modified protein, whereas any slower migrating higher weight bands in the pull-down lane
(PD) of the 6HisFLLAG-tagged samples reflect the SUMO-conjugated forms of the can-
didate protein. Although the number and the abundance of the SUMOylated forms differ
between proteins, the amount of the SUMO-modified protein relative to the unmodified
form is always very low in the PE lane. Frequently, multiple bands can be detected in the
PD. They correspond to different SUMOylated forms of the protein, such as single modi-
fications on several sites, chains of SUMO at a single site, or a combination of both (Win-
decker and Ulrich, 2008). Moreover, it must be considered that a combination of SUMO

with other modifications such as ubiquitilation, acetylation or phosphorylation is also possible.

4.2.2. Several subunits of the Smc5/6 complex are SUMOylated in an Nse2-
dependent manner

Since the initial description of Nse2 as a SUMO ligase, several subunits of the Smc5/6
complex have been shown to be SUMOylated in different organisms: Smc5 and Nse2 in
budding yeast (Zhao and Blobel, 2005); Nse2, Nse3, Nse4 and Smc6 in fission yeast (An-
drews et al., 2005; Pebernard et al., 2008b); Nse2 and Smc6 in humans (Potts and Yu, 2005).

First we tested the SUMOylation of all subunits in the Smc5/6 complex. As seen in Figure
32, Smc5, Smc6, Nse2, Nse3 and Nse4 are all SUMOylated, as evidenced by the slower migrat-
ing forms detected in the SUMO pull-downs (PD). In contrast, Nsel, Nse5 and Nse6 are either

not SUMO targets, or are modified at levels that are not detectable in our pull-down analysis.
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Figure 32. Several subunits of the Smc5/6 complex ate SUMOylated and the SUMOylation
increases in response to MMS
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6HisFLAG-SUMO was pulled down under denaturing conditions in exponentially grow-
ing cells exptessing the indicated 9myc versions of the Smc5/6 complex subunits at the en-
dogenous locus (Smc5-9myc (YMB794), Smc6-9myc (YTR844), Nsel-9myc (Y'TR840),
Nse2-9myc (YTR852), Nse3-9myc (YTR854), Nse4-9myc (YTR856), Nse5-9myc (YTR850),
Nse6-9myc (YTR848)). Cells were treated with 0.03% MMS for 2 hours where indicat-
ed. Note the appearance of slower mobility forms in the pull-down (PD), indicative of
modification by SUMO, and the increase in the SUMOylation levels upon MMS treat-
ment. Abbreviations: MMS, methyl methanesulfonate; PD, pull-down; PE, Protein Extract.

Interestingly, an increase in the SUMOylation levels of the Smc5/6 complex subunits
is detected when cells are treated with MMS. This suggests further activation of the SUMO
ligase in response to DNA damage.

To determine the E3 SUMO ligase responsible for the SUMOylation of the Smc5/6
complex, the genes encoding the mitotic SUMO E3 ligases SIZ7 and SI1Z2 were de-
leted, either alone or in combination. In order to inactivate the SUMO ligase activity of
Nse2, the C-terminal part was deleted, generating the 75e24C mutant that lacks the Siz/
PIAS (SP)-RING domain. As seen in Figure 33, the SUMOylation of Smc5 is not affected
in sizl, 522 or siz1-2 null cells. However, the SUMOylated forms of Smc5 are greatly re-
duced in the #se24C mutant, indicating that its SUMOylation is highly dependent on Nse2,
but not on Sizl or Siz2. Interestingly, in the 5/z24 and siz7-22 mutant backgrounds, an in-
creased Smc5 SUMOylation is detected. This may be due to a higher activity of Nse2 in
these cells. A similar effect has been reported for other Nse2-dependent substrates in sz37-
2 null cells (Albuquerque et al., 2013). As with Smc5, the SUMOylation of Smc6 and the
kleisin subunit, Nse4, of the Smc5/6 complex are highly Nse2-dependent (see Figure 33).
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Figure 33. The SUMOylation of Smc5, Smc6 and Nse4 are Nse2-dependent
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a)Smc5 SUMOylation is Nse2-dependent. Cells expressing 6HisFLAG-SUMO and Smc5-
9myc in a wild type (YTR794), nse2AC (YTR793), siz1A (YTR811), siz24 (YTR813), or sizl-
24 (YTR823) background were used. An untagged strain (YTR557) was used as a control for
the anti-myc antibody. They were processed as previously described. Note that the SUMOyla-
tion of Smc5 depends on the SUMO ligase activity of Nse2. Note also that most SUMOyla-
tion in the cell is Siz1/2-dependent, while in the 75¢2AC background the levels of some SUMO
conjugates are increased. Arrow points to unmodified Smc5. b) Smc6 SUMOylation is Nse2-
dependent. Cells expressing 6HisFLAG-SUMO and Smc6-9myc in a wild type (YTR844) and
n5e24C (YMB1773) background were used. As controls, untagged strains (YTR557 (no 9myc
tag) and YTR28 (no 6HisFLAG-SUMO tag)) are also shown. They were processed as previ-
ously described. Note that the SUMOylation of Smc6 depends on the SUMO ligase activ-
ity of Nse2. Arrow points to unmodified Smc6. ¢) Nse4 SUMOylation is Nse2-dependent.
Cells expressing 6HisFLAG-SUMO and Nse4-9myc in a wild type (YTR856) and nse2AC
(YMB1110) background were used. As controls, untagged strains (YTR557 (no 9myc tag)
and YTR83 (no OHisFLAG tag)) are also shown. They were processed as previously de-
scribed. Note that the SUMOylation of Nse4 depends on the SUMO ligase activity of Nse2.
Arrow points to unmodified Nse4. Abbreviations: PD, pull-down; PE, protein extract.

The anti-SUMO blot of the PD revealed that deletion of SIZ7 and SIZ2 genes largely
abolishes SUMOylation in . cerevisiae (Johnson and Gupta, 2001). However, the levels of
some SUMO conjugates are increased in the #5e2AC background. This effect might be a re-
sponse to endogenous DNA damage present in this mutant. This idea is supported by the
fact that mms21As/ and mms21-11 mutants, which are SUMO ligase-defective cells, show slow
growth, similar to 7se2C cells, spontaneous activation of the DNA damage checkpoint and

an enhanced frequency of chromosome breakage (Rai et al., 2011).

In order to circumvent this problem, we decided to test the effect of a controlled inacti-
vation of Nse2. For this purpose, the auxin-induced degron (AID) system was used. The AID
system allows rapid and reversible degradation of target proteins in response to auxin (indole-
3-acetic acid; IAA). This strategy allows the generation of efficient conditional mutants of
essential genes in yeast, as well as cell lines (Nishimura et al., 2009). Since all members of the
Smc5/6 complex are required for viability in S. cerevisiae, the lethality of the nse2-aid mutant
in the presence of 1 mM indole-3-acetic acid (IAA) indicates that the specific degradation of
Nse2 is strong enough to compromise the viability of the cell (see Figure 34). Then, we de-
cided to analyse the impact of the specific degradation of Nse2 in the SUMOylation of Smc5
and Smcb6. As seen in Figure 34, the addition of IAA to a final concentration of 1 mM for 2
hours causes a significant impairment in Smc5 and Smc6 SUMOylation without affecting the

global SUMOylation pattern.
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Figure 34. Nse2 degradation dectreases the SUMOylation levels of the Smc5/6 complex

a) nse2-aid mutant cells are sensitive to indole-3-acetic acid (IAA). Serial dilutions of wild type
(YTR1355), mend-aid (YTR1356), wild type (YTR1435) and nse2-azd (YTR1557) cells. They were
spotted on YPD plates or YPD plates containing 1 mM TAA at 25°C for 3 days and then pho-
tographed. Note that both mutants are sensitive to IAA indicating that the specific degradation
of Nse2 and Mcm#4 are strong enough to compromise the viability of the cell. b) Smc5 SU-
MOylation is impaired in nse2-aid cells when treated with TAA. Cells expressing Smc5-6HA in a
wild type (YTR1435) and nse2-azd (YTR1557) background were used. As a control, an untagged
strain (YTR557) is also shown. Where indicated, IAA was added to a final concentration of 1
mM and incubated for 2 hours. Samples were taken and processed as previously described. Note
that Smc5 SUMOylation decreases in 7se2-aid mutant cells when treated with IAA. Arrow points
to unmodified Smc5. ¢) Smc6 SUMOylation is impaired in #se2-azd cells when treated with TAA.
Cells expressing Smc6-9myc in an mse2-aid background (YTR1899) were used. Where in-
dicated, IAA was added to a final concentration of 1 mM and incubated for 2 houts.
Samples were taken and processed as previously described. Note that Smc6 SUMOyla-
tion decreases in the mse2-aid mutant when treated with IAA. Arrow points to unmodi-
fied Smc6. Abbreviations: PD, pull-down; PE, protein extract; IAA, indole-3-acetic acid.

4.2.3. Nse2 binding to Smc5 is essential for viability and required for the
Smc5/6 complex SUMOylation

The crystal structure of Nse2 bound to the coiled coils of Smc5 shows that Nse2 forms
a bipartite structure. The N-terminal domain (NTD) contributes to Smc5 binding, and the C-
terminal domain (CTD) contains a variant Siz/PIAS (SP)-RING structure that has no contact
with Smc5. Four segments in the NTD of Nse2 make the largest contributions to Smc5 binding,
These include: the T1 region, which is the most N-terminal region of Nse2 wrapped around
Smc5; the o2 and a3 helices, which contact with Smc5 in a parallel fashion; and the T2 region,

which is composed of six residues located between the ol and the a2 (Duan et al., 2009a).
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To reduce the interaction between Nse2 and

Smc5, we mutated 4 amino acids in the T'1

region (Pro9, Vall2, Leul4 and His15) and 2 amino acids in the T2 region (Leu25 and Leu30) to

alanine generating an Smc5-binding-deficient Nse2 (#se2-5BD) mutant. These mutations have

been previously reported to disrupt the interaction between Nse2 and Smc5 to different degrees
(Duan et al., 2009a). This new allele was expressed from a pRS375 vector under the GAL pro-

moter. Then, theinteraction between 3HA-tagged Nse2 and 9myc-tagged Smc5 was tested 7 vivo.

Cells were grown in SC raffinose media overnight. When cells reached mid-log phase, galactose

was added to a final concentration of 2% to activate the expression of either the wild type NSE2

or nse2-5BD for two hours. Then, samples were taken, Nse2-3HA was immunoprecipitated (see

materials and methods for more details) and the Nse2 binding to Smc5 was analysed by Western

blot. As seen in Figure 35, the interaction between nse2-5BD and Smc5 is drastically reduced.
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Figure 35. The Nse2 docking to Smc5 is essential for viability and required for Smc6 SUMOylation
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a)Schematic map of Nse2 representing the different Smc5 interacting segments. Four ami-
no acids in the T1 region (Pro9, Vall2, Leul4 and His15) and 2 amino acids in the T2 re-
gion (Leu25 and Leu30) were mutated to alanine generating a Smc5 binding-deficient nse2
(nse2-5BD) mutant. b) The nse2-5BD mutant protein is not able to interact with Smc5.
Cells expressing Smc5-9myc (YTR912) were grown in SC raff media overnight. When
cells reached mid-log phase, galactose was added to a final concentration of 2% to acti-
vate the expression of either wild type NSE2 (YMB2141) or nse2-5BD (YMB2142) for
two hours. Then, samples were taken and Nse2-3HA was immunoprecipitated. Finally, the
Nse2 binding to Smc5 was analysed by Western blot. Note that the nse2-5BD mutant pro-
tein is not able to interact with Smc5. ¢) The Nse2-Smc5 interaction is essential for viability.
Serial dilutions of wild type (YMB1852), nse2-aid (YMB1899), and nse2-aid with either wild
type GALp-NSE2 (YMB2137) or GALp-nse2-5BD (YMB2138) cells. They were spotted on
YPD and YPgal plates. Where indicated, IAA was added to a final concentration of 1 mM
and MMS to a final concentration of 0.01%. Note that zse2-5BD is not able to complement a
lack of endogenous Nse2. d) The Nse2-Smc5 interaction is required for Smc6 SUMOylation.
Cells expressing 6HisFLAG-SUMO and Smc6-6HA in the #se2-aid background either with GALp-
NSE2 or GALp-nse2-5BD (YMB2137 and YMB 2138, respectively) were grown in SC raffinose
media overnight. When cells reached mid-log phase, galactose was added to a final concentra-
tion of 2% and IAA was added to a final concentration of 1 mM and incubated for 2 hours.
Then, cells were harvested and lysed under denaturing conditions. After protein extraction, the
SUMOylated proteins were purified using Ni-NTA beads. Finally, after protein elution, the SU-
MOylated proteins were detected by Western blot using an antibody against the HA epitope tag.
Note that the nse2-5BD allele cannot maintain the SUMOylation of Smc6 when the endogenous
Nse2 is degraded. Arrow points to unmodified Smc6. Abbreviations: A, alanine; H, histidine;
L, leucine; P, proline; V, valine; PD, pull-down; PE, protein extract; IAA, indole-3-acetic acid.

Afterwards, we determined whether the nse2-5BD mutant was able to comple-
ment a lack of the endogenous Nse2. To test this, the mutant allele was inserted in
the nse2-aid background. As seen in Figure 35, only wild type Nse2 is able to suppress
the growth defects and MMS sensitivity of seZ-azd mutant cells in the presence of IAA.
This result indicates that mutations in Nse2 that affect the interaction with Smc5 are le-
thal. This result is consistent with the notion that the interaction between Nse2 and Smc5

is necessary for the essential function(s) of the Smc5/6 complex (Duan et al., 2009a).

Finally, we decided to test whether the interaction between Nse2 and Smc5 was required
for the SUMOylation of the Smc5/6 complex. To test this, the SUMOylation of Smc6 was
analysed in the nse2-azd background in which the 7se2-5BD allele had been previously inserted.
Cells were grown in SC raffinose media overnight. When cells reached mid-log phase, IAA and
galactose were added to promote the degradation of the endogenous Nse2 and activate the ex-
pression of either the wild type NSEZ2 or the nse2-5BD, respectively. After two hours, samples
were taken and the SUMOylation levels of Smc6 were analysed. As seen in Figure 35, the nse2-
5BD mutant is not able to maintain the SUMOylation levels of Smc6 when the endogenous
Nse2 is depleted. This suggests that the SUMOylation of the Smc5/6 complex reports the
SUMO ligase activity of Nse2 associated with the complex. This result is in accordance with the
hypothesis that Nse2 docks to Smc5 to reach its chromatin-associated substrates (Ulrich, 2014).
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4.2.4. The Ubc9 fusion-directed SUMOylation suppresses the phenotype of
nse2AC mutant cells

In comparison to the large population of E2 and E3s in the ubiquitin system, the small
number of SUMO ligases opens the question of how SUMOylation is regulated. SUMOyla-
tion is essential for DNA damage repair, and mutations in E1, E2 or SUMO all lead to a higher
DNA damage sensitivity (Bergink and Jentsch, 2009).

NSE2 was originally called MMS27, from a screen in S. cerevisiae for mutants sensi-
tive to MMS (Prakash and Prakash, 1977a). Later, it was described as a member of a large
complex involved in DNA repair (Zhao and Blobel, 2005). Despite the requirement of the
Nse2 protein for cell viability in yeast, its SUMO ligase activity is not essential (Andrews et
al., 2005; McDonald et al., 2003; Zhao and Blobel, 2005). Inactivating mutations in the Siz/
PIAS (SP)-RING domain of Nse2 in budding and fission yeast (nse2-SA, mms21-11, mms21-
CH, mms21Asl, mms21-H202A, or mms21-C221.A) that disrupt the SUMO ligase domain, result
in hypersensitivity towards different types of DNA damage, including hydroxyurea, ionizing
radiation, methyl methanesulfonate and ultraviolet light (Andrews et al., 2005; McDonald et
al., 2003; Pebernard et al., 2004; Potts and Yu, 2005; Rai et al., 2011; Zhao and Blobel, 2005).

In the previous section, we demonstrated that #se24C mutant cells behave like other
sme5/6 mutants; accumulating recombination intermediates, which lead to chromosome mis-
segregation after an MMS pulse (see Figure 23). Contrary to other SUMO ligase mutants
(52214, 5iz24, and double siz7-24), the nse24C mutant shows a slow growth phenotype, is
thermosensitive and hypersensitive to MMS (see Figure 30).

0.006% MMS

Figure 36. #5¢24C mutant cells are sensitive to MMS

Serial dilutions of wild type (YTR557), nse2AC (YTR570), sizld (YTR569), siz2A
(YTR571) and sig7-24 (YTR572) cells. They were spotted on YPD plates. Where indi-
cated, MMS was added to a final concentration of 0.006%. Cells were grown at 25°C for
3 days and then photographed. Note that only the #524C mutant is sensitive to MMS.
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As seen in Figure 35, SUMOylation of Smc5/6 subunits also requires binding of the E3
to its substrate, which indicates that Nse2 most likely promotes SUMOylation by recruiting
Ubc9 through its Siz/PIAS (SP)-RING domain and by promoting the formation of an E2-
SUMO-E3-target complex. If the phenotype of the 75¢24C mutant were due to its inability to
specifically SUMOylate its substrates, the recovery of the SUMOylation levels would alleviate
its phenotype. It is accepted that E3 SUMO ligases can facilitate SUMOylation by bringing
Ubc9 and its substrates into close proximity. To explore this possibility, we integrated a second
copy of UBCY fused to the 3"-end of the endogenous NSEZ gene and to the 7se2AC mutant
allele to force recruitment of the E2 in the vicinity of the E3. Ubc9 fusion-directed SUMOyla-
tion (UFDS), in which Ubc9 (SUMO E2) is fused to the C-terminus of a target protein, is a
technique developed in mammalian cells to increase the amount of specific SUMOylation tar-
gets (Jakobs et al., 2007). Our group has used this technique previously to characterize the im-
portance of the SUMOylation of the cohesin complex in §. cerevisiae (Almedawar et al., 2012).
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Figure 37. The Ubc9 fusion-directed SUMOylation suppresses the phenotype of the #5¢2AC mutant

a)Ubc9 fusion to Nse2 increases Smc5 SUMOylation. Cells expressing Smc5-9myc in a wild-
type (YTR794), n5e2AC (YTR793), nse2-ubc9 (YTR1766), and nse2AC-ubc9 (YTR1768) back-
ground were used. As controls, untagged strains (no 6HisFLAG tag (YTR27) and no 9myc
tag (YTR557)) are also shown. Note that the SUMOylation of Smc5 increases in the E2-
E3 fusions. Arrow points to unmodified Smc5 and stars indicate the SUMOylated form
of Smc5 seen in the protein extract. Abbreviations: PD, pull-down; PE, protein extract.
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b) The phenotype of the nse2AC mutant is partially suppressed by the E2-E3 fusion. Se-
rial dilutions of wild type (YTR557), nse2AC (YTR570), nse2-ube9 (YTR1766) and nse2AC-
ubc9 (YTR1768) cells. They were spotted on YPD plates with the indicated amount
of MMS. Cells were grown at 25°C or 34°C for 3 days and then photographed. Note
that the phenotype of the nse2AC is partially suppressed by the nse2AC-Ubc9 fusion.

In order to determine whether the constitutive recruitment of Ubc9 to the complex
was able to increase the SUMOylation levels of Smc5, exponentially growing cells expressing
Smc5-9myc and 6HisFLAG-Smt3 in a wild type, #5e2AC, nse2-ube9 and nse2AC-ubc9 back-
ground were used. As seen in Figure 37, the Nse2-Ubc9 and #se24C-Ubc9 fusions increase
the SUMOylation levels of Smc5. This indicates that this fusion is functional and displays
higher levels of Smc5 SUMOylation, as expected from constitutive recruitment of both the
E2 and E3 enzymes. In accordance, we observed that the Ubc9 fusion-directed SUMOyla-
tion partially suppresses most of the 7se2AC mutant sensitivities towards temperature and
MMS-induced DNA damage (see Figure 37). These experiments allowed us to conclude that
the artificial recruitment of Ubc9 increases the SUMOylation levels of the complex and al-
leviates the DNA damage sensitivity of the nse2AC mutant, which indicates that the main
function of the Siz/PIAS (SP)-RING domain of Nse2 is the recruitment of Ubc9 (E2).

4.2.5. Nse2-mediated SUMOylation requires an active and intact Smc5/6
complex

The previous observations suggest that Nse2 binds to the Smc5/6 complex to reach
its substrates and promote DNA repair. Therefore, we decided to test the influence of the
different components of the Smc5/6 complex on the E3 SUMO ligase activity of Nse2.
Since Smcb is a target of Nse2 (Zhao and Blobel, 2005), the binding site for Nse2 in the com-
plex (Duan et al., 2009a), and shows a strong SUMOylation (see Figure 32), we used its SU-
MOylation levels as an 7z vivo reporter for the activity of the Smc5/6-associated SUMO ligase.

The Smc5/6 complex has been dissected into appatently different sub-entities: the Smc5-
Smc6, the Nsel-Nse3 and the Nse5-Nse6 heterodimers, plus the Nse2 SUMO ligase and the
Nse4 kleisin subunit (Duan et al., 2009b; Hudson et al., 2011; Pebernard et al., 2006; Sergeant
et al., 2005). In order to analyze the contribution of each sub-complex to the SUMO ligase ac-

tivity of Nse2, we used various approaches to individually down-regulate the different subunits.

In order to determine the contribution of the Nsel-Nse3 heterodimer, the #se3-2 hy-
pomorphic allele was used. #se3-2 thermosensitive cells are sensitive to MMS to a similar
extent as other szc5/6 mutants (see Figure 38), indicating that the activity of the Smc5/6
complex is impaired in this mutant. We started by testing whether the interaction between
Nse3 and Smc5 was affected in the mse3-2 background. To do this, cells expressing Smc5-
O6FLAG and either wild type Nse3-9myc or nse3-2-9myc were used. When cells reached mid-
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log phase, the culture was split into two, and one half was shifted to 37°C for 2 hours to

inactivate zse3. Then, cells were harvested, Smc5-6FLLAG was immunoprecipitated, and the

Nse3 binding to Smc5 was analyzed by Western blot. As seen in Figure 38, the Smc5-Nse3

interaction is weaker in zse3-2 mutant cells than in wild type cells at the permissive temper-

ature, and this interaction is drastically reduced upon shift to the restrictive temperature.
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Figure 38. The SUMO ligase activity of Nse2 is reduced when the Nse3 docking to Smc5 is impaired

a)nse3-2 mutant cells are sensitive to MMS. Serial dilutions of wild type (YTR337) and
nse3-2 (YTR788) cells. They were spotted on YPD plates and grown at 25°C or 37°C for
3 days and then photographed. Where indicated, MMS was added to a final concentra-
tion of 0.0015%. Note that mse3-2 mutant cells are thermosensitive and sensitive to MMS.
b) The Nse3-Smc5 interaction is impaired in zse3-2 mutant cells. Cells expressing Smc5-6FLAG
and either wild type Nse3-9myc (YMB1424) or nse3-2-9mye (YMB1330) were used. As a control
for unspecific binding of Nse3 to the beads, an Nse3-9myc (YTR82) strain was used. When cells
reached mid-log phase, the culture was split into two and one half was shifted to 37°C for 2 hours
to inactivate #se3. Then, cells were harvested; Smc5-0FLAG was immunoprecipitated and the Nse3
binding to Smc5 was analyzed by Western blot. Note that the interaction between Nse3 and Smcb
is weaker in zse3-2 than in wild type cells and is further reduced at the restrictive temperature.
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c)The interaction between Nse2 and Smc5 is not affected in nse3-2 cells.
Cells expressing Smc5-6FLAG and Nse2-6HA in a wild type (YMB1448) and #se3-2 back-
ground (YMB1430) were used. As a control for unspecific binding of Nse2 to the beads, an
Nse2-6HA (YMB2210) strain was used. When cells reached mid-log phase, the culture was split
into two and one half was shifted to 37°C for 2 hours to inactivate zse3. Then, cells were har-
vested; Smc5-6FLAG was immunoprecipitated and the Nse2 binding to Smc5 was analysed by
Western blot. Note that the interaction between Nse2 and Smc5 is not affected in nse3-2 cells
d) Smc5 SUMOylation is impaired in an nse3-2 background. Cells expressing Smc5-6HA and
6HisFLAG-SUMO in a wild type (YMB1117) and nse3-2 background (YMB1345) were used.
When cells reached mid-log phase, the culture was split into two and one half was shifted to
37°C for 2 hours to inactivate nse3-2. Cells were harvested and the SUMOylation levels of Smc5
were analyzed as previously described. Note that the 7se3-2 mutant shows reduced levels of Smc5
SUMOylation at both the permissive and the restrictive temperatures. Arrow points to unmodi-
fied Smc5. Abbreviations: MMS, methyl methanesulfonate; PD, pull-down; PE, protein extract.

Since the nse3-2 allele affects the integrity of the Smc5/6 complex, it was important
to know whether the Nse2-Smc5 interaction was also affected. To answer this question the
interaction between Nse2 and Smc5 was determined in the nse3-2 background. Cells express-
ing Smc5-6FLAG and Nse2-6HA were used. When cells reached mid-log phase the culture
was split into two and one half was shifted to 37°C for 2 hours to inactivate zse3. Then, cells
were harvested, Smc5-6FLLAG was immunoprecipitated, and the Nse2 binding to Smc5 was
analysed by Western blot. As seen in Figure 38, the interaction between the SUMO ligase Nse2

and Smc5 is not affected in #se3-2 mutant cells.

Finally we analysed the SUMOylation levels of Smc5 in the zse3-2 background. To do
this, when cells reached mid-log phase, the culture was split into two and one half was shifted
to 37°C for 2 hours to inactivate #nse3. Then, cells were harvested and the SUMOylation levels
of Smc5 were analyzed. As seen in Figure 38, despite wild type levels of Nse2 recruitment to
Smc5, and a global up-regulation of protein SUMOylation (similar to #se2AC), nse3-2 mutant
cells show reduced levels of Smc5 SUMOylation at both the permissive and the restrictive
temperatures. These results indicate that the SUMO ligase activity of Nse2 is impaired when

the interaction between Nse3 and the rest of the Smc5/6 complex is compromised.
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Figure 39. The SUMO ligase activity of Nse2 is impaired when the Nse5 docking to Smc5 is impaired

a)nse5-2 mutant cells are sensitive to MMS.  Serial dilutions of wild type (YTR337) and nse5-2
(YTR780) cells. They were spotted on YPD plates, grown at 25°C or 37°C for 3 days and then pho-
tographed. Where indicated, MMS was added to a final concentration of 0.006%. Note that nse5-2
mutant cells are thermosensitive and sensitive to MMS. b) The Nse5-Smc5 interaction is impaired
in nse5-2 mutant cells. Cells expressing Smc5-6FLAG and either wild type Nse5-9myc (YMB1410)
or nse5-2-9myc (YMB1432) were used. When cells reached mid-log phase, the culture was split into
two and one half was shifted to 37°C for 2 hours to inactivate zse5. Then, cells were harvested;
Smc5-6FLAG was immunoprecipitated and the Nse5 binding to Smc5 was analysed by Western
blot. Note that the interaction between Nse5 and Smc5 is weaker in #se5-2 mutant cells than in wild
type cells at the permissive temperature and it is drastically reduced at the restrictive temperature.
¢) The interaction between Nse2 and Smc5 is not affected in zse5-2 mutant cells. Cells expressing
Smc5-6FLAG and Nse2-6HA in a wild type (YMB14406) or nse5-2 background (YMB1432) were
used. As a control for unspecific binding of Nse2 to the beads, an Nse2-6HA (YMB2210) strain
was used. When cells reached mid-log phase, the culture was split into two and one half was shifted
to 37°C for 2 hours to inactivate zse5. Then, cells were harvested, Smc5-6FLLAG was immuno-
precipitated and the Nse2 binding to Smc5 was analysed by Western blot. Note that the interac-
tion between Nse2 and Smc5 is not affected in the #se5-2 background. d) Smc5 SUMOylation is
affected in an nse5-2 background. Cells expressing Smc5-6HA and 6HisFLAG-SUMO in a wild
type (YMB1117) or nse5-2 background (YMB1120) were used. When cells reached mid-log phase,
cells were harvested and the SUMOylation levels of Smc5 were analyzed as previously described.
Note that the nse5-2 mutant shows reduced levels of Smc5 SUMOylation even at the permissive
temperature. Arrow points to unmodified Smc5. Abbreviations: MMS, methyl methanesulfonate;
PD, pull-down; PE, protein extract.
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Nse5 is another subunit of the Smc5/6 complex, which heterodimerizes with Nse6.
It has been described that Nse5 interacts with Ubc9 (SUMO E2 conjugating enzyme), Siz2
(SUMO E3 ligase), and Smt3 (SUMO) by two-hybrid analysis (Hazbun et al., 2003). zse5 hy-
pomorphic alleles show reduced levels of Smc5 SUMOylation (Bustard et al., 2012). Since this
effect was not clearly understood, we decided to characterize the #se5-2 mutant to explain this
phenomenon. zse5-2 mutant cells behave like other sw7¢5/6 mutants: it is thermosensitive and
sensitive to the DNA damaging agent MMS (see Figure 39). Moreover, the 7se5-2 mutant pro-
tein interacts weakly with Smc5, suggesting that the integrity of the complex might become
compromised, even at the permissive temperature (see Figure 39). However, the Smc5-Nse2
interaction is not affected, not even after the shift to the restrictive temperature. Like in the
nse3-2 background, in spite of a stable Nse2-Smc5 interaction, the levels of Smc5 SUMO-
conjugates are almost undetectable in zse5-2 cells even at the permissive temperature (see
Figure 39). These observations indicate that the SUMO ligase activity of Nse2 is affected

when the interaction between Nse5 and the rest of the Smc5/6 complex is compromised.

Previously, we determined the requirements of the Nsel-Nse3 and the Nse5-Nse6 sub-
complexes for the SUMO ligase activity of Nse2. In order to test whether a functional Smc6
protein was also required for the activation of Nse2, we analysed the SUMOylation levels of
Smc5 in cells that express the SMC6 gene from a regulatable GAL promoter. GALp-SMC6
cells expressing Smc5-9myc were grown in YP galactose until mid-log phase. Then, the cul-
ture was split into two. One half was maintained in galactose and the other half was shifted to
YPD to repress the expression of SMC6 for 12 hours. Afterwards, cells were harvested and
the SUMOylation levels of Smc5 were determined as previously described. We observed that
shutting off the promoter leads to a drastic reduction in Smc5 SUMOylation (see Figure 40).

Then, we determined whether the repression of SMC6 was affecting the Nse2-Smc5
interaction. To test this, the interaction between Nse2 and Smc5 was determined in a GALp-
SMC6 background in the absence of Smc6 (glucose). GALP-SMCE cells expressing Smc5-
9myc and Nse2-6HA were grown in YP galactose until mid-log phase. Then, the culture was
shifted to YPD to repress the expression of SMC6 for 12 hours. Afterwards, cells were har-
vested, Nse2-6HA was immunoprecipitated and the Nse2 binding to Smc5 was analysed by
Western blot. As seen in Figure 40, under these conditions, Nse2 still binds to Smc5. However,
we noticed that down-regulation of SMCG leads to a reduction of the protein levels of Nse2
(see Figure 40). In order to circumvent this problem, we also tested Smc5 SUMOylation when
the thermosensitive sz6-1 allele was expressed under its own promoter from an ectopic loca-
tion in a GALpY-SMC6 strain. Wild type, GALp-SMC6 and smc6-1 GALp-SMC6 cells express-
ing Smc5-9myc were grown in SC galactose until mid-log phase. Then, the culture was split
into two. One half was maintained in galactose and the other half was shifted to SC glucose to

repress the expression of SMC6 for 12 hours. Then, cells were harvested and the SUMOyla-
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tion levels of Smc5 were determined. As shown in Figure 40, the SUMO ligase activity of

Nse2 could not be restored by the expression of the s¢6-7 mutant allele.
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Figure 40. A functional SMCG6 is required for the activation of the Nse2 SUMO ligase

a) SMC6 down-regulation has a negative effect on Smc5 SUMOylation. GALp-SMC6 cells ex-
pressing Smc5-9myc and 6HisFLAG-SUMO (YMB1444) were grown in YP galactose until mid-
log phase. Then, the culture was split into two. One half was maintained in galactose and the
other half was shifted to YPD to repress the expression of SMC6 for 12 hours. After this, cells
were harvested and the SUMOylation levels of Smc5 were determined as previously described.
Note that shutting the promoter off leads to a drastic reduction in Smc5 SUMOylation. Ar-
row points to unmodified Smc5. b) Nse2 is able to interact with Smc5 in the absence of Smc6.
GALp-SMC6 cells expressing Smc5-9myc and Nse2-6HA (YMB2045) were used. As a control
for Smc5 unspecific binding, cells expressing Smc5-9myc (YTR794) used. They were grown in
YP galactose until mid-log phase. Then, the culture was shifted to YPD to repress the expression
of SMC6 for 12 hours. After this, cells were harvested, Nse2-6HA was immunoprecipitated and
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the Nse2 binding to Smc5 was analysed by Western blot. Note that under these conditions, Nse2
still binds to Smc5. ¢) SMC6 down-regulation leads to a reduction of the Nse2 protein levels.
GALp-SMC6 cells expressing Nse2-6HA (YMB2045) cells were grown in YP galactose un-
til mid-log phase. Then, the culture was split into two. One half was maintained in galactose
and the other half was shifted to YPD to repress the expression of SMC6 for 12 hours. Af-
ter this, cells were harvested and the protein levels of Nse2 and Smc6 were determined
by Western blot. Note that the down-regulation of SMC6 leads to a reduction in the pro-
tein levels of Nse2. d) Smc5 SUMOylation is impaired when SMC6 is compromised.
Wild type (YTR794), GALp-SMC6 (YMB1444), and sme6-1 GALp-SMC6 (YMB1556) cells
expressing Smc5-9myc and 6HisFLAG-SUMO were grown in SC galactose until mid-log
phase. Then, the culture was split into two. One half was maintained in galactose and the
other half was shifted to SC glucose to repress the expression of SMCG6 for 12 hours. After
this, cells were harvested and the SUMOylation levels of Smc5 were determined as previous-
ly described. Note that Smc5 is not SUMOylated when SMC6 is compromised. Arrow points
to unmodified Smc5. €) The Nse2-Smc5 interaction is not affected in the szc6-1 background.
Wild type (YMB2315) and sme6-1 GALp-SMC6 (YMB2309) cells expressing Smc5-9myc
and Nse2-6HA were grown in SC galactose until mid-log phase. Then, the culture was shift-
ed to SC glucose to repress the expression of SMC6 for 12 hours. After this, cells were har-
vested, Nse2-6HA was immunoprecipitated and the Nse2 binding to Smc5 was analyzed
by Western blot. Note that in the s#c6-1 background, Nse2 interacts with Smc5 with the
same efficiency as in wild type cells. Abbreviations: PD, pull-down; PE, protein extract.

Finally, we decided to determine whether the swz¢6-7 allele was affecting the Nse2-Smc5
interaction. To test this, wild type and wze6-1 GALp-SMC6 cells expressing Smc5-9myc and
Nse2-6HA were grown in SC galactose until mid-log phase. Then, the culture was shifted to SC
glucose to repress the expression of SMCG6 for 12 hours. After this, cells were harvested, Nse2-
O6HA was immunoprecipitated and the Nse2 binding to Smc5 was analysed by Western blot. As
seen in Figure 40, in the s#¢6-1 background, Nse2 interacts with Smc5 with the same efficiency
as in wild type cells. Since the Nse2-Smc5 interaction is not affected in sz2¢6-1 cells, these results

indicate that the SUMO ligase activity of Nse2 is impaired when Smc6 is not fully functional.

Given that these results indicate that the integrity of the Smc5/6 complex affects the
SUMO ligase activity of Nse2, we decided to test the effect of controlled inactivation of spe-
cific subunits, including the Nse4 kleisin, using the auxin-induced degron (AID) system. Since
all members of the Smc5/6 complex are required for viability in S. cerevisiae, the lethality of
the nsed-aid, nse5-aid and nse6-aid mutants in the presence of 1 mM of IAA indicates that the
specific degradation of these subunits is strong enough to compromise the viability of the cell
(see Figure 41). Then, we analysed the impact of the specific degradation of these subunits
in the SUMOylation of Smc5. As seen in Figure 41, the addition of IAA to a final concentra-

tion of 1 mM for 2 hours causes a significant reduction in the SUMOylation levels of Smc5.

In summary, our observations indicate that inactivation of the Nsel-Nse3 het-
erodimer, the Nse5-Nse6 heterodimer, the Nse4 kleisin subunit or Smc6 all lead to re-
duced levels of the Nse2-dependent SUMOylation of Smc5. Therefore, an active
and intact Smc5/6 complex is requited for the activity of its associated SUMO ligase.

138



Results
. |

a) b)
T T 3® &
T © ®© o 3 3 3
38 ¢ 2 503 3
— X+ 0 ©
2 2 2 2 o = 3 3 2
z = S 2 2
DO @
1 mM IAA T
e -— —
g YPD P.D. = s == ==
o-myc
<
P.D. |
a-SUMO

1 mM IAA

Figure 41. The auxin-induced degradation of Nse4, Nse5 and Nse6 decreases the SUMOylation
levels of Smc5

a)Fusion of Nse4, Nse5 or Nse6 to the AID moiety renders cells sensitive to IAA.
Serial dilutions of wild type (YTR1435), nsed-aid (YTR1452), nse5-aid (YTR1454) and nses-
aid (YTR1456) cells. They were spotted on YPD plates or YPD plates containing 1 mM of
TAA. Note that all mutants are sensitive to IAA indicating that the specific degradation of
these subunits is strong enough to compromise the viability of the cell. b) Smc5 SUMOyla-
tion is impaired in the nsed-aid, nse5-aid and nse6-aid backgrounds when treated with TAA.
Cells expressing Smc5-6HA and G6HisFLAG-SUMO in wild type (YTR1435), #nsed-aid
(YTR1452), nse5-aid (YTR1454) and nseG-aid (YTR1456) backgrounds were used. Where
indicated, IAA was added to a final concentration of 1 mM and incubated for 2 houts.
Samples were taken and processed as previously described. Note that the SUMOyla-
tion of Smc5 decreases in all mutants when treated with TAA. Arrow points to unmodi-
fied Smc5. Abbreviations: TAA, indole-3-acetic acid; PD, pull-down; PE, protein extract.

Finally, we wanted to determine whether the integrity of the Smc5/6 complex
was also affecting the ability of Nse2 to transfer SUMO to other targets outside the
Smc5/6 complex. Several cohesin subunits are modified by SUMO in budding yeast:
Smcl, Smc3, Sccl, Scc3 and Pds5 (Almedawar et al., 2012; Denison et al., 2005; Stead
et al., 2003; Takahashi et al., 2008). To determine whether the SUMOylation of the co-
hesin complex was Nse2-dependent, the SUMOylation levels of Smcl and Smc3 were de-
termined in the 7se2AC mutant background. Similar to what has been described (Taka-
hashi et al., 2008), the abundance of SUMO conjugates is greatly reduced in the #se2AC
mutant (see Figure 42). This experiment allowed us to conclude that the SUMOyla-
tion of Smcl and Smc3 are highly dependent on the SUMO ligase domain of Nse2.

Then, we wanted to know whether the integrity of the Smc5/6 complex was affect-
ing the ability of Nse2 to SUMOylate the cohesin complex. To test this, the SUMOylation

levels of Smc3 were determined in cells that express the SMC6 gene from a regulatable
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GAL promoter. GALpH-SMC6 cells expressing Smc3-9myc were grown in YP galactose until
mid-log phase. Then, the culture was split into two. One half was maintained in galactose,
and the other half was shifted to YPD to repress the expression of SMC6 for 12 hours.
After this, cells were harvested and the SUMOylation levels of Smc3 were determined as
previously described. We observed that shutting the promoter off leads to a drastic reduc-
tion of Smc3 SUMOylation (see Figure 42). However, since we noticed that down-regulation
of SMC6 leads to a reduction of the protein levels of Nse2 (see Figure 40); we decided to
test whether the SUMOylation levels of Smc3 were affected in an nse5-2 background. As
previously seen for Smc5, Smc3 SUMOylation levels are almost undetectable in #se5-2 cells
at the permissive temperature (see Figure 42). These observations indicate that the ability
of Nse2 to transfer SUMO to substrates outside, as well as inside, the Smc5/6 complex is

impaired when the integrity or the functionality of the Smc5/6 complex is compromised.

a) b)
S 9
S . 5
s 2 s ¢
Smc1-6HA - + + Smc3-6HA -  + +
PE. E PE. El
P.D. - P.D.
oa-myc - < o-myc - e
P.D. q P.D.
o-SUMO - 0-SUMO [
c) d)
GALp-SMC6-3HA
N
OFF ON By
= )
Smc3-9myc - + + s 8
PE.a-myc | — | Smc3-6HA +  +
PE. a-HA | P PE. [m=e =]

. = T el

a-myc - |«
P.D. b
a-SUMO
h t

P.D.
a-SUMO

Figure 42. The SUMOylation of the cohesin complex is impaired when the integrity of the Smc5/6
complex is compromised
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a)Smcl SUMOylation is Nse2-dependent. Cells expressing Smcl1-6HA and 6HisFLAG-SUMO
in a wild type (YMB2214) and #se2AC (YMB2162) background were processed as previously
described. Note that the SUMOylation of Smcl depends on the SUMO ligase activity of Nse2.
b) Smc3 SUMOylation is Nse2-dependent. Cells expressing Smc3-6HA and 6HisFLAG-SUMO
in a wild type (YMB2164) and 75e2AC (YMB2166) background were processed as previously de-
scribed. Note that the SUMOylation of Smc3 depends on the SUMO ligase activity of Nse2. c)
SMC6 down-regulation impairs Smc3 SUMOylation. GAILp-SMC6 cells expressing 6HisFLAG-
SUMO and Smc3-9myc (YMB1830) were grown in YP galactose until mid-log phase. Then, the
culture was split into two. One half was maintained in galactose and the other half was shifted to
YPD to repress the expression of SMC6 for 12 hours. After this, cells were harvested and the SU-
MOylation levels of Smc3 were determined as previously described. Note that shutting the pro-
moter off leads to a drastic reduction in Smc3 SUMOylation. d) Sme3 SUMOylation is impaired
in nse5-2 cells. Cells expressing Sme3-6HA and 6HisFLAG-SUMO in a wild type (YMB2164) and
nse5-2 background (YMB2266) were used. When cells reached mid-log phase, they were harvested
and the SUMOylation levels of Smc3 were analysed as previously described. Note that nse5-2
mutant cells show reduced levels of Smc3 SUMOylation even at the permissive temperature. Ab-
breviations: PD, pull-down; PE, protein extract.

4.2.6. Esc2 promotes the SUMO ligase activity of Nse2

Genetic analysis suggest that Esc2 may function with Nse2. Both NSE2 and ESC2
suppress duplication-mediated gross chromosomal rearrangements (GCRs) and are epistatic
with each other (Albuquerque et al., 2013). Moreover, they both prevent the formation of
X-shaped DNA replication intermediates at damaged forks (Choi et al., 2010; Mankouri et
al., 2009; Sollier et al., 2009). Esc2 contains SUMO-like domains and no known enzymatic
activity (Ohya et al., 2008), but physically interacts with components of the SUMO pathway,
including Ubc9 and Smt3 (SUMO) itself (Sollier et al., 2009). In S. pombe, crystallographic
analysis shows that the SUMO E2 Ubc9 forms a non-covalent complex with Esc2 that acts
in the Nse2 SUMO E3 ligase-dependent pathway for DNA repair (Prudden et al., 2011).

According to the previous data, we decided to test whether the interaction between
Esc2 and the Smc5/6 complex was conserved in S. cerevisiae. As seen in Figure 43, Esc2 inter-
acts with Smc5 7# vivo. Similar results were obtained in a preliminary study in S. pombe (Boddy
et al., 2003). Then, we decided to check whether the SUMO ligase activity of Nse2 was af-
fected in ese2 null cells. To verify this, exponentially growing cells expressing Smc5-9myc and
O0HisFLAG-Smt3 in a wild type and ese24 background were grown until they reached mid-log
phase. Then, the culture was split into two, and one half was treated with MMS to a final
concentration of 0.033%. After two hours, cells were harvested and the Smc5 SUMOylation
levels were determined. As seen in Figure 43, the Smc5 SUMOylation levels are reduced in ese2
null cells. This indicates that Esc2 positively regulates Nse2 activity zz vivo. Recently, it has been
described that some Nse2-dependent SUMO targets show reduced SUMOylation levels in the
esc221 background (Albuquerque et al., 2013). These data are consistent with a role for Esc2

in promoting the formation of an active complex between Ubc9 and the Smc5/6 complex.
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Figure 43. The Smc5 SUMOylation is impaired in esc24 null cells

a) Esc2 interacts with Smc5 2z vive. Cells expressing Smc5-9myc and Esc2-6HA (YMB1815) were
used. As a control for unspecific Esc2 binding to the beads, cells expressing Esc2-6HA (YMB1817)
are also shown. Cells were harvested, Smc5-9myc was immunoprecipitated and the Esc2 binding
to Smc5 was analysed by Western blot. Note that Esc2 binds to Smc5. b) Esc2 promotes Smc5
SUMOylation. Cells expressing Smc5-9myc and  6HisFLAG-SUMO in a wild type (YMB1458)
and ese24 (YMB1839) background were used. When they reached mid-log phase, the culture was
split into two and one half was treated with MMS to a final concentration of 0.033%. After two
hours, cells were harvested and the SUMOylation levels were determined. Note that Smc5 SU-
MOylation levels are reduced in ese2 null cells. Arrow points to unmodified Smc5. Abbreviations:
PD, pull-down; PE, protein extract.

4.2.7. The ATPase function of Smc5 is required for the Nse2-dependent
SUMOylation

The results presented so far predict that the activity of Smc5 will also be crucial for the
activation of its associated SUMO ligase. For this purpose, we introduced mutations in the
nucleotide binding domains of Smc5 to weaken its interaction with ATP and block its ATPase
activity (K751 and D1014A) (Roy et al., 2011). The ATPase-mutant allele was expressed in
cells that drive the expression of their endogenous wild type SMC5 gene from a regulatable
GAL promoter. As previously described, the ATPase-defective szz¢5 allele is lethal (Roy et al.,
2011) (See Figure 44). The next question was to know whether the lethality seen in this mutant
stemmed from defects in recruitment to chromatin. To test this, the recruitment to chromatin
was determined by a protein chromatin-binding assay (Liang and Stillman, 1997). Cells express-
ing an ectopic copy of wild type Smc5-9myc or sme5-K751-9mye were used. As seen in Figure 44,
we did not observe major alterations in chromatin binding for the ATPase-defective s7z¢5 mu-
tant protein compared to wild type Smc5. These results are supported by 7z vitro experiments,
which showed that Smc5 binds efficiently to DNA in the absence of ATP (Roy et al., 2011).
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Figure 44. The ATPase function of the Smc5/6 complex is required for activation of the Nse2 SUMO

ligase

a)The ATPase-deficient smc5 allele is lethal. Serial dilutions of GALp-SMC5 cells contain-
ing either an empty vector (YMB1081), wild type SMC5 (YMB19106) or sme5-K751 (YMB2145).
They were spotted on SC galactose or SC glucose at 25°C for 3 days and then photo-
graphed. Note that the sm¢5-K751 mutant is not able to complement the lack of the endoge-
nous Smc5. b) The ATPase-deficient sz¢c5 shows no major alterations in chromatin binding;
Cells expressing an ectopic copy of wild type Smc5-9myc (YMB1925) or sme5-K751-9mye
(YMB1949) were used. Controls for a chromatin bound protein (histone H3), nuclear (Rpd3)
and cytoplasmic soluble (Hexokinase) proteins are also shown. Note that no major alterations
in chromatin binding for ATPase-defective szc5 mutant protein compared to wild type Smc5
were detected. ¢) The ATPase activity of Smc5 is not required for the Nse2-Smc5 interaction.
Cells expressing Nse2-3HA with either wild type Smc5-9myc (YMB1950) or sme5-K751-
9myc (YMB1951) were used. As a control for unspecific Smc5 binding to the beads, cells ex-
pressing Smc5-9myc (YMB1925) or sme5-K751-9mye (YMB1949) are also shown. Cells were
harvested, Nse2-3HA was immunoprecipitated and the Nse2 binding to Smc5 was ana-
lysed by Western blot. Note that Nse2 binds with similar efficiency to either wild type or AT-
Pase-defective smc5 mutant proteins. d) The ATPase-deficient Smc5 is not SUMOylated.
Cells  expressing O6HisFLAG-Smt3 and an ectopic copy of wild type Smc5-
9myc  (YMB1925) or  wme5-K751-9mye  (YMB1949)  were used. Note that the
sme5-K751  mutant  is  not SUMOylated. Arrow points to unmodified Smc5.
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e) Nse4 is not SUMOylated in sme5-K751 mutant cells. GALp-SMC5 cells expressing Nse4-
6HA and 6HisFLAG-SUMO with either wild type Smc5 (YMB1937) or sme5-K751 (YMB1938)
were grown in SC galactose until mid-log phase. Then, the culture was shifted into SC glu-
cose to down-regulate the expression of the endogenous SMC5 for 12 hours. After this,
cells were harvested and the SUMOylation levels of Nse4 were determined as previously de-
scribed. Note that Nse4 is not SUMOylated when Smc5 cannot bind ATP. Arrow points to
unmodified Nse4. Abbreviations: K, lysine; I, isoleusine; PD, pull-down; PE, protein extract.

To investigate whether the ATP binding was required for the recruitment of the SUMO
ligase, cells expressing Nse2-3HA and an ectopic copy of wild type Smc5-9myc or s#e5-K751-
9mye were used. As seen in Figure 44, Nse2 binds with similar efficiency to either wild type
or ATPase-defective szzc5 mutant proteins, indicating that the ATPase activity of Smc5 is not
required for the Nse2-Smc5 interaction. However, we were unable to detect SUMOylation
of the ATPase-defective smc5 protein, which indicates that the sz¢5-K751 mutant is not SU-
MOylated by its accompanying SUMO ligase.

Finally, we wanted to know whether the ATPase-defective mutant was able to affect the
SUMOylation of other subunits in the Smc5/6 complex. To test this, GALp-SMC5 cells express-
ing Nse4-6HA and either wild type Smc5 or smc5-K751 were grown in SC galactose until mid-
log phase. Then, the culture was shifted into SC glucose to down-regulate the expression of the
endogenous SMC5 for 12 hours. After this, cells were harvested and the SUMOylation levels of
Nse4 were determined. As seen in Figure 44, the SUMOylation deficiency is not only restricted
to Smc5, and the Nse4 kleisin subunit in the complex is also not SUMOylated when Smc5 can-
not bind ATP. Altogether, these experiments demonstrate that the Smc5/6 complex operates
as a giant E3 SUMO ligase, which is sensitive to the ATPase activity of the Smc5/6 complex.

We speculated that the ATPase-inactive sz¢5 mutant protein may fail to recruit Ubc9,
thereby precluding SUMOylation. If this hypothesis were correct, artificial recruitment of
Ubc9 to Smc5/6 would eliminate the SUMOylation differences between wild type and ATPase
mutant Smc5 proteins. To explore this possibility, we integrated a second copy of UBCY fused
to the 3-end of the endogenous NSEZ2 gene to force recruitment of the E2 in the vicinity
of the E3. As previously shown in Figure 37, this fusion is functional and is able to increase
the SUMOylation levels of Smc5. The E3-E2 fusion interacts with the same efficiency with
both the ATPase active and inactive szc5 proteins (see Figure 45). This confirms that the
Smc5-Nse2 interaction is not affected in the ATPase mutant. Strikingly, in spite of this con-
stitutive recruitment of Ubc9 to the Smc5/6 complex, Smc5 SUMOylation is still lower than
wild type and so SUMOylation must require an ATP-dependent step, indicating that the AT-
Pase mutant complex is held in an inactive state for SUMOylation (see Figure 45). Moreover,
these results demonstrate that the ATPase function of Smc5 is part of the ligase mechanism
that assists Ubc9 function. Therefore, the Smc5/6 complex operates as a giant E3 SUMO
ligase, which is sensitive to the integrity, the functionality and the ATPase activity of Smc5.
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Figure 45. smc5-K751 is not SUMOylated in Nse2-Ubc9 cells

2) The E3-E2 (Nse2-Ubc9) fusion interacts with the same efficiency with both the ATPase active
and inactive smc5 proteins. Cells expressing Nse2-3HA-Ubc9 with either wild type Smc5-9myc
(YMB2230) or sme5-K751-9myc (YMB2231) were used. As controls for Smc5 unspecific binding
to the beads, cells expressing Smc5-9myc (YMB1925) and sme5-K751-9myc (YMB1949) are also
shown. Cells were harvested, Nse2-3HA-Ubc9 was immunoprecipitated and the Nse2-3HA-
Ubc9 binding to Smc5 was analyzed by Western blot. Note that Nse2-Ubc9 binds with similar
efficiency to either wild type Smc5 or ATPase-defective szc5 mutant proteins. b) The ATPase-
deficient sz¢5 is not SUMOylated in the presence of the Nse2-Ubc9 fusion. Nse2-3HA-Ubc9
cells expressing 6HisFLLAG-SUMO and an ectopic copy of wild type Smc5-9myc (YMB2230) or
sme5-K751-9mye (YMB2231) were used. When cells reached mid-log phase, they were harvested
and the SUMOylation levels of Smc5 were analyzed. Note that the s#¢5-K751 mutant is not SU-
MOylated. Arrow points to unmodified Smc5. Abbreviations: PD, pull-down; PE, protein extract.
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4.3. Characterization of the Smc5/6 complex SUMOylation in
response to DNA damage

The SUMOylation levels of all the SUMOylated Smc5/6 subunits increase in response
to MMS-induced DNA damage (Figure 32), which indicates a further activation of the SUMO
ligase activity of Nse2. Since little is known about this, we decided to investigate which factors

control this phenomenon.

4.3.1. The DNA damage checkpoint in not required for the MMS-induced
SUMOylation of Smc5

First, we decided to determine whether the MMS-induced SUMOylation was con-
trolled by the DNA damage checkpoint. To test this, exponentially growing cells express-
ing Smc5-9myc and 6HisFLAG-Smt3 in a wild type, mrel 1.4, mecl A or rad534 background
were grown until they reached mid-log phase. Then, the culture was split into two and one
half was treated with MMS to a final concentration of 0.033%. After two hours, cells were
harvested and SUMOylation levels were determined. As seen in Figure 46, the MMS-in-
duced SUMOylation of Smc5 is not affected either in the mrel 14, mec1A or rad534 mu-

tant background, indicating that, at least, these elements are not required for this response.
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Figure 46. The MMS-induced SUMOylation of Smc5 is not controlled by Mrell, Mec1 or Rad53

P W

Cells expressing 6HisFLAG-SUMO and Smc5-9myc in a wild type (YMB1738), rad534
(YMB1606), mec1A (YMB1608), mrel 14 (YMB1530) background and untagged strains (no
9myc tag (YTR557) and no 6HisFLAG-Smt3 (YTR912)) were grown until they reached mid-log
phase. Then, the cultures were splitinto two and one half of each was treated with MMS to a final
concentration of 0.033%. After two hours, cells were harvested and SUMOylation levels were
determined. Note that the MMS-induced SUMOylation is not affected in these mutant back-
grounds. Arrow points to unmodified Smc5. Abbreviations: PD, pull-down; PE, protein extract.
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4.3.2. SCJ formation activates the Nse2-dependent SUMOylation

Since the Smc5/6 complex is closely involved in the resolution of sister chromatid junc-
tions (SCJs) that are formed at damaged replication forks, one possibility is that the activity
of the SUMO ligase Nse2 might be enhanced by the formation of these DNA structures that
appear as a consequence of the replication fork restart and the DNA damage by-pass mecha-
nisms. In MMS, formation of SCJs depends on a functional homologous recombination path-
way and the template switch branch of the postreplicational repair (Branzei et al., 2008). If
this hypothesis were correct, impeding the formation of these structures would prevent the
MMS-induced SUMOylation of Smc5.

To verify this, exponentially growing cells expressing Smc5-9myc in a wild type and
rad52- background were grown until they reached mid-log phase. Then, the culture was
split into two and one half was treated with MMS to a final concentration of 0.033%. Af-
ter two hours, cells were harvested and the Smc5 SUMOylation levels were determined.
As seen in Figure 47, RADS52 deletion prevents the MMS-induced SUMOylation of Smc5.
These results indicate that the activity of the Smc5/6 complex is enhanced in response
to MMS, leading to a further activation of the SUMO ligase activity of Nse2, presumably

due to formation of recombination-dependent pathological structures at damaged forks.
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Figure 47. Homologous recombination is required for the MMS-induced SUMOylation of Smc5

Cells expressing Smc5-9myc and 6HisFLAG-SUMO in a wild type (YMB1458) and rad524
(YMB1536) background were grown until they reached mid-log phase. Then, the culture was
split into two and one half was treated with MMS to a final concentration of 0.033%. Af-
ter two hours, cells were harvested and the SUMOylation levels were determined. Note
that there is no MMS-induced SUMOylation of Smc5 in the rad524 background. At-
row points to unmodified Smc5. Abbreviations: PD, pull-down; PE, protein extract.

147



Results
. |

Since MMS induces SCJ formation, which enhances the activity of Nse2, similar results
should be observed in hydroxyurea-stalled replication forks in checkpoint-deficient (rad53.4)
cells, where stalling leads to fork collapse. When DNA replication forks in wild-type cells stall
because of deoxynucleoside triphosphate (ANTP) depletion with hydroxyurea (HU), they re-
main competent to resume replication after removal of HU; however, this is not the case in
rad53 cells, which have widespread replication fork collapse after HU removal (Desany et al.,
1998; Lopes et al., 2001; Tercero et al., 2003). sz¢5 mutants show marked sensitivity to HU and
the budding yeast Smc5/6 complex is found at collapsed replication forks (Lindroos et al., 20006).
To verify this hypothesis, exponentially growing cells expressing Smc5-9myc and 6HisFLAG-
Smt3 in a wild type and rad534 backgrounds were grown until they reached mid-log phase.
Then, the culture was split into two and one half was treated with HU to a final concentration
of 0.2 M. After two hours, cells were harvested and the Smc5 SUMOylation levels were deter-
mined. As seen in Figure 48, Smc5 SUMOylation increases in response to HU in rad53 null cells.
This result is in accordance with previous work in . pombe, where it was described that Nse4
SUMOylation increases in response to HU in a rad534 background (Pebernard et al., 2008b).

Altogether, these results indicate that the SUMO ligase activity of Nse2 is enhanced in

response to SCJ formation, presumably at damaged forks.
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Figure 48. Replication fork collapse in HU activates the SUMO ligase activity of Nse2

Cells expressing Smc5-9myc and O6HisFLAG-SUMO in a wild type (YMB1738) and rad53A4
(YMB1606) background were grown until they reached mid-log phase. Then, the cul-
ture was split into two and one half was treated with HU to a final concentration of
0.2 M. After two hours, cells were harvested and the SUMOylation levels were deter-
mined. Note that there is an HU-induced SUMOylation of Smc5 in rad53 null cells. Ar-
row points to unmodified Smc5. Abbreviations: PD, pull-down; PE, protein extract.
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4.4. Identification of the SUMOylation sites of Smc5

Since Smc5 is a target of Nse2 (Zhao and Blobel, 2005) and interacts directly with Nse2
(Duan et al., 2009a), we decided to identify the SUMOylation sites of Smc5. The aim was to
generate a s72¢5-SUMO-deficient mutant (szc5-SD) to study the function of Smc5 SUMOylation.

4.4.1. Smc5 is not SUMOylated at the Ubc9 consensus sites

A consensus sequence for SUMOylation has been identified based on its interaction
with Ubc9, YKXE/D, where W represents a bulky aliphatic residue, usually isoleucine, leu-
cine or valine and X represents any amino acid (Bernier-Villamor et al., 2002; Johnson and
Blobel, 1999). However, a number of proteins not subject to SUMOylation contain this motif,
and other physiological targets of SUMOylation are not SUMOylated at this consensus motif
(Wilkinson and Henley, 2010).

In order to predict the SUMOylation sites of Smc5, the sequence was analysed with
SUMOsp 2.0, which is a SUMOylation site prediction program based on the Ubc9 consen-
sus motif and previously identified SUMOylation sites (Ren et al., 2009). The analysis re-
vealed 17 putative lysines (K) in Smc5, one located in the ATPase domain of Smc5 (K31)
and 16 distributed throughout the rest of the protein (see Figure 49 for more details). All
putative lysines but K31 were mutated to arginine (R) to try to block Smc5 SUMOylation.

The sme5(K-16-K) mutant allele was synthesized by GenScript (Piscataway, USA) and
cloned into an YCplac22 vector under its own promoter. To test the phenotype of this allele,
it was expressed in cells that drive the expression of their endogenous wild type SMC5 gene
from a regulatable GAL promoter. As seen in Figure 49, s#¢5(K-16-R) is able to complement
the lack of expression of the endogenous wild type SMC5 (+ glucose), indicating that this mu-
tant is viable but shows a mild growth defect in MMS. Furthermore, when the SUMOylation
pattern of Smc5 was analysed, no difference between wild type Smc5 and s#¢5(K-16-R) was
detected, which allowed us to conclude that Smc5 is not SUMOylated at its canonical Ubc9

consensus sites.
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Figure 49. Smc5 is not SUMOylated at the Ubc9 consensus sites

a) Putative SUMOylation sites of Smc5. Potential Ubc9 SUMOylation sites were identified with
the SUMOsp 2.0 software. Note that K31 is located in the ATPase domain of Smc5. b) The
sme5 (K-16-R) mutant is viable. Serial dilutions of GALp-SMC5 cells containing either an empty
vector (YMB1081), wild type SMC5 (YMB1074) or sme5-16-K-R (YMB1920) were spotted on SC
galactose or SC glucose at 25°C for 3 days and then photographed. Where indicated, MMS was
added to a final concentration of 0.01%. Note that the sz¢5(K-76-K) mutant is viable and shows
a mild growth defect in MMS. ¢) sm¢5(K-16-R) mutant protein is SUMOylated as wild type Smc5.
Cells expressing 6HisFLLAG-SUMO and an ectopic copy of wild type Smc5-9myc (YTR9I53) or
sme5 (K-16-R)-9mye (YTR954) were used. When cells reached mid-log phase, they were harvested
and the SUMOylation levels of Smc5 were analyzed. Note that there is no difference between wild

type Smc5 and szc5-16-K-R mutant proteins. Arrow points to unmodified Smc5.

4.4.2. Smc5 is SUMOylated in both coiled-coils

Since mutating the consensus Ubc9 SUMOylation sites to arginine failed, we decided to
mutate all lysines in Smc5 to arginine but K75, which is necessary for ATPase function, gen-
erating the s7¢5(K-all-R) mutant. To do this, this mutant allele was synthesized by GenScript
(Piscataway, USA). As seen in Figure 50, the sm¢5(K-a//-R) mutant is not able to complement
the lack of expression of the endogenous wild type SMC5 (+ glucose), indicating that this

mutant is not viable, and is not SUMOylated.
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Figure 50. The sz2c5-K-a//-R mutant is lethal

a) The w5 (K-all-R) mutant is not viable. Serial dilutions of GALp-SMC5 cells containing either an
empty vector (YMB1081), wild type SMC5 (YMB1074) or sme5(K-all-R) (YMB1080) were spotted
on SC galactose or SC glucose at 25°C for 3 days and then photographed. Note that the w5 (K-
all-R) mutant is not viable. b) The sme5(K-a/l-R) mutant is not SUMOylated. Cells expressing
O0HisFLLAG-SUMO and an ectopic copy of wild type Smc5-9myc (YTRI53) or smec5-K-all-R-9mye
(YMB1072) were used. When cells reached mid-log phase, they were harvested and the SUMOyla-
tion levels of Smc5 were analyzed. Note that there is no SUMOylation in the sz¢5-K-a//-R mutant
protein. Arrows points to unmodified Smc5.

Then, we decided to mutate all the lysines present in each domain. Smc5 has 116 lysines:
11 in the walker A (WA), 47 in the coiled-coil 1 (CC1), 15 in the hinge (H), 33 in the coiled-
coil 2 (CC2) and 10 in the walker B (WB). First, we amplified by PCR the plasmid contain-
ing the wild type SMC5 using a pair of primers that amplify the whole plasmid except the
domain to be mutated. Second, we amplified by PCR the plasmid containing the suzc5-K-all-
R mutant allele with a pair of primers that only amplifies the region that we want to mu-
tate. Afterwards, the products were treated with Dpznl to degrade the template plasmid and
they were co-transformed into E.coli MC1061 (recA+). The PCR fragments should recom-
bine inside E. ¢/ generating a new plasmid with the mutated insert (see Figure 51). This
strategy allowed us to mutate all lysines in the walker A, except K75, sme5(wa K-R); in the
hinge, smc5(h K-R); in the walker B, sme)(wb K-R); in the coiled coil 1, sme5(ecl K-R); in the
coiled coil 2, sme5(ec2 K-R); and, in the coiled coil 1 and 2, simultaneously, sze5(ecl,2 K-R).
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Step 1: amplification of fragments Step 2: co-transformation in E. coli MC1061 (recA+)
Wild type SMC5 smc5-K-all-R
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smc5-K-R mutant

Figure 51. Strategy used to generate suzc5-single-domain-K-R mutants

The wild type SMC5 plasmid was amplified by PCR using a pair of primers that were able to am-
plify the whole plasmid except the wanted domain. Then, the sz¢5-K-a//-R mutant plasmid was
amplified with a pair of primers that only amplified the region that we wanted to mutate. Then,
the PCR products were treated with Dpxl and were co-transformed into E.coli MC1067 (recA+).
PCR fragments will recombine inside E. co/i generating a new plasmid with the mutated insert.

Then, we tested whether these mutants were sensitive to MMS. They were expressed
in cells that drive the expression of their endogenous wild type SMC5 gene from a regulat-
able GAL promoter. As seen in Figure 52, sme5(wa K-R), sme5(h K-R) and sme5 (wb K-R) are
able to complement the lack of expression of the endogenous SMC5. Although, s7c5(wa
K-R) and sm¢5 (wbh K-R) show a discrete slow growth phenotype in the presence the of MMS,
when the SUMOylation pattern was analysed, no difference was observed in the swe5(h
K-R) and a slight global reduction was observed in the w5 (wa K-R) and sme5(wb K-R) mu-
tant without any difference in the band distribution compared to wild type Smc5, which
may correspond to a global down-regulation of Smc5 SUMOylation. This experiment al-
lowed us to conclude that Smc5 is not SUMOylated in the walker A, hinge or walker B.

Since Nse2 binds to the coiled-coils of Smc5, it is more likely that the lysines of this
region could accept SUMO. However, as seen in Figure 52, the single smc5(ec! K-K) and
sme5(ee2 K-R) mutants are able to complement the lack of expression of the endogenous
SMC5 and show no growth defects in the presence of MMS. However, interestingly the
sme5(ecl,2 K-R) double mutant is hypersensitive to MMS. The combination of the swc5 (ccl
K-R) and smc5 (ec2 K-R) mutants showed that there are some lysines able to accept SUMO in
both coiled-coils domains of Smc5, therefore, Smc5 SUMOylation is significantly impaired
in the sme5(ec1,2 K-R). These experiments allowed us to conclude that a lack of SUMOyla-
tion in the coiled-coils of Smc5 confers sensitivity to the alkylating agent MMS, which in-
dicates that the SUMOylation of the complex is important for the DNA damage response.
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Figure 52 Smc5 is SUMOylated in both coiled-coils

a) sme5 (wa K-R), sme5(h K-R), and sme5 (wb K-R) mutants are viable. Serial dilutions of GALp-SMC5
cells containing either an empty vector (YMB1081), wild type SMC5 (YMB1074), snc5 (wa K-R)
(YMB1075), sme5(h K-R) (YMB1076) or sme5(wb K-R) (YMB1077). They were spotted on SC ga-
lactose or SC glucose at 25°C for 3 days and then photographed. Where indicated, MMS was
added to a final concentration of 0.01%. Note that these mutants are able to complement the lack
of expression of the endogenous SMC5. b) Smc5 is not SUMOylated in the walker A, hinge or
walker B. Cells expressing 6HisFLAG-SUMO and an ectopic copy of wild type SMC5 (YTR1921),
sme5 (wa K-R) (YMB1922), smc5(h K-R) (YMB1923) ot sme5(wb K-R) (YMB1924) were used. When
cells reached mid-log phase, they were harvested and the SUMOylation levels of Smc5 were an-
alyzed. Note that the SUMOylation pattern is not affected in these mutants. Arrow points to
unmodified Smc5. ¢) szc5(ec1,2 K-R) mutant is hypersensitive to MMS. Serial dilutions of GALp-
SMC5 cells containing either an empty vector (YMB1081), wild type SMC5 (YMB1916), smc5 (ecl
K-R) (YMB1918), smc5(cc2 K-R) (YMB1919) or sme5(ec1,2 K-R) (YMB1917) were spotted on SC
galactose or SC glucose at 25°C for 3 days and then photographed. Where indicated, MMS was
added to a final concentration of 0.01%. Note that the double s¢5(¢c7,2 K-R) mutant is hypersen-
sitive to MMS. d) Both coiled-coils of Smc5 accept SUMO. Cells expressing 6HisFLAG-SUMO
and an ectopic copy of wild type Smc5-9myc (YTR1925), smze5 (ecl K-R)-9mye (YMB1926), smzc (ec2
K-R)-9mye YMB1927) of smc5(ccl,2 K-R)-9myc (YMB1928) were used. When cells reached mid-log
phase, they were harvested and the SUMOylation levels of Smc5 were analysed. Note that there
are lysines SUMOylated in both coiled-coils.
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It has been described that the Smc5/6 complex is recruited to either side of a DSB in
budding yeast (de et al., 2006; Lindroos et al., 20006). Based on this, we decided to test whether
the recruitment of the Smc5/6 complex to an HO endonuclease-mediated DSB was affected
in the sme5 (ec1,2 K-KR) mutant. Either wild type SMC5-9myc or szc5 (ec1,2 K-R)-9mye mutant al-
lele was integrated into the endogenous locus of SMC5 in a strain that contains the HO endo-
nuclease, which cuts at the MLAT locus on chromosome 111, under the inducible GAL promot-
er. This strain has the HMR and HMI loci deleted, and therefore repair cannot occur. Thus,
in galactose a single unrepairable break is formed. Cells were grown in YP raffinose until they
reached mid-log phase. Then, a sample was taken as time 0, before DSB induction, and galac-
tose was added to a final concentration of 2% to induce the HO cut to create a single DSB
per cell. After two hours, cells were harvested and processed for ChIP analysis (see materials
and methods for more details). Real-time PCR analysis of the ChIP was performed to quantify
Smc5 recruitment to the DSB as described in (Shroff et al., 2004). As seen in Figure 53, the
recruitment of the smc5(ec?,2 K-R) mutant protein to the DSBs is impaired, which indicates
that Smc5 SUMOylation could be necessary for the recruitment onto DNA. Although these
results are in accordance with the fact that #se5-7 mutant cells, that display a strong impairment
in Smc5 SUMOylation, also show a reduced recruitment of Smc5/6 to stalled forks in HU
(Bustard et al., 2012), we must be very critical of this result because the smed(ecl,2 K-R) has
many lysines replaced with arginine, which could be provoking a significant structural change
that might affect its DNA binding. Further studies will be required to identify the specific

lysines required for Smc5 SUMOylation and analyse the phenotype of a less severe mutant.

no DSB DSB (2h)
=& Smcb wt
4 4 smcb K-R
3 == untagged
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Figure 53. Recruitment of swc5(cc1,2 K-R) to DSBs is impaired

Cells expressing cither wild type Smc5-9myc (YTR1178), smc5(ecl,2 K-R)9-mye (YTR1172)
or untagged Smc5 (YTR1162) in a GAL HO hbmlA hmrAd background were grown in
YP raffinose until they reached mid-log phase. Then, a sample was taken as time 0, be-
fore DSB induction, and galactose was added to a final concentration of 2% to in-
duce a DSB. After two hours, cells were harvested and processed for ChIP analysis. Re-
al-time PCR analysis of the ChIP was performed to quantify Smc5 recruitment. Note
that the recruitment of the sme5-(ee1,2 KR) mutant protein to the DSB is impaired.
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4.5. The role of the Smc5/6 complex in replisome swivelling

It has been proposed that the Smc5/6 complex reduces the accumulation of positive
supercoiling ahead of the replication machinery through assisting fork rotation (Kegel et al.,
2011).

Briefly, during DNA replication the parental DNA molecule becomes overwound, or
positively supercoiled, in the region ahead of the advancing replication fork (Alexandrov et al.,
1999; Peter et al., 1998). To allow fork progression, this superhelical tension must be removed
by topoisomerases, which catalyse transient breaks in the DNA (Wang, 2002). Relaxation of
superhelical tension becomes problematic as the length of the unreplicated DNA becomes
shorter because there is less room to contain the positive supercoils resulting from fork move-
ment, and less room for topoisomerases to act in order to remove them. This is especially
important during replication termination when two replisomes converge (Sundin and Var-
shavsky, 1981). Champoux and Been in 1980 proposed a model in which if the replication
fork were free to rotate along the axis of the DNA helix, the positive superhelical stress in
front of the fork would diffuse through the replication fork and redistribute both ahead and
behind the fork, resulting in sister chromatid intertwinings in its wake (Postow et al., 2001;
Wang, 2002). These intertwinings of the daughter duplexes are defined as precatenanes (Peter
et al., 1998), because they will catenate sister chromatids if they are not removed by topoi-

somerases before the completion of replication (Lucas et al., 2001; Zechiedrich et al., 1997).
4.5.1. fop2-td mutant cells accumulate catenated plasmids

Top2 is the only type II topoisomerase that can resolve catenated double-stranded DNA
is budding yeast (Wang, 2002). Extensive studies have shown that reduction of Top2 function
inhibits decatenation of plasmid molecules during S phase, which prevents normal chromo-
some segregation causing chromosome breakage and cell death (Baxter and Diffley, 2008;
DiNardo et al., 1984; Hirano et al., 1986; Holm et al., 1985).

In order to deplete Top2 specifically 7z vivo, we used a strain in which the endoge-
nous TOP2 gene was replaced with a heat-inducible degron allele (79p2-7d) expressed under a
doxycycline-repressible promoter. This mutant is unable to grow under restrictive conditions
in which the promoter is repressed (+doxycycline); the degron—specific E3 ubiquitin ligase,
Ubrl, is induced (+Galactose); and the culture is shifted to the restrictive temperature (37°C)
(Baxter and Diffley, 2008). Wild type and #9p2-#d mutant cells were arrested in G1 with alpha
factor. Once arrested, cultures were shifted to the restrictive conditions for one hour to de-
plete Top2. Then, cells were released from the G1 arrest into fresh media containing galactose,

doxycycline and nocodazole at 37°C to arrest them in metaphase. To examine the presence
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of catenated dimers after Top2 depletion, we followed the fate of the centromeric plasmid
PRS376. As previously published (Baxter and Diffley, 2008), the supercoiled monomeric plas-
mid is converted during S phase into a form that migrates considerably more slowly in 7gp2-#d

mutant cells but not in wild type cells, consistent with it being a catenated dimer (see Figure 54).
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Figure 54. Top2 depletion provokes accumulation of catenated dimers

a) Diagram of the centromeric pRS376 plasmid used in these experiments. Note that this plasmid
contains an origin of replication and a centromere. b) Top2-depleted cells show an accumulation
of catenated dimers. Wild type cells (CCG9119) and Zgp2-td mutant cells (CCG9120) were grown
in synthetic complete media without uracil + 2% raffinose to mid-log phase at 25°C and transferred
into YP + 2% raffinose for 1 hour before being arrested in G1 with alpha factor. Once arrested,
2% galactose (to activate Ubt1 expression) and 25 ng/ml doxycycline (to repress TOP2 transctip-
tion) were added for 45 minutes. Then, cultures were shifted to 37°C for 1 hour to deplete Top2.
Cells were released from the G1 arrest into YPgal fresh media containing 25 ng/ml doxycycline
at 37°C and arrested in metaphase with nocodazole. Samples were taken and genomic DNA was
prepared according to standard methods before one-dimensional gel electrophoresis using native
conditions. Note that the supercoiled monomeric plasmids present before S phase are converted
into catenated dimers in the top2-td mutant. c¢) Different topological forms of the pRS376.
Catenated dimers, as well as relaxed and supercoiled monomers are depicted. Abbreviations: CCCm
(covalently closed circular monomer), OCm (open circular monomer), and Cat (catenated dimers).

It is well established that there are three different forms of catenanes: those formed
by two nicked plasmids (CatAs), those formed by one nicked plasmid and the other co-
valently closed (CatBs) and those formed by two covalently closed plasmids (CatCs)(Sun-
din and Varshavsky, 1981). In addition, the plasmids can be catenated just once (Ca=1)
or multiple times (Ca =2) (Bates and Maxwell, 1997) (see Figure 55). In order to identify
the different types of catenated plasmid present in S. cerevisiae, Top2 was depleted as pre-
viously described and DNA was purified and analyzed by 2D gel electrophoresis (Martin-
Parras et al., 1998). This approach allowed us to confirm that all three catenated forms of
the pRS376 are present in budding yeast. As previously described in E. co/i cells (Martin-
ez-Robles et al., 2009) and in budding yeast (Baxter and Diffley, 2008), the most abundant
form corresponds to CatCs followed by CatBs; whereas CatAs are barely visible, indicat-

ing that CatBs and CatAs result from nicking during DNA preparation. (see Figure 55).

156



Results

In order to resolve the different catenanes according to their catenation number, DNA
samples were treated with the nicking endonuclease Nb/-BswI that provokes single-stranded
breaks (Xu et al., 2007) converting all forms of catenanes into CatAs. As clearly shown in
Figure 55, 2D gels revealed that after Nb-Bs#I nicking, those signals that were identified as

CatBs and CatCs disappeared while the intensity and complexity of the signal corresponding
to CatAs was notably enhanced.
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Figure 55. Visualization of catenated dimers by 2D gel electrophoresis

a)Diagram representing different forms of catenanated plasmids as projected in a plane. Two
pairs of nicked catenated rings (CatAs) are represented. The one on the left is catenated once
(Ca=1) whereas the one on the right is catenated twice (Ca=2). CatBs are formed by one nicked
plasmid and the other covalently closed. Finally, CatCs are formed by two covalently closed plas-
mids (CatCs). b) Visualization of catenated plasmids by 2D gel electrophoresis. Plasmid DNA
from Top2-depleted cells arrested in metaphase was purified using native conditions and analyzed
by 2D gel electrophoresis. Note that the most abundant form corresponds to CatCs followed by
CatBs and CatAs. c) Resolution of catenated dimers according to their catenation number (Ca).
DNA samples from (b) were treated with the nicking endonuclease N/-BszI and analyzed by 2D
gel electrophoresis. Note that the signal corresponding to CatBs and CatCs disappeared while the
one corresponding to the CatAs was significantly enhanced. Arrows point to dimers catenated
once (Ca=1), dimers catenated eleven times (Ca=11) and dimers catenated twenty times (Ca=20).
Abbreviations: CCCm (covalently closed circular monomer), OCm (open circular monomer), Lm
(linear monomer), OCd (open circular dimer), and Cats (catenated dimers).
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4.5.2. Catenane distribution is not altered in s7c6-9 mutant cells

If, as previously proposed (Kegel et al., 2011), Smc5/6 had a role in assisting replisome
swivelling, a non-functional s#c5/6 complex would reduce the ability of the replication fork
to rotate along the axis of the DNA helix. This would lead to an accumulation of positive su-
percoiling ahead of the replication machinery and a decrease in the formation of precatenanes

behind the replication fork.

To test this, the topological status of the pRS376 plasmid after one round of replication
in the absence of Top2 and Smc5/6 function was investigated. Wild type, s72¢6-9, top2-td and
top2-td smc6-9 cells were arrested in G1 with alpha factor. Once arrested, cultures were shifted
to the restrictive conditions for one hour to deplete Top2 and inactivate the sz¢5/6 complex.
Then, cells were released from the G1 arrest into fresh media at 37°C under restrictive condi-
tions and arrested in metaphase. As seen in Figure 56, only #op2-td and top2-td sme6-9 mutant
cells show an accumulation of catenated dimers. Interestingly the global amount of super-
coiled catenanes detected is slightly decreased in z0p2-#d sme6-9 mutant cells. The global amount
of supercoiled catenanes could be affected either by DNA replication problems or by nicking
of the sample during the DNA extraction. In order to circumvent this problem, we decided
to resolve the catenanes according to their catenation number (Ca). To do this, DNA samples
were treated with the nicking endonuclease Nb-BszI that introduces single-stranded breaks
into both intertwined plasmids converting all catenanes into CatAs. Surprisingly, when the cat-
enane abundance was determined, there was no difference in the catenane distribution, which

indicates that replication fork swivelling is not impaired in smc6-9 mutant cells (see Figure 506).
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Figure 56. Catenane distribution is not affected in wz¢6-9 mutant cells in a /gp2-1d background

a) top2-td and top2-1d sme6-9 cells accumulate catenated plasmids. Wild type (CCG9119), p2-
td (CCG9120), sme6-9 (CCG10435), sme6-9 top2-td (CCG10542) cells were grown in synthetic
complete media without uracil + 2% raffinose to mid-log phase at 25°C and transferred into
YP + 2% raffinose for 1 hour before being arrested in G1 with alpha factor. Once arrest-
ed, 2% galactose (to activate Ubrl expression) and 25 ng/ml doxycycline (to repress TOP2
transcription) were added for 45 minutes. Then, cultures were shifted to 37°C for 1 hour to
deplete Top2 and inactivate szzc6. Cells were released from the G1 arrest into YPgal fresh
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media containing 25 ng/ml doxycycline at 37°C and arrested in metaphase with nocodazole.
Samples were taken and genomic DNA was prepared according to standard methods. DNA
electrophoresis was petformed in the presence of 0.5 pg/ml ethidium bromide. Note that only
top2-td and top2-1d sme6-9 mutant cells show an accumulation of catenated plasmids. The pres-
ence of ethidium bromide in the gel allows differentiation between the supercoiled catenanes,
which run faster than the relaxed monomer; and the relaxed catenanes, which show a slower
mobility under these conditions. Purified, linearized and relaxed pRS376 plasmids are also shown.
b) tgp2-td and top2-td smc6-9 cells show the same catenane distribution. DNA samples from the
previous experiment were treated with the nicking endonuclease Nb-Bs#zI and analyzed by 2D gel
electrophoresis. Arrows point to dimers catenated once (Ca=1) and dimers catenated eleven times
(Ca=11). c¢) Quantification of catenane distribution in /gp2-td and top2-td  sme6-9 cells. Using
non-saturated film exposures, the relative intensity of each spot was assessed with Image | soft-
ware and the results are depicted in the histogram. Note that there is no significant difference in
the catenane distribution in presence or absence of a functional SMC6. Abbreviations: CatAs (cat-
enanes A), OCm (open circular monomer), OCd (open circular dimer), and Lm (linear monomer).

In order to confirm these results, we decided to repeat these experiments in a zgp2-4
termosensitive background. In this case, #p2-4 and top2-4 sme6-9 cells were arrested in G1
with alpha factor. Once arrested, cultures were shifted to 37°C to inactivate #p2 and smc6
for one hour. Then, cells were allowed to enter S phase at the restrictive temperature and
arrested in metaphase with nocodazole. As previously shown in the #gp2-#d background, the
double 7p2-4 sme6-9 mutant shows the same catenane distribution as the single 79p2-4 mutant
(see Figure 57). This data indicates that, since the catenane distribution is not affected in

sme6-9 mutant cells, the swivelling of the replisome is not affected, at least, with this allele.
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Figure 57. Catenane distribution is not impaired in s7¢6-9 mutant cells in a 7p2-4 background
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a)lop2-4 and top2-4 sme6-9 cells show the same catenane distribution. #p2-4 (CCG8603), fop2-
4 sme6-9 (CCG10649) cells were grown in synthetic complete media without uracil + 2% glu-
cose to midlog phase at 25°C and transferred into YPD for 1 hour before being arrested in
G1 with alpha factor. Once arrested, cultures were shifted to 37°C for 1 hour to inactivate Zgp2
and smc5/6. Then, cells were released from the G1 arrest into YPD fresh media at 37°C and
arrested in metaphase with nocodazole. Samples were taken and genomic DNA was prepared
according to standard methods. DNA samples were treated with the nicking endonuclease Nb-
BsmlI and analyzed by 2D gel electrophoresis. Arrows point to dimers catenated once (Ca=1)
and dimers catenated eleven times (Ca=11). b) Quantification of catenane distribution in sp2-4
and /op2-4 sme6-9 cells. Using non-saturated film exposures, the relative intensity of each spot
was assessed with Image | software and the results are depicted in the histogram. Note that
there is no significant difference in the catenane distribution. Abbreviations: CatAs (catenanes
A), OCm (open circular monomer), OCd (open circular dimer), and Lm (linear monomer).

4.5.3. Catenane distribution is not impaired in s#6-56 mutant cells

Since the previous findings do not corroborate what has been previously published, we
decided to repeat these experiments using the same s#¢6 mutant that the authors used, the
sme6-56 hypomorphic allele. 79p2-4 and top2-4 sme6-56 cells were arrested in G1 with alpha fac-
tor. Once arrested, cultures were shifted to 37°C to inactivate 7gp2 and s#c6 for one hour. Then,
cells were allowed to enter S phase at the restrictive temperature and arrested in metaphase
with nocodazole. As previously shown in the s7z¢6-9 mutant, the double 7gp2-4 sm¢6-56 mutant
shows the same catenane distribution as the single 7gp2-4 mutant (see Figure 58). Therefore,
since the catenane distribution is not affected in s#¢6-56 mutant cells, the swivelling of the
replisome is also not affected in this allele. This data is contrary to what has been published
by Kegel and colleagues (Kegel et al., 2011). One possible explanation is that they based their
conclusion on the global amount of catenanes seen in mono-dimensional gel electrophoresis.
As previously stated, the global amount of catenanes can be affected by DNA replication,
which will reduce the global abundance. In order to circumvent this issue, DNA samples must

be nicked, which allows the quantification of catenane distribution.
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Figure 58. Catenane distribution is not impaired in s#c6-56 mutant cells
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a)top2-4 and top2-4 sme6-56 cells show the same catenane distribution. 79p2-4 (CCG8603), top2-4
sme6-56 (CCGI295) cells were grown in synthetic complete media without uracil + 2% glucose to
midlog phase at 25°C and transferred into YPD for 1 hour before being arrested in G1 with alpha
factor. Once arrested, cultures were shifted to 37°C for 1 hour to inactivate 7gp2 and szc6. Then,
cells were released from the G1 arrest into YPD fresh media at 37°C and arrested in metaphase
with nocodazole. Samples were taken and genomic DNA was prepared according to standard
methods. DNA samples were treated with the nicking endonuclease Nb-BszI and analysed by 2D
gel electrophoresis. Arrows point to dimers catenated once (Ca=1) and dimers catenated eleven
times (Ca=11). b) Quantification of catenane distribution in 7gp2-4 and top2-4 sme6-56 cells. Us-
ing non-saturated film exposures, the relative intensity of each spot was assessed with Image |
software and the results are depicted in the histogram. Note that there is no significant difference
in the catenane distribution. Abbreviations: CatAs (catenanes A), OCm (open circular monomer),
OCd (open circular dimer), and Lm (linear monomer).

smch-4 mutant cells accumulate more catenanes

4.5.4.

Finally, we decided to test another s7c5/6 mutant, whose function is highly compro-
mised. For this purpose, we used the w54 hypomorphic allele. This mutant shows slow
growth at permissive temperature, which indicates that the essential function of the Smc5/6
complex must be highly impaired. #op2-td and top2-1d sme5-4 cells were arrested in G1 with alpha
factor. Once arrested, cultures were shifted to the restrictive conditions for one hour to de-
plete Top2 and inactivate szc5 . Then, cells were released from the G1 arrest into fresh media
at 37°C under restrictive conditions and arrested in metaphase. As seen in Figure 59, fop2-td
sme5-4 mutant cells show a significant increase in accumulation of catenanes compared to Zgp2-

td, which indicates that the replication fork swivels more in the sz¢5-4 mutant background.

Since different sz¢5/6 mutants show different replisome swivelling behaviour, depend-

ing on the allele, further work is required to determine the role of the Smc5/6 complex in fork
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Figure 59. smc5-4 mutant cells show a higher accumulation of catenanes
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) fop2-1d sme5-4 cells show more catenations. fop2-td (CCG9120), top2-td sme5-4 (CCG8604)
cells were grown in synthetic complete media without uracil + 2% raffinose to mid-log phase
at 25°C and transferred into YP + 2% raffinose for 1 hour before being arrested in G1 with
alpha factor. Once arrested, 2% galactose (to activate Ubr1 expression) and 25 ng/ml doxycy-
cline (to repress TOP2 transcription) were added for 45 minutes. Then, cultures were shifted to
37°C for 1 hour to deplete Top2 and inactivate smc5/6. Cells were released from the G1 arrest
into YPgal fresh media containing 25 ng/ml doxycycline at 37°C and arrested in metaphase
with nocodazole. Samples were taken and genomic DNA was prepared according to standard
methods. DNA samples were treated with the nicking endonuclease No-BszI and analysed by
2D gel electrophoresis. Arrows point to dimers catenated once (Ca=1) and dimers catenated
eleven times (Ca=11). b) Quantification of catenane distribution in /gp2-td and top2-td
sme5-4 cells. Note that fgp2-td sme5-4 mutant cells show a higher accumulation of catenanes.
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5.1. 'The role of the Smc5/6 complex in sister chromatid
disjunction

Since the initial identification of SMC6 and NSEZ2 (Nasim and Smith, 1975; Prakash and
Prakash, 1977a), the Smc5/6 complex has been linked to DNA damage repair. Subsequent
studies have uncovered mutations in every subunit of the Smc5/6 complex that render cells
sensitive to DNA damaging agents, such as UV, ionizing radiation (IR), methyl methanesul-
fonate (MMS), Mitomycin C, and hydroxyurea (HU) in yeast, Arabidopsis, chicken, Drosophila,

mouse, Xengpus, and humans; reviewed in (Wu and Yu, 2012).

The smc6-9 mutant allele was first described as a mutant that fails to segregate the distal
part of chromosome XII at the restrictive temperature due to the presence of sister chromatid
junctions (SCJs) and replication intermediates in the rDNA at anaphase onset (Torres-Rosell
etal., 2005; Torres-Rosell et al., 2007a). However, the fact that the entire deletion of the tDNA
array does not suppress the thermosensitivity of s7¢6-9 mutant cells, indicates that the Smc5/6
complex has additional essential non-nucleolar functions (Torres-Rosell et al., 2005). Based on
this, we decided to determine whether the Smc5/6 complex has a genome-wide function in

chromosome segregation.

5.1.1. smc5/6 mutants are able to complete bulk DNA replication when
replicating in the presence of MMS

Alkylating damage by MMS is normally used as a method to induce blocks in replica-
tion fork progression as it disturbs DNA replication in a dose-dependent manner (Groth et
al., 2010). Briefly, if the MMS-induced DNA damage is not repaired, mainly by BER (Boiteux
and Jinks-Robertson, 2013) before the cells enter S phase, the alkylated bases will either force
the replisome to replicate through the damaged site or to activate some bypass mechanism,

such as template switching or homologous recombination (Jackson and Durocher, 2013).

In order to determine whether s¢5/6 mutants have replication problems in the presence
of MMS, wild type, s#¢6-9 and nse24C mutant cells were arrested in G1 with alpha factor at
the permissive temperature. After G1 arrest, cells were shifted to 37°C for 30 minutes to inac-
tivate the s7¢5/6 complex and then released into fresh media containing 0.02% MMS at 37°C.
As previously described (Tercero and Diffley, 2001), wild type cells go through a very long and
slow S phase when replicating in the presence of MMS. As shown in Figure 17, smc6-9 and
nse2AC mutant cells enter S phase and complete bulk DNA replication with wild type kinet-
ics, indicating that fork progression is not further compromised in these mutants. Under these

conditions, the DNA damage checkpoint becomes activated, which arrests cells in G2/M.
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Two-dimensional gel electrophoresis indicates that sm¢6 mutants accumulate sister
chromatid junctions (SCJs) when replicating in the presence of MMS in the ARS305 (see
Figure 18) in a way that wild type cells do not. Apart from our study (Bermudez-Lopez
et al.,, 2010), a parallel work using the s#c6-9 allele also showed the same behaviour (Sol-
lier et al., 2009). Furthermore, similar results have been obtained using different smc5/6
mutants: zms21-CH (Branzei et al., 20006), mms21-11 and sme6-P4 (Chen et al., 2009;
Chen et al.,, 2013; Choi et al., 2010), smc6-56 (Yong-Gonzales et al.,, 2012), and mms21-SP
(Chavez et al.,, 2011). Together, the aforementioned data provide compelling support for
the idea that sz¢5/6 mutants accumulate SCJs when replicating in the presence of MMS.

5.1.2. An MMS pulse allowed characterization of the genome-wide
segregation problems in s7zc5/6 mutant cells

Although MMS-induced DNA damage has been extensively used, its effects on chromo-
some segregation had not been previously assessed because activation of the DNA damage

checkpoint precludes anaphase entry (Tercero and Diffley, 2001).

In order to circumvent this problem, we set up a more physiological approach based
on a pulse of 0.01% MMS for 30 minutes while cells are arrested in G1. Then, cells are
washed thoroughly and allowed to enter into S phase in the absence of the DNA alkylat-
ing agent. As seen in Figure 19, wild type cells do not experience a significant delay in cell
cycle entry or progression through S phase, and start chromosome segregation with simi-
lar kinetics to unchallenged cells. Therefore, this condition does not activate the DNA dam-
age checkpoint in wild type cells. However, when the DNA damage bypass mechanisms are
blocked, either inactivating homologous recombination (rad52 null cells) or the error-free
branch of the postreplicational repair (rad5 null cells), cells show an activation of Rad53 and
arrest in G2/M (see Figure 19). This indicates that the experimental conditions used are acute

enough to require HR and template switch to overcome the MMS-induced DNA damage.

These experimental conditions allowed us to study the requirements for chromosome
segregation after low-dose DNA damage. BER (magl 4, apn1 A, apn2A4), NER (radlA, rad10A,
rad24), the DNA damage and S phase checkpoints (dde1 A4, rad9A4, rad24A, mrc1A), DNA
helicases (mph1A, sgs1A, srs2A4, rrm34), DNA topoisomerases (top1A4, top2A4), and other DNA
nucleases (exol A, six1A, six4 A, mmsd A, mus81A4, rad27A, mrel1A4, sae2A, dna2-1, yenl1A) are
not individually required for bulk chromosome segregation after a G1 MMS pulse. These
results indicate that although these genes have a role in coping with higher MMS concen-
trations (Hickson and Mankouri, 2011; Schwartz and Heyer, 2011), they are either not es-
sential or collectively cooperate in the removal of the few SCJs formed in response to a low

dose of DNA damage. For example, there is evidence that Mms4/Mus81 might be a back-up
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mechanism employed by cells to remove the mitotic SCJs not dissolved by Sgs1/Top3 dut-
ing S phase, and Yenl can be used as a second back-up mechanism in anaphase to elimi-
nate those escaping from Sgs1/Top3 and Mms4/Mus81 (Matos and West, 2014). One should
take into account that our experimental procedures were not sensitive enough to detect small
contributions to dissolution of chromosome linkages, since only the bulk of DNA masses
were analysed by microscopy. A more detailed analysis of individual loci resolution will be

required to conclusively ascertain their requirement in segregation of damaged chromosomes.

In striking contrast to the battery of deleted genes described above, s¢5/6 mutants dis-
play an abnormally high proportion of nuclear segregation defects following an MMS pulse, as
revealed by FACS and microscopy. A more detailed analysis using chromosomal tags revealed
that sm¢6-9 mutant cells fail to segregate centromeric regions (chromosome III and XII) and
the tDNA centromeric flank (see Figure 21). These segregation problems indicate that the SCJ
removal defects in sz06-9 mutant cells are scattered throughout the genome. Therefore, the role
of the Smc5/6 complex in chromosome segregation is not restricted to the tDNA array, the
major binding site identified for the Smc5/6 complex in budding yeast (Lindroos et al., 20006;
Torres-Rosell et al., 2005), and even centromeric regions can experience resolution defects
during anaphase after MMS-induced DNA damage. The nuclear segregation failutres in s#c5/6
mutants are observed in response to MMS treatment, and not in unchallenged conditions, pre-

sumably because MMS increases the frequency of replication fork stalling and SCJ formation.

5.1.3. smc5/6 mutants accumulate replication and recombination
intermediates after an MMS pulse

Cells have to maintain sister chromatids together during S phase. This is essential for
chromosome biorientation and segregation. However, when cells enter anaphase, all linkag-
es between sister chromatids must be resolved in order to allow chromosome segregation.
Therefore, failures to remove these connections can threaten genome integrity. The segrega-
tion problems detected in sz¢5/6 mutants must be due to persistent sister chromatid linkages
present at the anaphase onset. These linkages can be generated by: (i) proteins, such as those
provided by cohesin, and resolved by separase at the metaphase to anaphase transition; (ii)
catenations, generated by transcription and replication, and resolved by Top2 and condensin

in G2/M; and (iii) DNA-mediated linkages, which atise during DNA replication and trepait.

It is accepted that PFGE prevents chromosomes containing replication forks or
branched recombination intermediates from entering the gel (Azvolinsky et al,, 20006).
Once S phase is completed, and these structures disappear, chromosomes enter into
the gel (80 minutes onwards). Pulsed field gel electrophoresis (PFGE) experiments re-

vealed that chromosomes do not enter the gel, but remain in the well while cells are in S
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phase (40 to 80 minutes). Contrary to wild type cells, swc6-9, sme6-1 and nse2AC mutant
chromosomes fail to enter the gel even at later time points suggesting that DNA link-
ages persist. This is more obvious for larger chromosomes, which suggest that they are

more likely to carry DNA linkages, as expected for random DNA damage (see Figure 23).

It has been proposed that the Smc5/6 complex has a role in cohesin removal in S.
pombe (Outwin et al., 2009). However, Scc1-GFP signal appears during S phase and disap-
pears when cells enter into anaphase with the same kinetics in wild type and se6-9 mu-
tant cells (see Figure 24). This result, together with the PFGE analysis, which only scores
protein-independent linkages, demonstrates that the chromosome resolution defects ob-
served in sme5/6 mutant cells are cohesin-independent. In accordance, nocodazole-arrest-
ed sme6-9 mutant cells display low but readily detectable levels of SCJs and ongoing rep-
lication forks (see Figure 25) and a 2.5 times increase in the number of unreplicated gaps
relative to wild type cells after a pulse of MMS. Therefore, two types of structures might
prevent chromosome segregation in szc5/6 mutants: first, SCJs arising during DNA rep-

lication; and second, the presence of ongoing replication forks at the onset of anaphase.
5.1.4. The Smc5/6 complex has a role in resolution of SCJs

The fact that different sm¢5/6 mutants accumulate SCJs when replicating in the
presence of MMS (Bermudez-Lopez et al., 2010; Branzei et al., 2006; Chavez et al., 2011;
Chen et al., 2009; Chen et al., 2013; Choi et al., 2010; Sollier et al., 2009; Yong-Gonzales

et al., 2012), indicates that Smc5/6 is not required for the generation of these structures.

Several lines of evidence indicate that SCJ formation has a deleterious effect when the
function of the Smc5/6 complex is compromised: first, the thermosensitivity of wzc6-9 mu-
tant cells is partially suppressed by deletion of RAD52, a key component of the homologous
recombination pathway (Torres-Rosell et al., 2005). In accordance with this, the MMS sen-
sitivity of se6-9 mutant cells is also significantly suppressed in 72452 null cells (see Figure
26). A more detailed analysis revealed that R4D52 deletion is able to improve chromosome
resolution by PFGE in s#c6-9 mutant cells, an effect that is more evident for large chromo-
somes (see Figure 26). This result is supported by the fact that mms21-11 rad51A4 (Branzei
et al., 2006) and smc6-9 rad514 (Sollier et al., 2009) mutants do not accumulate SCJs when
replicating in the presence of MMS. Therefore, s7¢5/6 mutants accumulate SCJs at dam-
aged forks in a recombination-dependent manner. Second, SHU complex deletion reduces
the accumulation of SCJs, which improves the tolerance of w76 mutants towards replica-
tion stress (Branzei et al., 2006; Choi et al., 2010; Sollier et al., 2009). Third, MPH7 deletion

strongly reduces the accumulation of SCJs in sz¢5/6 mutants, which correlates with a notably
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higher resistance to MMS (Chavez et al., 2011; Chen et al., 2009; Chen et al., 2013; Choi et
al., 2010). Finally, blocking the error-free branch of the postreplicational repair (752 null
cells) partially rescues the MMS sensitivity of smc6-9 mutant cells and improves chromo-
some resolution by PFGE (see Figure 27). This result is supported by the fact that smc6-
P4 ymms2A4 mutant cells show a reduced level of SCJs compared to sze6-P4 single mutant,
which correlates with a better growth on MMS plates (Choi et al., 2010). Therefore, prevent-

ing SCJ formation is beneficial when the function of the Smc5/6 complex is compromised.

The accumulation of SCJs in sz¢5/6 mutants might be due to the inability to prevent
their appearance (anti-recombinogenic) or to resolve them. It has been proposed that Sme5/6
modulates Mph1 to prevent recombination at blocked forks and/or that the complex helps to
resolve recombination structures formed by Mphl. Interestingly, MPH7 deletion suppresses
the lethality of s#c6 and nse2 null cells, allowing slow growth of the double mutants (Chen et
al., 2009). This indicates that a failure to prevent and/or resolve recombination structutes at

naturally occurring fork blocks could be one part of the essential role of the Smc5/6 complex.

In order to determine whether the Smc5/6 complex has a role in resolving SCJs, we de-
signed an experiment to re-activate the Smc5/6 complex after generation of SCJs. Sme5/6 reac-
tivation would affect SCJ levels only if the complex were required for their dissolution. As seen
in Figure 28, two-dimensional gel electrophoresis showed that reactivation of SMC6 allows the
removal of SCJs accumulated in s7z¢6-7 mutant cells, which correlates with an increase in chro-
mosome resolution in a PFGE (see Figure 29), and suppression of the nuclear missegregation
phenotype in szc6-1 mutant cells after an MMS pulse in G1 (see Figure 30). These results show
that the physical linkages between sister chromatids can be dissolved upon reactivation of
SMC6, indicating that the complex must have an active role in their removal. However, recent
data indicate that the Smc5/6 complex also prevents and eliminates inappropriate recombina-
tion intermediates in meiosis: Smc5/6-Nse2 antagonises rogue joint molecules via two mecha-
nisms: destabilising early intermediates and resolving DNA joint molecules through coordina-

tion of DNA helicases and resolvases at D-loops and HJs, respectively (Xaver et al., 2013).
5.1.5. How does the Smc5/6 complex resolve SCJs?

Smc5/6 probably triggers a fast reaction, since chromosome tesolution is also
a relatively quick event after SMC6 reactivation (20 minutes onwards, see Figure 29).
It is worth noting that although such a reaction is most likely carried out in S phase dur-

ing a normal cell cycle, Smc5/6 can perform its function even in metaphase-arrested cells.

Sequence prediction and homology searches indicate that there is no subunit in the

Smc5/6 complex with helicase or DNA cleavage activity. This suggests that Smc5/6 most
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probably detects and signals for the removal of DNA linkages but does not catalyse the resolu-
tion reaction itself. The presence of some subunits of the Smc5/6 complex with regulatory ac-
tivity, such as Nse2 (SUMO ligase) and Nsel (ubiquitin ligase), support this idea (Doyle et al.,
2010; Zhao and Blobel, 2005). Interestingly, #se24C mutant cells display similar defects to szc6
mutant cells, which indicates that SUMOylation is also important for removing SCJs. Thus, un-
like cohesin and condensin, and in addition to its structural role on DNA, we propose that the
Smc5/6 complex assists dissolution of DNA linkages through SUMOylation of other pro-
teins. This hypothesis is supported by the fact that MMS27 reactivation resolves SCJs accumu-
lated in 7zms21-sp cells,a SUMO ligase-defective mutant, exposed to MMS (Chavez et al., 2010).
The most obvious Smc5/6 targets for the removal of DNA linkages are enzymes with DNA
cleavage activity or helicase-topoisomerase pairs. On the other hand, if the linkages are due to
unfinished replication structures, these might require either reactivation of stalled replisomes
ot help unzipping the unreplicated dsDNA. The latter could be achieved through uncoupling
of the replicative helicase and the DNA synthesis machinery. Non-replicative DNA helicases
could also have a role in resolution of unreplicated regions. Supporting this idea, it has been
proposed that FANC and BLLM could mediate resolution of unfinished intermediates during
anaphase by unzipping the unreplicated dsSDNA in mammalian cells (Naim and Rosselli, 2009).
However, it should be noted that the yeast homologue of BLM (Sgs1) appears not to be defec-
tive in gross nuclear separation (under our experimental approach), suggesting that it is unlikely
to be regulated by Smc5/6, at least in budding yeast. Besides, Sgs1 is not SUMOylated by Nse2
in yeast (Branzei et al., 2006). Given the plethora of telomere proteins SUMOylated by Nse2 in
humans (Potts and Yu, 2007), it is highly probable that the Smc5/6 complex will regulate more
than one target for the removal of chromosome linkages. Based on this, further work will be

required to identify the relevant targets of the Smc5/6 complex in chromosome resolution.
5.2. Characterization of the Nse2 SUMO ligase activity regulation

Although multiple experiments have demonstrated that Nse2 is an E3 SUMO ligase
essential for the maintenance of genome stability, and most of its substrates, including the
Smc5/6 and cohesin complexes, play important roles in chromosome segregation and repair
(Stephan et al., 2011b), little is known about how the activity of this enzyme is regulated and
which factors control its ability to transter SUMO.

5.2.1. Nse2 docking to Smc5 is required for the Smc5/6 complex
SUMOylation and DNA damage repair

Since the initial description of Nse2 as a SUMO ligase, several subunits of the Smc5/6
complex have been shown to be SUMOylated in different organisms: Smc5 and Nse2 in
budding yeast (Zhao and Blobel, 2005); Nse2, Nse3, Nse4 and Smc6 in fission yeast (An-
drews et al., 2005; Pebernard et al., 2008b); Nse2 and Smc6 in humans (Potts and Yu, 2005).
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As seen in Figure 32, Smc5, Smc6, Nse2, Nse3 and Nse4 are all SUMOylated. In con-
trast, Nsel, Nse5 and Nse6 are either not SUMO targets, or are modified at levels that are not
detectable in our pull-down analysis. As previously described, Smc5 and Nse4 are SUMOylated
in an Nse2-dependent manner (see Figure 33). Interestingly, although Smc6 had been proposed
not to be a target of Nse2 (Takahashi et al., 2008), in our hands, the SUMOylation of Smc6 is
highly Nse2-dependent (see Figure 33). It is worth noting that, in response to MMS-induced
DNA damage, an increase of the SUMOylation levels is detected, which suggests a further ac-
tivation of the SUMO ligase activity in response to DNA damage (see below for more details).

nse2AC mutant cells show increased levels of some SUMO conjugates. This effect might
be a response to endogenous DNA damage present in this background. This idea is sup-
ported by the fact that zms21As/ and mms21-11 cells, which are SUMO ligase-defective mu-
tants, show slow growth, similar to 7se2AC cells, spontaneous activation of the DNA dam-
age checkpoint and an enhanced frequency of chromosome breakage (Rai et al., 2011). In
order to circumvent this problem, we used the auxin-induced degradation of Nse2, which
allows rapid and reversible degradation of target proteins in response to auxin (indole-3-ace-
tic; IAA) (Nishimura et al., 2009). nse2-AID mutant cells are sensitive to auxin, which in-
dicates that the degradation is strong enough to compromise the viability of the cell (see
Figure 34); and show reduced levels of Smc5 and Smc6 SUMOylation in the presence of
auxin, without displaying the up-regulation of SUMO conjugates seen in the #se24C mutant.

To test the relationship between the docking state of Nse2 to the Smc5/6 complex
and its DNA repair function, we constructed the zse2-5BD mutant allele (P9A, V12A, L14A,
H15A, L25A, L30A), which has been previously shown to disturb the interaction with Smc5
(Duan et al., 2009a). Combining the nse2-AID allele with the ectopic expression of the 7se2-
5BD mutant protein, allowed us to conclude that Nse2 cannot promote Smc6 SUMOylation
and DNA damage repair when it is not bound to Smc5 (see Figure 35). Although this result is
in accordance with the hypothesis that Nse2 docks to Smc5 to reach its chromatin-associated
substrates (Ulrich, 2014), one possible caveat to the approach used above is that the same
mutations that prevent Nse2 docking to Smc5 might hinder its direct interaction with other
targets. To address this issue, my laboratory colleagues replaced specific residues within the
coiled coil domain of the Smc5 protein to disrupt its binding to the SUMO ligase without
affecting the NSEZ2 gene. Using this approach we could confirm that the function of Nse2

in DNA repair and chromosome segregation requires its binding to the Smc5/6 complex.
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5.2.2. The phenotype of #5¢21C mutant cells is suppressed by its fusion to
Ubc9

Ubc9, an SUMO E2 conjugating enzyme, can directly transfer SUMO to its targets. This
occurs by direct interaction between Ubc9 and its substrates, most typically through recogni-
tion of a SUMOylation consensus motif (YKXE, where ¥ represents a hydrophobic amino
acid and X any amino acid). However, SUMOylation of most proteins in budding yeast re-
quires the presence of a SUMO E3 ligase. This is manifested by the observation that a double
deletion of the E3 ligases SIZ7 and S1Z2 leads to extremely low levels of SUMO conjugates
(see Figure 33). In the case of substrates that directly interact with Ubc9, the presence of an
E3 SUMO ligase might promote the correct orientation of the Ubc9-SUMO thioester for
catalysis, as is the case for RanBP2 (Reverter and Lima, 2005). In other cases, such as the
Siz/PIAS-dependent SUMOylation of PCNA, the E3 establishes additional contacts with the
substrate (Yunus and Lima, 2009), a situation that might be especially relevant for SUMOyla-
tion of lysines that are not part of a consensus motif. As seen in Figure 35, SUMOylation of
Smc5/6 subunits requires binding of the Nse2 to its substrate, what indicates that Nse2 most
probably promotes SUMOylation by recruiting Ubc9 through its Siz/PIAS (SP)-RING do-
main and by promoting the formation of an E2-SUMO-E3-target complex. Supporting this
idea, we have observed that the DNA repair deficiency and low Smc5 SUMOylation levels in
nse2AC mutant cells can be suppressed by its fusion to Ubc9 (see Figure 37), indicating that
the main function of the Siz/PIAS (SP)-RING domain is the recruitment of the E2 enzyme.

5.2.3. Nse2-mediated SUMOylation requires an active and intact Smc5/6
complex

The previous observations suggest that Nse2 binds to the Smc5/6 complex to reach
its substrates and promote DNA repair. Yet, and more appealingly, the structural and the
SUMO-mediated signaling functions present in Smc5/6 might be coordinated to en-
hance DNA repair. Therefore, we decided to test the influence of different Smc5/6 sub-
complexes on the E3 SUMO ligase activity. Since Smc5 is a target of Nse2 (Zhao and
Blobel, 2005), the binding site for Nse2 in the complex (Duan et al., 2009a), and shows a
strong SUMOylation (see Figure 32), we used its SUMOylation levels as an iz vivo re-
porter for the activity of the Smc5/6-associated SUMO ligase. The Smc5/6 complex can
be dissected into different sub-complexes (Duan et al., 2009b), including the Smc5-Smco0,
Nsel-Nse3 and Nse5-Nse6 heterodimers, plus the Nse2 SUMO ligase and the Nse4 klei-

sin subunit. We used various approaches to analyze the contribution of each of them.

First, we studied the contribution of the Nsel-Nse3 heterodimer using the thermo-

sensitive and MMS-sensitive zse3-2 mutant allele. Co-immunoprecipitation analysis showed
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that the Smc5-Nse3 interaction is weaker in #se3-2 cells, and becomes severely impaired upon
shift to the restrictive temperature (see Figure 38). Interestingly, zse3-2 mutant cells show
reduced levels of Smc5 SUMOylation, even at the permissive temperature. However, the
Smc5-Nse2 protein interaction is not affected in nse3-2 cells (see Figure 38), indicating that

binding of a functional Nse3 to Smc5 is required for the SUMO ligase activation 7 vivo.

Second, we tested the contribution of Nse5. It has been described that Nse5 interacts
with Ubc9 (SUMO E2), Siz2 (SUMO E3), and Smt3 (SUMO) by two hybrid studies (Hazbun
et al., 2003). Like nse3-2, the nse5-2 allele is also impaired in most Smc5/6 functions, including
MMS repair, IDNA segregation and nucleolar exclusion of recombination factors (Torres-Ro-
sell et al., 2007a). nse5-2 mutant protein interacts weakly with Smc5, even at the permissive tem-
perature, while the Smc5-Nse2 interaction is not affected in #se5-2 cells (see Figure 39). In spite
of normal binding of Nse2 to Smc5, a severe impairment in Smc5 SUMOylation is observed
in zse5-2 mutant cells. These observations indicate that proper recruitment of Nse5 to Smc5/6
is required for the SUMO ligase activity of Nse2. These results are supported by the fact that,
nse5-1 mutant cells also show reduced levels of Smc5 SUMOylation (Bustard et al., 2012).

Third, we tested the contribution of Smc6. Repression of SMC6 expression leads to
a drastic reduction in Smc5 SUMOylation (see Figure 40). Co-immunoprecipitation analysis
showed the Nse2 still binds to Smc5 under these conditions, although there is a substantial
reduction in total Nse2 protein levels. Similar behaviour has been reported in DT40 cells,
where down-regulation of SMC5 leads to a reduction of Smc6 and Nse2, which suggests
that the intracellular abundance of different Smc5/6 subunits might be co-regulated. Inter-
estingly though, the SUMO ligase activity of Nse2 could not be restored to wild type levels
by the expression of the hypomorphic sz6-7 allele (see Figure 40). Therefore, since neither
the Nse2 protein levels nor its interaction with Smc5 are affected in s26-7 mutant cells, these

results indicate that the Nse2 SUMO ligase is not active when SMC6 function is impaired.

Fourth, we found that the auxin-induced destruction of specific Smc5/6 subunits, such
as Nse4, Nseb, and Nse6, leads to a rapid loss of Smc5 SUMOylation (see Figure 41), which

reinforces the idea that the integrity of the Smc5/6 complex is required for Nse2 activation.

Finally, we checked the contribution of different Smc5/6 subunits to the SUMOylation
of cohesin. As seen in Figure 42, Smcl and Smc3 SUMOylation levels are lower in #se2AC
mutant cells than in wild type cells; Smc3 SUMOylation is lower when the expression of
SMC6 is compromised; and Smc3 SUMOylation levels also decrease in nse5-2 mutant cells.
Therefore, hypomorphic alleles of the Smc5/6 complex, which lower the E3 activity of Nse2
towards Smc5, also prevent Nse2-dependent modification of cohesin subunits, which indi-

cates that these requirements can be extended to other targets outside the Smc5/6 complex.
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In summary, our observations indicate that inactivation of the Nsel-Nse3, the Nse5-
Nse6 heterodimer, the Nse4 kleisin subunit or Smc6 all lead to reduced levels of Nse2-
dependent SUMOylation. Therefore, an active and intact Smc5/6 complex is required for
the activity of its associated SUMO ligase. Our results suggest that the Smc5/6 complex
functions as a giant SUMO E3 enzyme, and the different sub-entities present in the Smc5/6
complex are required for SUMOylation of Nse2 targets. We hypothesise that the non-SMC
elements, as well as Smc0, could directly participate in Nse2 activation as we have shown
here for Smc5. A second possibility is that the zse mutants analysed might diminish the
ATPase activity of the complex. For example, the kleisin subunit in the cohesin complex
is known to regulate the ATPase activity of the SMC heads (Arumugam et al., 20006), and
loss of Nse4 could block Smc5/6 in an analogous mannet. A third option is that zse mal-
function might indirectly diminish the ATPase activity by precluding Smc5/6 recruitment to
damaged DNA (Bustard et al.,, 2012). It has been proposed that the Nse5-Nse6 sub-com-
plex might regulate chromatin association of Smc5/6 through opening of the Smc5-Smc6
hinge interface (Duan et al., 2009b), analogously to what occurs during chromatin loading
of cohesin (Gruber et al., 2000). Interestingly, Nse5 is known to directly interact with pro-
teins of the SUMO pathway, including Ubc9 and SUMO (Bustard et al., 2012; Hazbun et al.,
2003); therefore, it is tempting to speculate that this sub-complex might play specific roles
in SUMO conjugation through recruitment of Ubc9. Still, it is worth noting that Nse2 re-
mains bound to Smc5 (despite down-regulation of Smc5 SUMOylation) in all the thermosen-

sitive sz2c5/6 mutants tested; indicating that further steps are required of activation of Nse2.
5.2.4. Esc2 promotes the SUMO ligase activity of Nse2

It is widely accepted that Esc2 may function within the Nse2-dependent SUMOylation
pathway. Both NSEZ2 and ESC2 suppress duplication-mediated gross chromosomal rearrange-
ments (GCRs), are epistatic with each other (Albuquerque et al., 2013), and prevent the accu-
mulation of SCJs at damaged forks (Choi et al., 2010; Mankouri et al., 2009; Sollier et al., 2009).

As seen in Figure 43, Esc2 interacts with the Smc5/6 complex 7z vivo and promotes the
SUMO ligase activity of Nse2. This result is corroborated by a preliminary study conducted
in 8. pombe (Boddy et al., 2003) where they described the interaction between Esc2 and the
Smc5/6 complex. Similar to the impairment in Smc5 SUMOylation shown in this study, it has
been described that Esc2 is required for efficient SUMOylation of Nse2-targets outside the
Smc5/6 complex, such as Rpal35, Smcl, Smc3, Smc2 and Smc4 (RNA pol I, cohesin and
condensin, respectively), which reinforces the idea that Esc2 positively regulates Nse2 activity
n vivo (Albuquerque et al., 2013). In S. pombe, it has been proposed that Esc2 could bring Ubc9-
SUMO thioester species into proximity with the Nse2 SUMO E3 ligase to facilitate target
SUMOylation through transient interaction with the Smc5/6 complex (Prudden et al., 2011).
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The transient interaction between Esc2 and the Smc5/6 complex might regulate the ability of
Nse2 to transfer SUMO to its substrates, thereby preventing Nse2-dependent hyperSUMOyla-
tion due to the constitutive recruitment of the E3 SUMO ligase to the Smc5/6 complex.

5.2.5. The ATPase function of Smc5 is required for Nse2-dependent
SUMOylation

Since the essential function of SMC complexes in chromosome maintenance requires
the ATPase activity of its SMC subunits, we decided to introduce specific mutations in the
walker A and walker B nucleotide binding domains of Smc5 (K751 or D1014A, respectively)
to weaken its interaction with ATP and block its ATPase activity (Arumugam et al., 2003; Hi-
rano et al., 2001). As previously described, we observed that the ATPase mutations in SMC5
are lethal (Roy et al., 2011), underlining the essential function of the ATPase in chromosome
maintenance. Nse2 binds with similar efficiency to swe5(K751) or sme5(D1014.4) mutant pro-
teins compared to wild type Smc5, which indicates that there is no ATP-dependent modulation
of the Smc5-Nse2 interaction. However, SUMOylation of the ATPase-defective sz¢5 proteins
was almost undetectable (see Figure 44), showing that they are not modified by their accompa-
nying E3. The SUMOylation deficiency observed in cells expressing szz¢5(K751) mutant protein
also affects other subunits in the complex, such as the kleisin subunit, as well as the cohesin
complex (data not shown). Therefore, the ATPase activity of Smc5 is required for the SUMO
ligase activity of Nse2. This effect does not seem to stem from diminished recruitment to
chromatin, since 7 vitro experiments showed that Smc5 binds efficiently to DNA in the ab-
sence of ATP (Roy et al., 2011), and we did not observe alterations in the 7z vivo chromatin

binding of s#¢5 ATPase mutant proteins using a chromatin fractionation assay (see Figure 44).

Importantly, the fact that the constitutive recruitment of Ubc9 to Nse2 is not able to
SUMOylate the s7¢5(K751) mutant protein indicates that the ATPase activity of Smc5 is re-
quired for activation of the Nse2-dependent branch of the SUMO pathway, after E2 recruit-
ment (see Figure 45). Although the Siz/PIAS (SP)-RING domain of Nse2 may fail to interact
with the E2 when Smc5 is not bound to ATP, we think that this possibility is unlikely, because
an BE3-E2 fusion, also still requires the ATPase function for SUMOylation. Therefore, Nse2
must be held in an inactive state. This could encompass various situations, ranging from the
incapacity to properly orient the Ubc9-SUMO thioester species, the trapping of the molecule
in a transition state for SUMOylation, or the direct inhibition of Ubc9 activity. A more detailed
understanding of the Nse2-Ubc9-SUMO interaction structure, as well as the participation of
Smc5/6 structural elements will be required to understand this issue. In conclusion, we pro-
pose that the Smc5/6 complex functions as a giant SUMO E3 enzyme that requires: (i) Esc2,

(i) a functional and intact complex, and (iii) the ATPase activity of Smc5.
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5.2.6. How could Nse2 sense ATP binding by Smc5?

The SUMO ligase binds in the middle of the coiled coil domain of Smc5. Based on
the structure of the Nse2-Smc5 interaction (Duan et al., 2009a), and the length of the coiled
coil, Nse2 most likely docks at a distance of 16-24 nm from the ATPase heads. It is possi-
ble that the communication between the ATPase heads and the SUMO ligase is propagated
through conformational changes in the Smc5-Nse2 molecule. In collaboration with Dr. Claire
Wyman (Rotterdam, Netherlands) we performed atomic force microscopy experiments, which
revealed that ATP binding provokes a conformational change leading to more compacted
SMC molecules characterized by increased height. These ATP-dependent conformational

changes may well involve the coiled coil domain, including the SUMO ligase bound to it.

The coiled coil domains in SMC proteins display a wide variety of conformations, most
probably due to the presence of kinks at specific disruptions in these domains (Yoshimura
et al., 2002). The coiled coil flexibility in SMC proteins might be important to accommodate
chromatin fibres inside the ring structure, and it might also help to bring different domains of
the molecule into closer contact (Mc et al., 2007). ATPases are known to couple ATP binding
and hydrolysis to mechanical work, and coiled coil domains can transmit this information to
other regions of the molecule (Carter et al., 2008; Kinoshita et al., 2009). In the case of dy-
nein, the communication is enabled by a change in the registry of the two short alpha-helical
chains in the coiled coils (Carter et al., 2008). Other possibilities include the rotation of the
ATPase heads along the coiled coil axis, as is the case for Rad50 (Hopfner et al., 2000), or
folding of the molecule at specific articulated disruptions, as has been hypothesized for the
cohesin complex (Gruber et al., 2000). It is therefore likely that the communication between
the ATPase heads and the SUMO ligase is propagated through conformational changes in the
Smc5/6-Nse2 molecule involving the coiled coil domains. In relation to the latter, we have ob-
served that the conserved proline residues in the coiled coil disruptions of Smc5 are required
for full activation of Nse2. Mutations of these residues to glutamic acid prevent the activation
of the SUMO ligase and proper repair of MMS-induced damage. Overall, these observa-
tions strongly support the idea that ATP hydrolysis provokes a conformational change that is
propagated along the coiled coils, and this allows activation of its accompanying SUMO ligase.
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5.3. Characterization of the Smc5/6 complex SUMOylation in response to
DNA damage

Previous sections emphasize the importance of the intimate relationship between the
Nse2 SUMO ligase and its binding site, the Smc5/6 complex. The Nse2 branch of the SUMO
pathway and the Smc5/6 complex are both requited to prevent the accumulation and pro-
mote the removal of pathological replication-dependent recombinogenic structures at dam-
aged forks (Bermudez-Lopez et al., 2010; Branzei et al., 2006; Chen et al., 2009; Chen et
al., 2013; Sollier et al., 2009; Yong-Gonzales et al., 2012). Similatly, in meiosis the Smc5/6
complex is also required to properly control the production and removal of recombina-

tion intermediates (Copsey et al., 2013; Wehrkamp-Richter et al., 2012; Xaver et al., 2013).

MMS-induced DNA damage provokes an increase in the SUMOylation levels of all
the SUMOylated subunits in the Smc5/6 complex (Figure 32), which reflects a further acti-
vation of Nse2. This is in accordance with the fact that the Nse2-dependent SUMOylation
is required to promote resolution of SCJs that appear during perturbed DNA replication
(Bermudez-Lopez et al., 2010; Chavez et al., 2010). Interestingly, RAD52 deletion, which re-
duces the accumulation of SCJs (Branzei et al., 2000), prevents the MMS-induced SUMOyla-
tion of Smc5 (Figure 47). This indicates that the SUMO ligase activity of Nse2 is enhanced
by the presence of SCJs generated during the DNA damage bypass and replication fork re-
covery process. Based on this, deleting SHU, MMS2 and MPHT (factors that promote SC]J
formation in the presence of MMS-induced DNA damage) might have the same effect.

In S. pombe, the Smc5/6 complex is recruited to stalled replication forks and is proposed
to play a role during HU-induced replication fork stalling by maintaining fork conformation,
allowing the loading of homologous recombination factors, such as Rad52 and replication
factor A (Ampatzidou et al., 2006; Irmisch et al., 2009). In budding yeast, recruitment of
the Smc5/6 complex has been detected only at HU-stalled replication forks in checkpoint-
deficient (rad53 mull) cells, where stalling leads to fork collapse (Bustard et al., 2012; Lindroos
et al., 20006). As seen in Figure 48, Smc5 SUMOylation increases in response to HU in rad53
null cells (Figure 48), which indicates that the SUMO ligase activity of Nse2 increases most
likely in response to SCJ formation due to replication fork collapse. This result is supported
by the fact that Nse4 SUMOylation increases also in response to HU in rad53 null cells in
S. pombe (Pebernard et al., 2008b). Altogether, these results indicate that the SUMO ligase
activity of Nse2 is enhanced in response to SCJs produced at damaged replication forks.

179



Discussion
. |

5.4. Identification of the Smc5 SUMOylation sites

Since Smc5 is a target of Nse2 (Zhao and Blobel, 2005), the binding site for Nse2 in the
complex (Duan et al., 2009a), and shows a strong SUMOylation (see Figure 32), we decided to
determine its SUMOylation sites.

In order to predict the SUMOylation sites of Smc5, the sequence was first analyzed
with SUMOsp 2.0, which is a SUMOylation site prediction program based on Ubc9 consen-
sus motifs and previously identified SUMOylation sites (Ren et al., 2009). As seen in Figure
49, the program identified 17 putative lysines in Smc5, one located in the ATPase domain
of Smc5 (K31) and 16 distributed throughout the rest of the protein. In order to prevent
the SUMOylation, all putative lysines (K), but K31, were mutated to arginine (R). As seen in
Figure 49, sm¢5(K-16-R) shows the same SUMOylation pattern as wild type Smc5, which indi-
cates that Smc5 is not SUMOylated at Ubc9 consensus sites. This result is in accordance with
the fact that a number of proteins not subject to SUMOylation contain this motif, and other
physiological targets of SUMOylation are not SUMOylated on this consensus motif (Wilkin-
son and Henley, 2010), which limits the accuracy of SUMOylation site prediction programs.

Next, we decided to mutate all lysines present in Smc5, but K75 which is necessary
for ATPase function, generating the smc5(K-all-R). As expected, this mutant allele is not SU-
MOylated and it is not able to complement the lack of expression of the endogenous wild
type SMC5, which indicates that this mutant is not viable. Afterwards, we decided to mu-
tate the lysines present in each domain separetely. As seen in Figure 52, mutating the lysines
in the nucleotide binding domains, walker A (wzc5(wa K-R)) or walker B (sme5(wb K-R)),
showed a discrete but reproducible slow growth in MMS and a slight global reduction in
the SUMOylation levels with the same band pattern. This suggests that the mutations in-
serted in the nucleotide binding domains of Smc5 might have a minor deleterious effect
on the ATPase activity of Smc5, which could compromise the Nse2 SUMO ligase activi-
ty, provoking a global down-regulation of Smc5 SUMOylation. However, this effect must
be very small because these mutants are viable and the ATPase activity of Smc5 is essen-
tial for the viability of the cell (Roy et al., 2011). Finally, the combination of sme5 (el K-R),
smes(ee2 K-R) and sme5 (ec1,2 K-R) allowed us to demonstrate that Smc5 is SUMOylated in both
coiled coils, and the lack of SUMOylation in both domains renders cells sensitive to MMS.

Since Smc5/6 is recruited to DSBs to promote sister chromatid recombination in bud-
ding yeast (de et al., 2006) , we decided to test whether the recruitment of the sme5(ecl,2
K-R) to an HO endonuclease-mediated DSB was affected. As seen in Figure 53, the recruit-
ment of the w5 (ecl,2 K-K) is impaired, which indicates that Smc5 SUMOylation could be

necessary for the recruitment onto DNA upon damage. Although these results are in ac-
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cordance with the fact that zse5-7 mutant cells, which display a strong impairment of Smc5
SUMOylation, show a reduced recruitment of Smc5/6 to stalled forks by HU (Bustard
et al., 2012), we must be very critical with this result because the s¢5(ec1,2 K-R) has many
lysines mutated to arginine, which could be provoking a significant structural change able
to affect its DNA binding independently of SUMOylation. Further studies will be required
to identify the specific lysines required for Smc5 SUMOylation and analyse its phenotype.

5.5. The role of the Smc5/6 complex in chromosome topology

The Smc5/6 complex has been strongly associated with DNA repair. However, several
lines of evidence indicate that it could also influence chromosome topology. First, ChIP-
on-chip analysis shows that the Smc5/6 complex associates with all chromosomes duting
DNA replication, and the frequency of Smc5/6 chromosome arm-binding sites increases with
chromosome length (Lindroos et al., 2000). Second, s7¢5/6 hypomorphic alleles show a late
replication delay that specifically affects longer chromosomes (Kegel et al., 2011), a pheno-
type that is also detected in cells lacking functional Topl (Wang, 2002). Third, the amount
of chromosomal-associated Smc5/6 increases in #p2-4 mutants (Kegel et al., 2011). Fourth,
the fission yeast szc6-74 mutant is synthetically lethal with temperature sensitive 7gp2-797 at
semipermissive temperatures (Verkade et al., 1999). Finally, the Smc5/6 complex is required
for on-time progression of DNA replication and subsequent binding of Topo Ila onto

replicated chromatids in mammalian cells (Gallego-Paez et al., 2014; Gomez et al., 2013).

Linked to this, it has been proposed that the Smc5/6 complex assists replica-
tion fork rotation, preventing the accumulation of positive supercoils ahead of the rep-
lication machinery (Kegel et al, 2011). If this is true, a non-functional smec5/6 com-
plex would reduce the ability of the replication fork to rotate along the axis of the
DNA, leading to an accumulation of positive supercoiling ahead of the replication ma-

chinery and a decrease in the formation of precatenanes behind the replication fork.

To test this, we analysed the topological status of the pRS376 plasmid after one round of
replication in the absence of Top2 and Smc5/6 function. As seen in Figure 56, one-dimensional
gel electrophoresis shows that zop2-td and top2-td sme6-9 mutant cells both accumulate catenated
dimers. Interestingly, the amount of supercoiled catenated dimers is slightly decreased in 7gp2-
td sme6-9 mutant cells compared to fgp2-#d cells. The amount of supercoiled catenated dimers
could be affected either by DNA replication problems or by nicking of the sample during
DNA extraction. Therefore, one-dimensional gel electrophoresis analysis is not reliable. In or-
der to circumvent this problem, we decided to resolve the catenanes according to their catena-
tion number regarding any contribution of supercoiling state or accidental nicking. To do this,

DNA samples were treated with a nicking endonuclease enzyme to relax all catenated dimers
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and samples were then subjected to two-dimensional gel electrophoresis analysis. Surprisingly,
when the catenane distribution was determined, there was no difference using two different
approaches to inactivate Top2 function (top2-td and top2-4) (see Figure 56 and Figure 57). This

data indicates that swivelling of the replisome is not affected, at least in s7¢6-9 mutant cells.

Since the previous findings do not support what has been previously published (Keg-
el et al.,, 2011), we decided to characterize the same s7c5/6 mutant that the authors used,
the s#¢6-56 hypomorphic allele. As seen in Figure 58, #p2-4 smc6-56 mutant cells also show
the same catenane distribution as #zgp2-4 cells. These data are directly contradictory to what
was proposed by Kegel and colleagues. One possible explanation is that they based their
conclusion on the global amount of supercoiled catenanes seen in a one-dimensional gel
electrophoresis. The one-dimensional gel in our hands replicates what was published; un-
fortunately the additional analysis possible only through the two-dimensional gel electropho-
resis brings to the opposite conclusion -that catenane distribution is not affected by s#c6-9
or sme6-56 mutants. Surprisingly, the highly compromised s7zc5-4 hypomorphic allele in fact
shows a higher accumulation of catenanes in the same system, which indicates that Smc5/6
might have the opposite role, preventing unscheduled replication fork swivelling. Given
the discrepancy between our results and the published data, further work will be required

to fully understand the contribution of the Smc5/6 complex to chromosome topology.
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Conclusions
]

1) sme5/ 6 mutants accumulate sister chromatid junctions (SCJs) during replication in
the presence of methyl methanesulfonate (MMS).

2) A 30 minute pulse of 0.01% MMS in G1 does not affect cell cycle progression in

wild type cells.
3) sme5/ 6 mutants display genome segregation defects after an MMS pulse.
4) sme5/ 6 mutants accumulate SCJs and unfinished replication intermediates after an
MMS pulse.
5) Suppression of SCJ formation is beneficial when Smc5/6 function is compromised.
0) The Smc5/6 complex promotes resolution of sister chromatid junctions.

7) The Nse2-Smc5 interaction is required for SUMOylation of Nse2 targets.

8) The main function of the Siz/PIAS (SP)-RING domain of Nse2 is to recruit Ubc9.
9) Nse2-mediated SUMOylation requires an active and intact Smc5/6 complex.

10) Esc2 promotes Nse2-dependent SUMOylation.

11) The ATPase function of Smc5 is part of the ligase mechanism that triggers
SUMOylation via Nse2.

12) Up-regulation of Smc5 SUMOylation upon DNA damage depends on an active
homologous recombination pathway.

13) Smc5 SUMOylation in both coiled coils is important for its recruitment to DSBs.

14)  Two-dimensional gel electrophoresis revealed that s7z¢6 mutants cells do not alter
catenane formation.

15) smed-4 top2 mutant cells accumulate more catenanes compared to single #gp2 mutant
cells.
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