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ABSTRACT

DNA double-strand breaks (DSBs) are considered the most
deleterious lesions of DNA and they are repaired by means of two
main mechanisms: homologous recombination (HR) and non-
homologous end-joining (NHEJ). These mechanisms are
regulated throughout the cell cycle being HR restricted to the S/G2
phases while NHEJ is active during the different phases of the cell
cycle. Here | presented evidence of NHEJ regulation by CDK
phosphorylation of one of the key proteins of the NHEJ repair
pathway, Yku80. Yku80 is phosphorylated both in vitro and in vivo
by the CDK Pho85 in association with the G1 cyclin Pcl1. A non-
phosphorylatable version of Yku80 (yku80-S623A) shows
increased NHEJ activity, reduced HR events and higher sensitivity
upon bleomycin treatment, a DSB-inducing agent, specifically
when DNA damage was induced during the G2 phase of the cell
cycle. Interestingly, the overexpression of the non-
phosphorylatable version of human Ku80 (Ku80T%2°4) increased
bleomycin sensitivity in different cancer lines suggesting Ku80
phosphorylation and its role in DSB repair regulation might be
conserved. Thus, the results presented in this work provide
evidence of a new mechanism to regulate DSB repair pathway

choice by CDK-mediated phosphorylation of Yku80.
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Introduction

1. Saccharomyces cerevisiae as a genetic model

Yeast are eukaryotic microorganisms categorised within
the fungi kingdom, where more than 70,000 species have been
described. However, high-throughput sequencing techniques
have estimated that around 5.1 million fungal species may exist
(Blackwell, 2011), proving the high diversity amongst them.
Focusing on yeast cells, they are always unicellular
microorganisms with a cell architecture and functional
characteristics similar to higher eukaryotes. The main biological

processes are also conserved throughout.

Golgi aparatus

Cell wall Vesicles

Vacuole

; Nucleus
Plasmatic

membrane
Mitochondrion

Fig. 1. Schematic diagram of a yeast cell

Some yeast species wused mainly for research are
Schizosaccharomyces pombe (S. pombe), Candida albicans
(C.albicans), Ashbya gossypii (A. gossypii) and Saccharomyces

cerevisiae (S.cerevisiae).
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Amongst the named species, one of the most popular yeast
species used in industry as well as in research laboratories is
Saccharomyces cerevisiae (S. cerevisiae). S. cerevisiae was the
first eukaryotic organism whose its complete genome was

sequenced (16 chromosomes) (Goffeau et al. , 1997).

Cell division
and
cell cycle
DNA replication,
Stress response transcripton and

translation

DNA damage response

Biosynthetic pathways :
and repair

Signal transduction
pathway

Fig. 2. The main conserved biological processes in yeast.

S. cerevisiae is considered a well-established model organism for
all the right reasons: it is a unicellular organism less complex than
higher eukaryotes but in which main biological processes such as
cell division and cell cycle, DNA replication, recombination and
repair and stress response amongst others are conserved. Its
genome is smaller than higher eukaryotes and simpler to
manipulate. On top of that, yeast can carry drug resistance,
auxotrophic markers, and reporter genes, excellent tools for
genetic and biochemical studies. Basically, the elegance of yeast
genetics and the percentage of homology with higher eukaryotes
and the basic cell processes made S. cerevisiae a widely

recommended model organism for research.



Introduction

2. Genome integrity and DNA repair

2.1 The importance of maintaining genome integrity

The DNA is the identity of every single organism and
preserving its integrity becomes crucial for cell survival and the
proper functioning of the cell.
The human genome contains 35,000 genes in approximately
three billion base pairs and it is been estimated that a cell can
experience up to 10° molecular lesions every day (Lindahl and
Barnes, 2000). Consequently, cells face genomic instability and

so have developed different mechanisms to repair DNA damage.

2.2. Sources of DNA damage

There are several DNA damage agents that can lead to
genome instability. The source of this damage can be either
endogenous or exogenous. One of the main endogenous sources
of DNA damage for the cell is DNA replication. During replication,
fork stalling and collapse can occur and as a result, DNA breaks
(Branzei and Foiani, 2010). Moreover, the cell can experience the
insertion, deletion or mismatch of nucleotides. As endogenous
sources of DNA damage, genomic integrity can also be
threatened by metabolic bioproducts such as reactive oxygen
species (ROS) or reactive nitrogen species (RNS) which can
oxidise DNA and generate transversion mutations (De Bont and
van Larebeke, 2004).

Probably the most dangerous exogenous factor which
induces DNA damage and one to which we are exposed daily is

ultraviolet radiation (UV). UV radiation causes pyrimidine dimers
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and cyclobutene pyrimidine dimers (Yu and Lee, 2017). These
modifications result in changes in DNA structure, distorting the
DNA double helix. This change of structure has a repercussion in
DNA replication and transcription, resulting in DNA mutations or
breaks.

The next exogenous DNA damage agent of note is ionising
radiation (IR). The energy from this radiation detaches electrons
from molecules. Gamma rays and X-rays are classified as IR and
both lead to mainly DNA single and double-strand breaks (SSBs
and DSBs) (Goodhead, Thacker and Cox, 1993; Dianov, O’Neill
and Goodhead, 2001).

Finally, a wide range of drugs can mimic the effect of the
DNA agents mentioned above causing induced damage.
4-Nitroquinoline 1-oxide (4-NQO) is considered a UV-mimetic
drug. Once 4-NQO is metabolised in the cell, it reacts with the
DNA molecule and forms adducts which are responsible for its
mutagenicity (Kohda et al., 1991; Arima et al., 2006). Alkylating
agents such us methyl-methane sulfonate (MMS) or ethyl-
methane sulfonate (EMS) originate nucleobase modifications by
adding an alkyl group. Some of the consequences are
nucleobases mismatch, blocking of replication machinery and at
the time, SSDBs or DSBs.

Finally, hydroxyurea (HU) is another widely used drug
which inhibits the ribonucleotide reductase enzyme affecting DNA
replication (Singh and Xu, 2016).
4-NQO, MMS and HU are mainly used for research to try and
replicate the different damages a cell can undergo on a daily

basis.
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In addition, there are drugs used as chemotherapeutic

treatment for different types of cancer that lead to different DNA
lesions with DSBs being the most common. For this reason, they
are also assayed in research.
Bleomycin is a chemotherapeutic agent that binds transition
metals and oxygen, generating its activated form which interacts
with pyrimidine bases causing mainly DSBs (Chen and Stubbe,
2005).

Cross-linking agents like cisplatin when reacting with purine
bases cause intra-strand crosslinks and, to a lesser extent inter-
strand crosslinks (Basu and Krishnamurthy, 2010). These
crosslinks will later interfere with the DNA replication machinery of
the cell causing fork stalling and eventually leading to DSBs.

Bearing in mind all the details described above of the
different sources and types of DNA damage, it is vitally important
for the cells to sense, signal and repair every possible form of DNA
damage to avoid compromising cell survival.

If DNA damage is not repaired and accumulates it can
cause chromosome fusion, mutations and even loss of physical
continuity of the genome which are considered some of the

hallmarks of cancer (Hanahan and Weinberg, 2011).

3. DNA repair mechanisms based on the damage
DNA repair mechanisms have evolved to detect and repair
every type of damage caused in the molecule. The cell has come
up with a variety of mechanisms to repair the damage based on
its type and requirements, attempting to avoid any harmful

changes in the information stored in the DNA sequence (Fig. 3).
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Fig. 3. Sources of DNA damage and types of DNA lesions.

As previously mentioned, there are different types of DNA
damage and even though | will be focusing on DSBs in the
following sections, it is worth briefly mentioning all the repair
mechanisms intervening in the cell. This is important because
DNA repair pathways can be interconnected and the crosstalk
between them is crucial to ensure genome integrity.

3.1 Excision repair mechanisms
As | mentioned in the previous sections, there are several
toxic metabolites produced by the cell which threaten DNA

stability by causing spontaneous damage. Nucleobase oxidation
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and alkylation are some of the most common consequences of
spontaneous damage within the cell and also drug treatment.

The majority of these base modifications are cleared by three
excision repair mechanisms: base excision repair (BER),

nucleotide excision repair (NER) and mismatch repair (MMR)
(Fig.4).

ROS, RNS Chemicals
Alkylating agents uv
X-Rays Alkylating agents Replication errors

L OFOAMEARA NANMARAT

BER NER MMR

Fig. 4. DNA direct repair mechanisms. Schematic representation of DNA
damage sources, the DNA lesions and the DNA direct repair mechanisms
that repair the damage: Base Excision Repair (BER), Nucleotide Excision
Repair (NR) and Mismatch repair (MMR).

3.1.1 Base excision repair

BER is a process that corrects small DNA lesions that have
minorly distorted the DNA helix structure. First, a DNA glycosylase
recognises the altered nucleotide and binds selectively to cleave
the N-glycosylic bond between the base and the sugar. As a result
of the cleavage, an abasic site (AP) is generated and processed
straight away by an AP lyase (Eide et al.,, 1996). An AP
endonuclease incises the DNA backbone 5’ leaving a 3'-OH and
5"-deoxyribose-5-phosphate (5’-dRP). Next, the DNA polymerase

¢ will synthesise the missing nucleotides and Rad27 will remove
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the 5’-dRP-containing flaps after strand displacement (Wu and
Wang, 1999). Finally, Cdc9 ligates the phosphodiester backbone
(Wu, Braithwaite and Wang, 1999).

3.1.2 Nucleotide excision repair

NER pathway removes mainly bulky lesions in the DNA
caused by environmental sources such as UV radiation and
intercalating agents. After the lesion has occurred, DNA damage
is recognised by binding factors Rad14, RPA and the Rad4-Rad23
(Guzder et al., 1998). Next, the Transcription Factor IIH (TFIIH)
multiprotein complex creates a bubble structure in the helix thanks
to its helicase activity (Egly and Coin, 2011). This step is followed
by the DNA incision in both sides of the lesion by Rad2 (at 3’-side)
and Rad1-Rad10 (at 5’-side) (Habraken et al., 1993; Sung et al.,
1993; Tomkinson et al., 1993). This leads to the removal of
nucleotides (from approximately 25 to 30 nucleotides) and the
subsequent polymerization by pol €. The final step of the process

consists of ligation by Cdc9 (Wu, Braithwaite and Wang, 1999).

3.1.3 Mismatch repair

The mismatch repair pathway is responsible for removing
mispaired nucleotides as well as any insertion or deletion that may
have occurred during DNA replication and recombination. The
MutS complex (Msh2-Msh6 for small insertion/deletion
mismatches and Msh2-Msh3 for large insertion/deletion loops) is
in charge of recognising the lesions and binding the DNA (Alani et
al., 1997; laccarino et al., 1998; Marsischky et al., 1999). Upon

mismatch recognition, MutS binds to ATP and changes to a

9
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conformation with higher affinity for DNA (Hingorani, 2016). The
conformational change allows the recruitment of remaining MMR
factor such as MutL heterodimer (Mlh1-Pmsl) as MutS moves
away along the DNA (Gradia et al., 1999). The endonuclease
activity of MutL makes a nick in the DNA that is used as an entry
point for exonucleases. The excision of the mismatch occurs
followed by gap-filling by Pold (Tran, Gordenin and Resnick,
1999).

3.2 Double-strand DNA repair mechanisms

Double-strand DNA breaks (DSBs) are the most
deleterious threat to genome integrity (Malkova and Haber, 2012).
DSBs can be induced by several agents as mentioned but can
also arise from previous damage not properly repaired (Khan and
Ali, 2017). Therefore, the cell has two efficient mechanisms to take
care of these types of DNA lesions: Non-Homologous End Joining
(NHEJ) and Homologous recombination (HR) (Pannunzio,
Watanabe and Lieber, 2018) (Fig. 5).

\YAY IH YAY,
NHEJ / \HR

\YAY YAY WYA\ N\YAY
Y/ANYNY

Fig. 5. Mechanisms of DSBs repair. Schematic representation of NHEJ (re-
joining of DNA broken ends) and HR (synthesis of the missing information

using the homologous strands as a template).

10
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Here | explain the basic concepts of these two
mechanisms, though further on | will detail both processes and

how they are connected and regulated by the cell cycle.

3.2.1 Non-Homologous End Joining

NHEJ is a process where a set of proteins work together to
join and re-ligate the broken DNA ends (Haber and Moore, 1996).
It is active throughout the different stages of the cell cycle and is
regarded as an error-prone mechanism as it does not use a
complementary template to repair the damage (Heidenreich et al.,
2003).

3.2.2 Homologous Recombination

HR is a repair mechanism where a homologous DNA
sequence is used as a template to repair the missing information
(Jasin and Rothstein, 2013; Wright, Shah and Heyer, 2018). HR
is considered an error-free mechanism and it takes place only
during late S and G2 phases of the cell cycle after DNA is
replicated (Aylon, Liefshitz and Kupiec, 2004; Ira et al., 2004).
These two repair pathways are highly conserved in eukaryotes,
raising the relevance of these processes as they are crucial to
ensuring genomic stability.

4. Homologous Recombination

Homologous recombination is an elegantly orchestrated
process designed to achieve DNA repair with high fidelity,
ensuring the proper functioning of the cell.
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This pathway involves several steps starting with DNA resection,
the search for homology followed by DNA strand invasion,

synthesis, and DNA ends ligation.

4.1 HR protein core

Yeast proteins involved in HR pathway are listed in table 1 with
its correspondent homologue in humans. Of particular relevance
is the RAD52 epistasis group. The genes which belong to this
group are: RAD50, RAD51, RAD52, RAD54, RAD55, RAD57,
RAD59, RFA1l, MRE11, XRS2 and RDH54 (Paques and Haber,
1999; Xia et al., 2007). Deletion of these genes or mutations that
comprise the function of the proteins leads to a hypersensitivity to
IR and various chemical agents (Game and Mortimer, 1974).The
proteins encoded by these genes are part of the HR enzymatic
core. Especially important are Rad51 and Rad52, two proteins
without which HR could not have occurred (Game and Mortimer,
1974; Bai and Symington, 1996; Lim et al., 2020).

Table 1: HR proteins

HR role S. cerevisiae H. sapiens

Sgsl-Top3-Rmil  BLM-TOPOIlla-RMI1
Dna2 DNA2

Mrell-Rad50-Xrs2 MRE11-RAD50-NBS1

Resection
Sae2 CtIP
Exol EXO1
BRCA1
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Table 1: HR proteins

HR role S. cerevisiae H. sapiens

Anti-resection Rad9 53BP1
filament protein Rad51 RAD51
RPA RPA
RAD51B,

ekl RAD51C,RAD51D

Positive XRCC2, XRCC3
regulators of
filament
formation Rad52 RAD52
Rad54 RAD54, RAD54B
- BRCAl
- BRCA2
Negative
regulators of RPA RPA
filament Srs2 FBH1, PARI
formation
Rad54 RAD54, RAD54B
BLM, RECQ, WRN,
Sgsl
D-loop RECQ1, RECQ5
Srs2 FBH1
Sgsl1-Top3-Rmil BLM-TOPOQOIlla-RMI1
Rad1-Rad10 XFP-ERCC1
n PCNA PCNA
9 Pols Pols
Rad52, Rad59 RAD52

4.2 DNA resection
The first step required for HR is DNA resection. Unless
mentioned otherwise | will be referring to HR proteins from S.

cerevisiae.
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The earliest step in HR is the resection of one of the strands
from 5" to 3" to produce a terminal 3"OH single-stranded DNA.

This process is both complex and flexible.

—
\;

T
(@ T > 3 I

Sae2
g O
@ TIIEs. 3
MRX
Dna2
@ 3’ <255951
Exo1 ’

Fig. 6. Mechanisms of DNA resection. Upon DNA damage during S/G2
phases of the cell cycle, MRX recognises DSBs together with Sae2.This
complex initiates the resection (2). As a result, sSDNA tails are generated which
are a substrate for Dna2-Sgs1 and Exol resection (3).

There are two steps to carry out with DNA resection
(Mimitou and Symington, 2008). The first one is led by the Mrel11-
Rad50-Xrs2 (MRX) complex. The MRX complex is responsible for
recognising the lesion and initiating resection together with Sae2
(Bressan, Baxter and Petrini, 1999; Lengsfeld et al., 2007) (Fig.
6.2). The endonucleolytic activity of MRX-Sae2 will make an
incision to release the 5°ending allowing the 3'OH to be
accessible (Paull and Gellert, 1998; Budd and Campbell, 2009).
Next, the short 3’-ssDNA tails undergo extensive resection. Long-

range resection is carried out by two parallel pathways (Mimitou
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and Symington, 2008): the first one depends on Exol whereas the
other is dependent on the Sgs1-Top3-Rmil complex with the help
of Dna2 nuclease (Bae et al., 1998; Zhu et al., 2008; Budd and
Campbell, 2009) (Fig. 6.3).

4.3 Assembly of Rad51 filament scaffold on ssDNA

The single-strand DNA ends generated are susceptible to
exonucleases and can form secondary structures that will not
allow the continuation of the following steps of HR pathway. The
Replication Protein A (RPA) will bind strongly to ssDNA to protect
the ssDNA tails (Chen and Wold, 2014) (Fig. 7). However, RPA
binding to ssDNA inhibits strand invasion as Rad51 is unable to
access and bind the resected DNA ends (Ma et al., 2017). A
competition ensues between Rad51 and RPA to join ssSDNA. RPA
is necessary for removing secondary structures from ssDNA so
Rad51 can bind efficiently and extend the filaments (Ma et al.,
2017).

To assemble Rad51 on ssDNA, Rad52 will mediate RPA
displacement. Rad52 has a high affinity for sSDNA and once
ssDNA has wrapped around it, RPA-ssDNA interaction becomes
weak and unstable (Sugiyama and Kowalczykowski, 2002;
Sugiyama and Kantake, 2009).

This way, Rad52 is promoting the physical interaction between
Rad51 recombinase and ssDNA (Sung, 1997; New et al., 1998;
Shinohara and Ogawa, 1998).

In humans, the RAD52 role is not completely conserved

and there is another complex taking care of RPA displacement.

Studies have suggested that the complex BRCA2-DSS1 is critical
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for RAD51 filament formation (Jensen, Carreira and
Kowalczykowski, 2010; Thorslund et al., 2010; Liu et al., 2011).

Finally, once Rad51 has bound to ssDNA it starts polymerising on
the ssDNA to form a helical nucleoprotein filament and it extends
along the DNA (Ogawa et al., 1993; Sung, 1997) (Fig. 7). This

structure is named the pre-synaptic complex.

———eeee

RPA-coated ssDNA

\1

—Q € (\‘(‘

RPA displacement

Rad52

Free
RPA

Rad51 5“5 ?
PO Q\ Q

Rad51 filament

Fig. 7. Rad51 filament formation. After resection, ssDNA tails are
recognised and coated by RPA which avoids the formation of secondary
structures and further resection. RPA will later be displaced by Rad52 which
will promote Rad51 interaction with the DNA allowing Rad51 to further extend

the filament.

4.4 Homology search and strand invasion
Up to this point DNA has been resected and Rad51 has
extended the filaments, forming a scaffold on ssDNA. Now the

pre-synaptic complex searches for homology to initiate DNA
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synthesis. The pre-synaptic complex has the characteristic to bind
transiently as microhomologies of few nucleotides can lead to
rapid Rad51 filament extension (Lee et al., 2015; Paoletti et al.,
2020). If the sequence is not a match, the pre-synaptic complex
can turn over quickly thanks to the transient bond (Liu et al., 2011).
During pre-synapsis, Rad54 will help to make Rad51 filaments
stable (Ceballos and Heyer, 2011; Renkawitz et al., 2013) (Fig. 8).

Rad51
Rad54

Template

Fig. 8. Schematic representation of the synaptic complex. Rad51 acts
together with Rad54 in the search for homology and strand invasion. Once they
have found the homology sequence the D-loop is formed. Altogether this leads
to the assembly of the synaptic complex to finally perform DNA synthesis and
ligation of the two ends.

Once the homologous sequence has been identified, the
pre-synaptic complex interacts with the DNA leading to the
synaptic complex assemblage (Petukhova et al., 1999). The next
step consists of the strand invasion by the 3"-end of the synaptic
complex. As a result of the 3"-end joint with its complement, the
displacement loop or D-loop is formed (Petukhova, Sung and
Klein, 2000; Wright and Heyer, 2014). Rad54 helicase activity has
been proposed to have a role during the synapsis, helping Rad51
during strand invasion by disrupting the nucleobases of the donor

sequence (Petukhova et al., 1999).
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4.5 DNA synthesis and ligation

The D-loop formed after alignment of the 3"-end with its
complementary sequence now contains heteroduplex DNA
(hDNA) ready for elongation. In vitro studies have pointed out Pold
as the polymerase in charge of DNA synthesis (Sebesta et al.,
2011). Nevertheless, Pol & by itself is unable to extend the D-loop
and needs the assistance of PCNA and RFC-1 (Li et al., 2009).
Pol 5 DNA synthesis will be extended to the point that there is
enough sequence homology to anneal the new synthesised DNA
with the second resected DNA end. Srs2, Mphl and Sgsl1-Top3-
Rmil are ssDNA translocases that will disrupt the D-loop by
dissociation of the Rad51 filaments from DNA (Krejci et al., 2003;
Fasching et al., 2015; Piazza et al., 2019). Finally, the DNA is
ligated, and DNA integrity is restored.

5. Non-Homologous End joining

In 1996 Moore and Haber used the term non-homologous
end joining to describe a process where DSBs are repaired by the
re-joining of the two strands without the need of a homologous
donor. NHEJ repair mechanism is an iterative process and even
though there is an extensive number of studies which help to
understand the several steps of the mechanisms, it is not strictly
ordered. DNA processing will depend on the type of DNA damage
incurred and therefore the recruitment of the core factors may
vary. However, three main stages have been proposed. First, end

protection and tethering, followed by NHEJ complex assembly,
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then finally ligation and complex disassembly (Emerson and
Bertuch, 2016).

In this section, | will be describing the three main stages of
the process and the proteins involved in each of them. As in HR,
I will be referring to S. cerevisiae NHEJ proteins but for human’s

homologues see table 2.

5.1 NHEJ protein core

There are several proteins playing a role in the different
steps of the NHEJ pathway, the Yku heterodimer comprising
Yku70 and Yku80; and the MRX complex as a synaptic factor. To
carry out end-processing there is Pol4 which needs to interact with
DNA ligase IV that is part of the complex in charge of re-ligating
the DNA ends. The ligations factors are DNA ligase 1V (Dnl4) and
Lif1. Both proteins form a complex where Lif1’s role is stabilising
DNA ligase IV.

Table 2: NHEJ proteins

NHEJ role S. cerevisiae H. sapiens

End protection

2 e Yku70/80 Ku70/80
- DNA-PK
Mrel1l-Rad50-Xrs2 MRE11-RAD50-NBS1
Strand annealing Pol4 Pol u, Pol A
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Table 2: NHEJ proteins

NHEJ role S. cerevisiae H. sapiens

Ligation Lig4/Lif1 DNA ligase IV, XRCC4

Other regulation

Rad27 Fen-1
factors

Nejl

5.2 End protection and tethering

Upon DSBs, the Yku heterodimer recognises and binds the
broken ends (Griffith et al., 1992; Getts and Stamato, 1994). The
binding of Yku will protect the strands from exonucleases (Mimitou
and Symington, 2010) and at the same time, it serves as a signal
for the rest of the NHEJ machinery to come (Rathmell and Chu,
1994). The MRX complex is consequently recruited to the DSB
(Zhang et al., 2007; Wu, Topper and Wilson, 2008). The function
of MRX is to tether the DNA ends(De Jager et al., 2001; Hopfner
et al., 2002). Basically, MRX together with Yku heterodimer helps
to keep DNA ends in proximity and stable (Hartlerode et al., 2015).

In humans, Ku heterodimer physically interacts with DNA-
PK catalytic subunit through the C-terminal domain of Ku80
subunit (Spagnolo et al., 2006; Rivera-Calzada et al., 2007;
Hammel et al., 2010). Together, the Ku heterodimer and DNA-PK
catalytic subunit form the DNA-PK complex and both proteins will
be in charge of keeping DNA ends protected and stabilised
(Hammel et al., 2010). In yeast, there is not a homologue for DNA-
PK.
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5.3 NHEJ complex assembly, end processing and strand
annealing

Yku heterodimer act as a scaffold to recruit the DNA ligase
IV-Lifl complex (Herrmann, Lindahl and Schéar, 1998; Nick
McElhinny et al., 2000). In addition, MRX also promotes NHEJ
complex formation as it interacts with Dnl4-Lif (Palmbos et al.,
2008).

Blunt ends 5’ or 3'incompatible ends
5 ;
TXO0C 0CE $000 oy $00C 300

008 &< R B 0§

Ligation DNA end processing

Ligation

Fig. 9. Various double strand breaks in DNA and NHEJ pathway.

As mentioned above, NHEJ can be a flexible pathway
which adapts depending on the processing required to
successfully re-join the broken DNA ends. Blunt ends do not need
any resection whilst incompatible 5’and 3"-overhangs demand
Rad27 nuclease activity (Wu, Wilson and Lieber, 1999) and
nucleotide synthesis by Pol4 (Fig. 9). Rad27 physically interacts
with the ligase complex and Pol4 (Tseng and Tomkinson, 2002).
This interaction ensures the proper processing and optimal filling
during DNA repair in NHEJ (Tseng and Tomkinson, 2004). It is
important to point out that DNA resection by nucleases in NHEJ

are necessary to expose small regions of microhomology, and it
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differs from the extensive DNA resection required to initiate HR

pathway.

5.4 Ligation and restoration of DNA integrity

After DSBs have been processed and DNA ends are
compatible, Dnl4 ligates the strands (Tseng and Tomkinson,
2002; Mari et al., 2006). How the core complex disassembles
remains unknown. In mammals, Ku80 is removed from DNA by
ubiquitin-mediated degradation (Feng and Chen, 2012) but there

has not been described a similar mechanism in yeast yet.

complex is disassembled.

@

Fig. 10. Sequence of events during NHEJ. Upon DNA damage, Ku70/80 and
MRX bind to the DNA ends to protect them and keep them in proximity (1-2).
Next, Dnl4-Lifl complex can recognise the DSB and bind DNA. If the DNA ends
are compatible, the complex will proceed to ligate both strands (3). After the

ligation reaction the genome integrity is restore and the NHEJ

6. Alternative mechanisms for DSBR

NHEJ and HR are the mechanisms the cell preferably uses

to repair DSBs. However, auxiliary pathways exist in case NHEJ,
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HR or both mechanisms are compromised: alternative-End
Joining (a-EJ), Single-Strand Annealing (SSA) and Theta-
Mediated End Joining (TMEJ). | will briefly explain these pathways
the cell uses to safeguard cell integrity at all cost.

6.1 Alternative end-joining pathway

Boulton and Jackson first described the existence of an
alternative DNA end-joining pathway about 20-fold less efficient
than NHEJ (Boulton and Jackson, 1996). Even though it is named
as a-EJ, this pathway does not rely on the Yku heterodimer and
has more in common with SSA than it does with NHEJ. In fact, the
loss of the Ku heterodimer increases a-EJ (Ma et al., 2003).

The a-EJ requires a 2-16bp microhomology (Boulton and
Jackson, 1996) between the strands, therefore nuclease activities
are needed. Nucleolytic processing is initiated by MRX complex
and Sae2 to reveal microhomology (Ma et al., 2003; Xie, Kwok
and Scully, 2009; Truong et al., 2013). Next, the DNA is subjected
to synthesis by Pol 4 or Pol 3. Finally, a-EJ is complete by the
ligation of the DNA ends by Dnl4 (Sfeir and Symington, 2015).

6.2 Single-strand annealing

SSA is a Rad52-dependent pathway (Bennardo et al.,
2008) that requires resection to reveal the flanking homologous
sequence. Whilst NHEJ uses 2-4 bp of microhomology, SSA uses
up to 30bp microhomology between both strands (Sugawara, Ira
and Haber, 2000). MRX plays a role in SSA pathway initiating
resection to generate 3" ssDNA tails (Ilvanov et al., 1996). Next,
Sae2 and probably Exol will extend resection. Unlike a-EJ, Rad52
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binds the resected ssDNA (lvanov et al., 1996; Tutt et al., 2001)
and anneals complementary strands, however, Rad51 is not
recruited (lvanov et al., 1996; Kang and Symington, 2000; Tutt et
al., 2001). As this process is Rad51-independent it is considered
error-prone and can generate deletions and translocations. The
final step is ligation unless there is an unannealed 3-5" ssDNA,
requiring nucleotide excision (Bhargava, Onyango and Stark,
2016).

6.3 Polymerase Theta-Mediated End Joining

Polymerase Theta-Mediated End Joining (TMEJ) has been
recently described as an alternative mechanism for DSBR in
higher eukaryotes (Chan, Yu and McVey, 2010; van Schendel et
al., 2016; Schimmel et al., 2019). Briefly, this pathway is promoted
by Polymerase Thetha (PolB) and functions independently of HR
and NHEJ. It requires short sequence identities in flanking DNA.
The annealing at the microhomologous sequence is followed by
PolB-polymerase-mediated ssDNA extension. As a result, small
insertions and deletions can occur which are considered
hallmarks of TMEJ (Chan, Yu and McVey, 2010; Black et al.,
2019; Schimmel et al., 2019).

7. Ku heterodimer complex and DNA repair

The Ku heterodimer composed of Ku70 and Ku80 subunits
was identified as an autoantigen in patients with polymyositis-
scleroderma overlap syndrome, a rare inflammatory disease
(Mimori et al., 1981). In the following sections, | will focus on Ku

structure, functions and more specifically in its role during NHEJ.
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7.1 Ku structure and evolution

Ku is a highly conserved heterodimer comprised of two
subunits: Ku70 and Ku80 (also referred to as Yku70 and Yku80 in
S. cerevisiae) and it is one of the most abundant DNA end-binding
proteins in the cell. Even though the Ku family of proteins are
highly conserved through evolution, they are poorly conserved in
terms of the amino acids sequence. Despite this, at the secondary
level, conserved blocks of domains can be identified through
different organisms (Aravind and Koonin, 2001). Each Ku subunit
is made up of three domains: the N-terminal domain consisting of
a von Willebrand A domain, a DNA binding central core and a
diverged C-terminal region (Fig. 11).

Human % E
Ku70
o
Yeast &
Kugo _ C-term _

Fig. 11. Domain organization of the human and yeast Ku heterodimer.
There are three well differentiated structural domains in Ku proteins: an amino-
terminal von Willebrand A domain (VWA), a central DNA-binding core (Core)
and a divergent carboxy-terminal domain (C-term). In both Ku70, human and
yeast, the C-terminal domain contains a SAP (SAF-A/B, Acinus and Pias)
domain. Human Ku80 has a DNA-PK (PK) domain absent in yeast.

The N-terminal domain contributes as a surface for
protein-protein interaction (Fell and Schild-Poulter, 2012). The Ku
central core domain is important for the dimerization of both
subunits and DNA binding.
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Ku70 and Ku80 have a helical C-terminal domain.
However, it is the most divergent part of both subunits. Ku70 C-
terminal region has a SAP (SAF-A/B, Acinus and Pias) domain
considered to mediate protein interaction (Schild-Poulter et al.,
2001) and Ku80 has a longer C-terminal domain with a disordered
region. Exclusively in higher eukaryotes, Ku80 contains a region
to interact with DNA-PK. In lower eukaryotes the three
differentiated domain organisation remains, but there is not a
DNA-PK interaction motif in the sequence. Within vertebrates Ku
associates with DNA-PK to phosphorylate targets involved in DNA
repair, though lower eukaryotes may use other kinases. However,
it has not been reported yet that a CDK-Ku80 interaction occurs in

Vivo.

Ku80

Fig. 12. Structure of Ku-DNA complex. Downward view of the DNA helix
(image adapted from Walker, J.K et al 2001). Ku70 is coloured in purple and
Ku80 blue. DNA is coloured in grey.

The three-dimensional structure of Ku heterodimer was
described by Walker, J.K et al in 2001. The crystal structure
showed that Ku70 and Ku80 form an asymmetric ring where the
channel comprised of intertwined strands of both subunits
accommodates the DNA (Fig. 12). The negatively charged
residues from the sugar phosphate backbone of DNA interact with
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the positively charged channel of Ku’s ring (Walker, Corpina and
Goldberg, 2001). It was also observed that the heterodimer does
not change conformation upon DNA-binding, which is consistent
with the high stability of the heterodimer (Walker, Corpina and
Goldberg, 2001).

7.2 Ku functions

Ku heterodimer binds double-stranded DNA in a sequence-
independent manner. It is been reported that Ku70/80 can bind
several DNA structures (Arosio et al., 2002). The Ku70-Ku80
heterodimer can bind to double-stranded ends with either 3" or
5"overhangs, blunt ends and double-stranded ends produced by
ionizing radiation. It has also been reported that Ku can bind
different DNA structures such as nicks, gaps and bubbles in
circular double-stranded DNA (Mimori and Hardin, 1986; Griffith
et al., 1992; Blier et al., 1993).

Ku participates in many processes thanks to its ability to
bind dsDNA through the central ring formed by the interaction of
both subunits (Fig. 13). Essentially, Ku function in the different
processes where it intervenes is mechanistically related to its role
as a DNA-binding factor.

Now, | will briefly introduce Ku's role in all the processes it
participates in. An exclusive section will be dedicated to Ku’'s
function in NHEJ pathway.
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DNA repair
(NHEJ)

KU Telomere

Apoptosis biology

Antibody-gene
rearrangements

Fig. 13. Ku cellular functions. Ku heterodimer is a protein that’s main
characteristic is being able to bind double-stranded DNA with high affinity. Due
to its ability to bind DNA, Ku intervenes in all the cellular processes mentioned

in the figure.

7.2.1 Ku and apoptosis

Ku localisation is mainly nuclear, however; some studies
have nonetheless shown Ku to have a cytosolic localisation during
its role in apoptosis (Morio et al., 1999; Sawada et al., 2003). It
has been described as a physical interaction between Ku70
subunit and the pro-apoptotic protein BAX. Ku binds BAX
inhibiting its re-localization to the mitochondria (Sawada et al.,

2003). Ku prevents apoptosis by direct binding to BAX.

7.2.2 Ku and antibody-gene rearrangement

Mammalian cells use a process denominated
inmunoglobuline-gene rearrangement to generate diversity
among B and T lymphocytes allowing the recognition of a wide
variety of antigens. This process, also known as V(D)J
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recombination (Malu et al., 2012), requires DNA cleavage and
repair. Ku has been identified as one of the proteins intervening in

the process (Nussenzweig et al., 1996; Zhu et al., 1996).

| o« »
_ I - RAGs Ku DNA-PK ARTEMIS

Synapsis

— -

Cleavage

—

Ku binding and end processing

=9

Ligation

—

Coding joint Signal joint

RSSs recognition by RAG proteins

Fig. 14. The V(D)J recombination reaction. RAGs proteins recognise the
RSS sequence and initiate the synapsis to snip the DNA. Blunt ends and
hairpin coding ends are produced after excision. Ku binds the DNA ends
and recruits DNA-PK and the ARTEMIS complex. The active complex
cooperates to process DNA ends to form the coding joint and the signal
joint.

First, RAG1 and RAG2 (Recombination Active Genes 1 and 2),
recognise the conserved recombination signal sequences (RSSs)

located between the V, D and J segments and introduce a pair of
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DSBs (McBlane et al., 1995; Difilippantonio et al., 1996). A DNA
hairpin is thus generated with blunt ends. Ku binds to a hairpin
structure and blunt-ended DNA after DNA cleavage by RAGs. Ku
also recruits DNA-PK catalytic subunit which bridges the coding
ends. Additionally, DNA-PK recruits and activates the ARTEMIS
complex.

Upon ARTEMIS COMPLEX phosphorylation by the DNA-
PK subunit, the nucleolytic activity of the ARTEMIS complex is
activated for hairpin opening and DNA ends processing (Mansilla-
Soto and Cortes, 2003; Rooney et al., 2003). The final step
requires the action of the DNA-ligase-IV-XRCC4 to ligate the
broken DNA ends (Modesti, Hesse and Gellert, 1999; Soulas-
Sprauel et al., 2007). The products of the V(D)J recombination are
the coding joint; which constitutes the rearranged variable regions
of the receptors, and the signals joint; circular molecules that do

not have an immune function.

7.2.3 Ku and telomere biology

Telomeres are big nucleoprotein complexes located at the
end of linear chromosomes. These structures preserve genome
integrity by preventing chromosome fusions, aberrations, and
inappropriate activation of the DNA damage response. Ku
heterodimer has been shown to play a role in telomere
maintenance (Gravel et al., 1998). Ku binds to telomeres to keep
their length and protect them from resection and DNA repair
mechanisms (Gravel et al., 1998). In S. cerevisiae it has been
demonstrated that the thermo-sensitivity observed in yku804 and

yku704 cells was the result of extensive telomeric shortening
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(Gravel et al., 1998; Maringele and Lydall, 2002). In humans, Ku
heterodimer has an essential role in preventing telomere fusion
and loss (Samper et al., 2000; Wang, Ghosh and Hendrickson,
2009). Even though Ku is part of the NHEJ pathway, when binding
to the end of telomeres it does not necessarily lead to recruitment
of NHEJ machinery to repair the dsDNA. A study showed that Dnl4
deletion, one of the core components of the NHEJ machinery,
does not affect either telomere structure or maintenance (Teo and
Jackson, 1997), as opposed to how it was described when
deleting Ku (Gravel et al., 1998; Maringele and Lydall, 2002).

It has been hypothesised that Ku interaction with
telomerase-associated proteins might be contributing to Ku's
ability to differentiate chromosome ends from dsDNA breaks
(Gravel et al., 1998). Supporting this hypothesis, Gottschling’s lab
described an interaction between Ku80 subunit and the yeast
telomerase TLC1 in a 48-nucleotide region required for telomere
length regulation (Peterson et al., 2001; Stellwagen et al., 2003).
To further support the two-face model of Ku function in DNA repair
and telomere maintenance, Bertuch’'s lab demonstrated that
different phenotypes are observed depending on which Ku subunit
and domain are mutated regarding telomere biology or DNA repair
(Ribes-Zamora et al., 2007).

In addition to its role as a telomere protector, Ku helps to
localise telomeres to the nuclear periphery (Hediger, Dubrana and
Gasser, 2002). This leads to the stabilisation and proper
localisation of the silent information regulator protein (Sir) resulting
in gene silencing and thereby repressing gene transcription
(Laroche et al., 1998; Nugent et al., 1998). This occurs thanks to
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the phenomenon of telomere position silencing also known as
TPE. Both Sir and Ku heterodimer are essential in TPE, a process
in which genes that are located near the telomere are silenced
and so cannot be transcribed. Mutations in Ku80 abrogate
telomere silencing (Lopez et al., 2011) and affects the nuclear

organization of telomeres (Laroche et al., 1998).

7.2.4 Ku and the DNA damage response

Upon DSB formation, DNA damage sensors Mecl and Tell
(ATM and ATR in mammals) promote the activation of cell cycle
checkpoints and cell cycle arrest (Longhese, Mantiero and Clerici,
2006). Mec1l and Tell are serine/threonine kinases that transduce
the DSB alarm, initiating a phosphorylation cascade that results in
the modulation of several cellular processes (Banin et al., 1998;
Bakkenist and Kastan, 2003). Several studies have shown that Ku
prevents the activation of Mecl and Tell (Wang et al., 2002; lliakis
et al., 2003; Corda et al., 2005; Clerici et al., 2008). These results
suggested a dual role of Ku as a signal molecule, first promoting
repair by NHEJ and relaying signals to the DNA damage response

Sensors.

7.3 Ku in NHEJ

Ku’s main attribute is to bind dsDNA in a sequence-
independent manner. As a result, Ku facilitates the repair of
double-stranded broken DNA ends by the NHEJ pathway. Ku’s
ability to bind DSBs, allows the heterodimer to have several roles
during NHEJ.
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First, Ku70/80 recognises the DNA lesion and binds the
broken DNA ends. As a result of the binding, it facilitates the
second role of KU; protection of overhangs from unwanted or
extensive resection. This is important because HR is only active
during G2. In fact, when deleting Ku heterodimer in S. cerevisiae
there is an approximately 2-fold increase in DNA resection (Lee et
al., 1998). The third function of Ku heterodimer is to work as a
recruitment platform for the rest of the NHEJ machinery.
Interaction with MRX ensures that dsDNA ends are stable, and it
prevents them drifting apart. Ku will also interact with Dnl4-Lif1,
the ligation complex (Nick McElhinny et al., 2000; Mari et al.,
2006).

Finally, Ku intervenes in the DNA damage response. Ku
DNA recognition and binding prevent cell-cycle checkpoint
activation. Ku80/ cells display a stronger DNA damage response
by the two main cell-cycle checkpoints (at S and G2) compared to
the wild-type cells (Wang et al., 2002; Zhou et al., 2002).

Lastly, it is worth noting that the different Ku roles described
are not mutually exclusive, the cell integrates them all to ensure

DNA is repaired successfully.

8. The cell cycle and DNA repair

The cell cycle integrates a group of events whose main
function is to replicate the DNA accurately and segregate the
copies in two genetically identical daughter cells. It is comprised
of four phases: G1, S, G2 and M.

In G1 the cells prepare themselves for DNA duplication.

This stage is characterised by cell growth and organisation of
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structures required for the following phase. During the S phase the
genetic information is duplicated and in G2 cells prepare for
chromosome segregation. Finally, the M phase consists of cell
division.

The relevance of this process makes it a target for
extensive regulation. There are several cell division control genes
that participate in the regulation of the cell cycle. The progression
of the cell through the different phases of the cell cycle is driven
by a group of proteins denominated cyclin-dependent-kinases
(CDKs). As their name implies, these proteins are regulated by
cyclins, proteins that have an oscillatory expression during the
different phases of the cell cycle. Together, they form CDK-cyclin
complexes which are in charge of controlling the cell cycle. In S.
cerevisiae, there are two CDKs involved in cell cycle progression:
Cdc28 (CDK1), and Pho85 (Toh-e et al., 1988) and they will be
detailed in the following sections.

Fig. 15. Schematic representation of the yeast cell cycle. Representation
of yeast cell morphology in the different stages of the cell cycle: G1, S, G2 and
Mitosis (M)
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8.1 CDC28

The CDK Cdc28 was identified as the first central
coordinator of the yeast cell cycle thanks to a conditional mutant
that arrested cell cycle progression at START (Hartwell et al.,
1973; Nurse, Thuriaux and Nasmyth, 1976). Cdc28 activity and
specificity are controlled by the interaction with several cyclins and
inhibitors at different cell cycle stages.

Cdc28 cyclins are classified into two different groups: G1
cyclins and B-type cyclins. Cinl, CIn2 and CIn3 belong to the G1
cycling group and they are necessary for G1 to S phase transition
(Hadwiger et al., 1989; Wittenberg, Sugimoto and Reed, 1990;
Uhlmann, Bouchoux and Lopez-Avilés, 2011; Béllega et al.,
2018). The B-type cyclins are Clbl, Clb2, CIb3, Clb4, Clb5 and
Clb6 and they are necessary for DNA replication, progression
through the G2 phase and mitosis. As mentioned, all these cyclins
have a cyclic expression throughout the cell cycle where they will
be synthesised and eliminated (Mendenhall and Hodge, 1998;
Uhlmann, Bouchoux and Lépez-Avilés, 2011 for an extensive
review).

ClIn1 and CIn2 bind Cdc28 at START (Levine, Oehlen and
Cross, 1998). Deletion of both CLN1 and CLN2 leads to a slower
growth of the cell and delay of DNA synthesis (Dirick, Bbhm and
Nasmyth, 1995). CIn3 expression does not oscillate along the cell
cycle and it is required for activation of G1 cyclins (Tyers, Tokiwa
and Futcher, 1993).

B-type cyclins can be divided into three different categories
based on their sequence homology and transcriptional pattern.
CIb5 and Clb6 are synthesised at START together with CInl and
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CIn2 but, they are inhibited by Sicl until the end of G1 (Schwob
and Nasmyth, 1993). Their function is the initiation of the S phase
by phosphorylation of the components necessary for DNA
replication. Clb3 and Clb4 show up at S phase and contribute to
DNA replication and mitotic spindle formation (Richardson et al.,
1993). Finally, Clbl and Clb2 play a role during mitosis promoting
the isotropic growth of the bud and chromosome separation
(Irniger and Nasmyth, 1997).

8.2 PHO85

Pho85 is a multifunctional CDK which not only has a role in
G1 progression in the cell cycle but also intervenes in glycogen
and phosphate metabolism as well as in signalling environmental
changes (Carroll and O’Shea, 2002). Despite all these functions
and in normal laboratory conditions, Pho85 is not essential for cell
viability (Measday et al., 1997).

Pho85 is associated with 10 cyclins named after Pcls
(Pho85 Cyclins) (Mendenhall and Hodge, 1998) and they are
categorized into two different groups based on their sequence
homology (Malumbres, 2014).

The first group is comprised of Pcl8, Pcl10, Pho80, Pcl6
and Pcl7 and they are necessary for glycogen and phosphate
metabolism and signalling of environmental changes (Measday et
al., 1997). The remaining cyclins, Pcl1, Pcl2, Pcl9, Clgl and Pcl5
are the second group involved in the regulation of the cell cycle.

Interestingly, Pho85-Pcl1,2 complex becomes crucial for
cell survival in the absence of Cdc28 (Espinoza et al., 1994;

Measday et al., 2000). PCL1 follows the exact same expression
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pattern as CLN1 and CLN2. PCL2 has been found to be highly
expressed after cell exposure to increased temperatures (Ballega
et al., 2018). PCL9 is expressed at the end of mitosis and Pcl7
during the S phase. Clgl has been shown to have a role in
regulating Sicl degradation during G1 (Yang et al., 2010). Lastly,
Pcl5 has been shown to be involved in nutrient sensing, a function
related to the Pho80 cyclins group despite Pcl5 presenting higher
sequence homology with Pcl1,2 cyclin group (Aviram et al., 2008).

Given the wide range of functions Pho85 is implicated in,
deletion of the CDK or its cyclin patterns lead to several defects
such as glycogen accumulation (pcl84, plc104) (Huang, Wilson
and Roach, 1997), impaired phosphate metabolism (pho804)
(Yang et al., 2010)and delay of cell cycle progression amongst
others (Espinoza et al., 1994; Hernandez-Ortega et al., 2013).
Altogether, it highlights the relevance of Pho85 (Jiménez et al.,
2013).

In mammalian cells, there is a much higher level of
complexity during the cell cycle progression and how it is
regulated. Amongst all the CDKs described in mammals, only
Cdkl1 has been shown to have an essential role (Santamaria et
al., 2007; Adhikari et al., 2012; Diril et al., 2012). It is worth
mentioning that between all the CDKs reported in mammals,
Cdkl16 and Cdk5 could be considered as Pho85 putative

mammals’ homologue (Huang et al., 1999).

8.3 Cell cycle checkpoints
The main purpose of the cell cycle is to pass the hereditary

information accurately to the daughter cells. For this reason, it is

37



Introduction

vitally important for the cell to verify that the hereditary information
has not been compromised before committing to the different
phases of the cell cycle.

There are several checkpoints distributed along the cell cycle and
the crosstalk between the cell cycle and DNA repair mechanisms
becomes crucial. Before progressing, cells check for any lesion in
the DNA and upon checkpoint activation, the cell cycle will be
either delayed or stopped at G1, S or G2 (Johnson and Rao, 1970;
Hartwell and Weinert, 1989; Deckbar, Jeggo and Lébrich, 2011).

Coordinating cell size with cell progression is essential to
ensure the proper amount of genetic and biosynthetic material in
the daughter cells. For this reason, cell size checkpoints occur
during key cell cycle transitions (Killander and Zetterberg, 1965;
Nurse, Thuriaux and Nasmyth, 1976). There are two cell size
checkpoints to guarantee the amount of growth required to
proceed to the next phase of the cell cycle. The first one controls
cell cycle START and the second one operates before entry into
the mitotic phase.

DNA integrity is also examined throughout the cell cycle
and lesions in the DNA lead to cell cycle arrest, thereby allowing
time for repair pathways to operate and repair the damage before
committing to the next cell cycle stage. DNA damage checkpoints
are located in G1, S and G2. Finally, the mitotic spindle checkpoint
controls the correct attachment of chromosomes to the
microtubules prior to the segregation of sister chromatids
(Hardwick et al., 1996; Wells and Murray, 1996).

Focusing on the DNA damage checkpoints, despite the

different DNA lesions and their specific response for DNA repair,

38



Introduction

they all activate common checkpoint pathways whose main
objective is to inactivate CDK activity and to arrest the cells until
the lesions are repaired.

Some key factors have been identified regarding the
activation of checkpoint signalling and consequently the cell
arrest. In S. cerevisiae two members of the phosphatidylinositol 3-
kinase-related kinases (PIKK) family are both considered to have
a leading role as sensor kinases: Mecl (Keith and Schreiber,
1995; Carr, 1997) and Tell (Greenwell et al., 1995; Morrow et al.,
1995). These proteins have a human homologue counterpart
which indicates their importance. ATR (Ataxia-Telangiectasia-
Mutated and Rad3-related) is Mec1l homologue and ATM (Ataxia-
Telangiectasia-Mutated) is Tell homologue protein. Mecl
activates in response to different types of lesions with ssDNA.
Mecl forms a complex with Ddc2 and together they will be
recruited to the site of damage by interacting with RPA-coated
ssDNA (Paciotti et al., 2000; Zou and Elledge, 2003; Falck,
Coates and Jackson, 2005; You et al., 2005; Berkovich, Monnat
and Kastan, 2007; Shiotani and Zou, 2009). In contrast, Tell is
recruited in the DNA damage by MRX after a DSB (Nakada,
Matsumoto and Sugimoto, 2003; Shiotani and Zou, 2009; Paull,
2015). Even though each pathway initiates after a different
stimulus, both lead to the phosphorylation and therefore the
activation of checkpoint mediators. These two pathways do not
exclude each other, Mec1 and Tell work in parallel to make sure
the cell does not progress through the cell cycle until the lesions

are repaired (Beyer and Weinert, 2014).
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Fig. 16. Schematic representation of the signalling network of yeast
DDR Upon DNA damage, signals are transduced from Mecl and Tell to
the checkpoint mediator Rad9. Rad9 activation leads to Chkl and Rad53

phosphorylation resulting in cell arrest at G1, S or G2 phase.

The interaction of Mecl and Tell with the checkpoint
mediator Rad9 promotes the full response of the checkpoint
proteins Rad53 and Chkl. Through extensive phosphorylation,
the kinases Mecl and Tell regulate the activity, stability and
localisation of the effector proteins Rad53 and Chkl which
promote cell cycle arrest and DNA repair (Melo and Toczyski,
2002; Branzei and Foiani, 2010; Awasthi, Foiani and Kumar,
2016; Yu, Garcia and Symington, 2019).

8.4 DNA repair regulation by the cell cycle

So far, | have been focusing on describing DNA damage,
how the cell senses it and responds based on the DNA lesion
produced and the mechanisms the cell has evolved with in order

to maintain genomic integrity.
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As mentioned above, the cell responds to lesions
threatening genomic integrity by activating the DNA damage
response (DDR). Several studies in both human cells and yeast
have shown that a reduction of Cdkl activity sensitises cells to
DNA damage proving Cdk1 participation in the DDR (Ferreira and
Cooper, 2004; Ira et al., 2004; Clerici et al., 2008; Enserink et al.,
2009; Prevo et al.,, 2018) and the coordination between DNA
repair mechanisms and the cell’s progression through the cell
cycle.

Now, | would like to emphasise the importance of regulating
the two main processes implicated in double-stranded break
repair (DSBR): NHEJ and HR. The choice between NHEJ and HR
is extensively regulated through the cell cycle (Shrivastav, De
Haro and Nickoloff, 2008).

Cdk1 role in DNA repair was described by Marco Foiani’'s
lab in research where they proved that CDK1 activity is required
for DSB-induced homologous recombination (Ira et al., 2004).
Cdk1 activation positively regulates DSB end resection that leads
to the generation of 3’ ssDNA tails which are crucial to undergo
HR as the preferred mechanism to repair DSBs (Aylon, Liefshitz
and Kupiec, 2004; Ira et al., 2004). The activation of end resection
at the beginning of the S phase will lead to a competition between
the Ku heterodimer (which bind to DNA ends and protect them
from resection) and the nucleases (Aylon, Liefshitz and Kupiec,
2004; Ira et al., 2004; Zhang et al., 2009). Even though NHEJ is
not restricted to a specific stage of the cell cycle, it is most active
at G1 and its activity is attenuated at G2 due to Cdk1l-dependent
modulation of DNA ends processing (Clerici et al., 2008; Zhang et
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al., 2009). Cdk1 will promote DNA end resection by a mechanism
also conserved in human cells, phosphorylation of an
evolutionarily conserved motif of the exonuclease Sae2 (Huertas
et al., 2008; Huertas and Jackson, 2009). Sae2 mutation at Ser
267 results in several phenotypes similar to those of sae24:
hypersensitivity to DSB-inducing agents, a reduction of the
recombination events and impaired DNA-end resection (Huertas
etal., 2008). In addition to Sae2 phosphorylation, Mrel1 and Xrs2,
two components of the MRX complex; are phosphorylated by
Cdkl in several residues (Simoneau et al., 2014). Interestingly,
the phosphorylation of MRX complex, a major DSB sensor, results
in a reduction of the NHEJ events in the cells whilst the non-
phosphorylatable mutant increases NHEJ events (Simoneau et
al., 2014). This is consistent with the model in previous studies
where Sae2 phosphorylation leads to an increase of DNA
resection and a reduction of NHEJ events (Clerici et al., 2008;
Huertas et al., 2008; Zhang et al., 2009). By MRX and Sae2
phosphorylation, Cdkl facilitates HR repair. This regulatory
mechanism seems to be conserved in humans where a non-
phosphorylated version of CtiP (homologue of budding yeast
Sae?2) or Nbsl (homologue of budding yeast Xrs2) also results in
an increase of NHEJ and hypersensitivity to DSB-generating
agents (Huertas and Jackason, 2009; Wohlbold et al., 2012).
Sae2 and the MRX complex are responsible for initiating
end resection whilst Exol and Dna2 along with the helicase
complex Sgsl are responsible for extensive resection and
generating longer ssDNA at DSBs. Dna2 has been also proposed

as a target for Cdkl phosphorylation (Chen et al., 2011). A non-
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phosphorylatable version of Dna2, where Thr4, Serl7 and Ser237
were mutated; showed no changes in the initiation of resection but
a reduction of extensive resection from the break point. In
addition, Dna2 phosphorylation by Cdkl is required for its
recruitment at the DSB site (Chen et al., 2011).

Besides the enzymes involved in resection, Cdk1 regulates
other DNA damage response proteins. Rad9, a DNA damage
response sensor has also been described as a Cdkl
phosphorylation target. The phosphorylation of Rad9 N-terminal
residues stimulates Rad9 interaction with Chk1 and therefore the
checkpoint activation (Wang et al., 2012; Abreu et al., 2013).

Rad51 and Rad52, the central recombination proteins in
HR are positively regulated by Cdk1 (Barlow and Rothstein, 2010;
Lim, Chang and Huh, 2020). Recently, Dr Huh laboratory
described that both Rad51 and Rad52 are phosphorylated by
Cdk1 at G2/M phase. The mutation of Rad51 Ser 125 and Ser 357
residues results in impaired affinity for DNA binding. Moreover,
they found out that Rad52 phosphorylation at Thr 412 facilitates
the formation of the ring structure that is crucial for its localisation
and to promote strand annealing of DSB ends during HR (Plate et
al., 2008; Saotome et al., 2018; Lim, Chang and Huh, 2020).

All evidence presented above guarantees an exhaustive
regulation of HR. However, there exists some uncertainty about
how NHEJ is directly regulated by the cell cycle. So far, it has only
been reported a regulatory mechanism involving CDK-mediated
phosphorylation of Lif1, a component of the NHEJ machinery in S.
cerevisiae (Matsuzaki et al., 2012). Lifl is phosphorylated during

the S to G2 phase and is required to coordinate resection and

43



Introduction

NHEJ. Hentges (2014) reported the phosphorylation of one of
NHEJ core factors in fission yeast, XIfl (the ortholog of S.
cerevisiae Nejl and human XLF) at the C-terminal domain by
Cdc2 (Hentges et al., 2014). Interestingly, the phosphorylation of
XIfl leads to the downregulation of NHEJ. Regardless of the
description of these two regulatory mechanisms in yeast, no more
evidence suggests an extensive regulation of NHEJ by the cell

cycle in either yeast or humans.
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Objectives

The objectives of my thesis are:

The identification and characterisation of Yku80 as a
phosphorylation target by the Pcl1-Pho85 complex and

their validation in vitro and in vivo.

Determine the physiological relevance of Yku80
phosphorylation in Saccharomyces cerevisiae.

Investigate the role of Yku80 phosphorylation by Pcll-
Pho85 in DSB repair and the coordination between cell
cycle and DNA repair pathway choices.

Determine if evolutionary conservation is occurring in the
identified yeast mechanism and an analysis of Ku80

phosphorylation in mammalian cells.

Determine the physiological relevance of Ku80

phosphorylation in different cancer cell lines.
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Materials and methods

1. Yeast strains, growth conditions and tagging

1.1 Yeast strains

All used strains are listed in table 3 where specific

backgrounds are detailed.

Table 3: Yeast strains

Genetic
Name details Relevant genotype Source
MATa leu2-3,112 trpl-1 (Thomas and
W303-1a W303-1a canl-100 ura3-1 ade2-1 Rothstein, 1989)
his3-11,15
. (Brachmann et
BY4741 BY4741 MATa his3A1 leu2-A-200
al., 1998)

met15-A-0 ura3A-0
YBS1058 W303-1a yku80::hph This study
YBS1071 W303-1a YKU80-KanMX This study
YBS1066 W303-1a yku80-S623A-KanMX This study
YBS1061 BY4741 YKU80-KanMX This study
YBS1062 BY4741 yku80-S623A-KanMX This study
YBS1057 BY4741 yku80::hph This study

MATa ura3-52 lys2-801

ade2-101 trp1A63 (Singer and

his3A200 leu2A1 Gottschling,
UCC3505 YPH499

pprl::HIS3 adh4::URA-TEL 1994)
DIA5-1
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UCC3515

YBS1015

YBS1073

YBS1074

YBS1016

YBS1050

YBS1051

YBS1059

YPH499

YPH499

YPH499

YPH499

YPH499

YPH499

YPH499

YPH499

MATa ura3-52 lys2-801
ade2-101 trp1A63
his3A200 leu2A1

hml::URA3

pprl::HIS3 adh4::URA-TEL
DIA5-1 sir2::KanMX

pprl::HIS3 adh4::URA-TEL

Dia5-1 YKU80-KanMX

pprl::HIS3 adh4::URA-TEL

Dia5-1 yku80-S623A-
KanMX

hml::URAS3 sir2::KanMX

hml::URA3 YKU80-6HA-
KanMX

hml::URA3 yku80-S623A-
B6HA-KanMX

pprl::HIS3 adh4::URA-TEL
Dia5-1 yku80::hph

(Singer and
Gottschling,
1994)

This study
(derived from
UCC3505)

This study
(derived from
UCC3505)

This study
(derived from
UCC3505)

This study
(derived from
UCC3515)

This study
(derived from
UCC3515)

This study
(derived from
UCC3515)

This study
(derived from
UCC3505)
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This study
YBS1060 YPH499 hml::URA3 yku80::hph (derived from
UCC3515)
YEB126 BY4741 Yku80-TAP-KanMX This study
YEB77 BY4741 yku80-S623A-TAP This study
YBS1039 BY4741 yku80-S623A-TAP-KanMX This study
YRC1029 W303-1a YKU80-eGFP-HIS3 This study
YRC1031 W303-1a yku80-S623A-eGFP-HIS3 This study
This study
YRC1120 BY4741 YKU80-KanMX rad52::hph (derived from
YBS1061)
This study
YRC1124 BY4741 yku80-S623A-KanMX )
(derived from
rad52::hph
YBS1062)
mata HO hmil:ADE1
hmr::ADE1 adel-100 leu2- (Kim and Haber,
JKM179
3, 112 trp::hisG lys5 ura3- 2009)
52 ade3::GAL::HO
mata ho hml:ADE1
hmr::ADE1 adel-100 leu2- )
) This study
3, 112 trp::hisG lys5 ura3- )
YRC1131 (derived from
52 ade3::GAL::HO YKU80-
JKM179)
KanMX
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YRC1132

YRC1133

YJIK17

YRC1128

YRC1177

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-
52 ade3::GAL::HO yku80-

S623A-KanMX

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-

52 ade3::GAL::HO

yku80::KanMX

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-

52 ade3::GAL::HO

yku80::KanMX
arg5,6::MATa-inc::HPH1

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-

52 ade3::GAL::HO

yku80::KanMX
arg5,6::MATa-inc::HPH1
YKU80-KanMX

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-

52 ade3::GAL::HO

yku80::KanMX
arg5,6::MATa-inc::HPH1
yku80-S623A-KanMX

This study
(derived from
JKM179)

This study
(derived from
JKM179)

(Kim and Haber,
2009)

This study
(derived from
YJIK17)

This study
(derived from
YJIK17)
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YRC1178

YRC1172

YRC1167

YRC1160

YRC1150

YRC1165

YW1276

YPH499

YPH499

YPH499

YPH499

Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2-
3, 112 trp::hisG lys5 ura3-

52 ade3::GAL::HO

This study
(derived from

YJK17)
yku80::KanMX
arg5,6::MATa-inc::HPH1
yku80-S623A-KanMX
Mata ho hml:ADE1
hmr::ADE1 adel-100 leu2- )
) This study
3, 112 trp::hisG lys5 ura3- ]
(derived from
52 ade3::GAL::HO
YJIK17)
yku80::KanMX
arg5,6::MATa-inc::HPH1
yku80::KanMX
This study
pprl::HIS3 adh4::URA-TEL (derived from
DIA5-1 pho85::KanMX UC3505)

pprl::HIS3 adh4::URA-TEL This study
DIA5-1 pcll::KanMX (derived from
UC3505)

This study
hml::URA3 pho85::TRP1 )
(derived from

UC351
hml::URAS3 pcll::KanMX Th.is study
(derived from
UC3515)
MATa-inc
ade2::HOSD(+1)::STE3- (Palmbos, Daley
MET15 his3A1 leu2A and Wilson,
met15A ura3A 2005)
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YRC1047

YRC1048

YRC1051

YRC1061

YEB122 BY4741

YRC1063

MATa-inc
ade2::HOSD(+1)::STE3-
MET15 his3A1 leu2A
met15A ura3A YKUS8O-
KanMX

MATa-inc
ade2::HOSD(+1)::STE3-
MET15 his3A1 leu2A
met15A ura3A YKU80-
KanMX

MATa-inc
ade2::HOSD(+1)::STE3-
MET15 his3A1 leu2A
met15A ura3A
yku80::KanMX

MATa-inc
ade2::HOSD(+1)::STE3-
MET15 his3Al leu2A
met15A ura3A yku80-
S623A-KanMX

Yku80-TAP-KanMX
pho85::LEU2

MATa-inc
ade2::HOSD(+1)::STE3-
MET15 his3A1 leu2A
met15A ura3A yku80-
S623A-KanMX

This study
(derived from
YW1276)

This study
(derived from
YW1276)

This study
(derived from
YW1276)

This study
(derived from
YW1276)

This study

This study
(derived from
YW1276)
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MATa-inc

ade2::HOSD(+1)::STE3- )
YRC1047 This study
MET15 his3Al leu2A

met15A ura3A pcll:: LEU2

Yku80-TAP-KanMX .
YEB94 BY4741 This study
pcll::LEU2

1.2 Growth conditions

In all experiments, to reduce experiment variability; the number

of cells inoculated for the overnight cultures was always constant

and ranging between ODiss0=0.01-0.05 depending on the

experiment. Yeasts were grown in water shakers at 30 °C under

vigorous agitation (200 rpm) in the following media:

YPD medium (1% yeast extract, 2% peptone and 2% glucose)
Complete synthetic dextrose (SD) medium (0,67% yeast
nitrogen base, 0.5% NH4SO4, and 2% glucose) supplemented
with auxotrophic requirements (15 mg/ml of leucine and uracil,
5 mg/ml of histidine, and 10 mg/ml of tryptophan).
Galactose-induction medium (0,67% yeast nitrogen base, 3%
glycerol, 2% lactate supplemented with auxotrophic
requirements (15 mg/ml of leucine and uracil, 5 mg/ml of
histidine, and 10 mg/ml of tryptophan).

5-FOA plates, SD with all the required amino acids were
supplemented with 1 mg/ml 5-FOA, (Thermo Scientific™)
sterilised by filtering, and added to the medium just before

plating.
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Yeast strain selection was performed by omitting the
auxotrophic supplements required or by adding 8 mg/ml geneticin
to the medium. To make solid media 2% agar was added to any

of the mediums.

1.3 Strains construction and tagging

| performed mutations, deletions and tagging of genes
using the tool-box system (Janke et al., 2004).

The tool-box system consists of gene tagging or deletion
by chromosomal integration of a PCR amplified cassette from a
plasmid. The primers | used to amplify the sequence also carried
the flanking homologous sequences of the targeted gene. In the
case of yku80-S623A, the fact that the residue of interest is
located at the end of the sequence allowed me to introduce the
mutation with a single step transformation strategy. The forward
primer to amplify the tag or antibiotic resistance gene carried the
serine to alanine mutation. Proteins were tagged at the C-terminal
end (see table 5). For cassettes amplification and mutation
confirmation, | amplified DNA with MyCycler™ (Bio-Rad) using Q5
High-Fidelity DNA Polymerase (New England Biolabsinc) and the
following reagents at a final concentration of: 1X Buffer Q5
Reaction Buffer 5X, 200 uM dNTPs, 0.5 uM forward primer, 0.5
MM reverse primer and Mili-Q water. PCR conditions are detailed
in the following table (annealing and amplification conditions were
adapted as required by base pair length and GC-content of the

genes):
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Table 4: PCR conditions

Cycles Temperature Time
1 98°C 5 min
98°C 30s
30 55-65°C 30s-1min
72°C 30s-2min
1 72°C 5 min
1 4°C 5 min

Table 5: Oligonucleotides
*mutation is coloured in red * toolbox system sequence is coloured in blue

Name Sequence Purpose

TGAAGCGCGGTGAACAACACAGTAGGG
Yku80 F6 [GAAGTCCAAACAATAGCAATAATCGTAC
GCTGCAGGTCGAC

Construction of Yku80 wt by
toolbox (Jankee et al., 2004)

TGAAGCGCGGTGAACAACACAGTAGGG |Construction of yku80 -S623A
Yku80 F6C [GAGCTCCAAACAATAGCAATAATCGTAC by toolbox (Jankee et al .,

GCTGCAGGTCGAC 2004)
TTTAACTGTGGTGACGAAAACATAACTC |Construction of Yku80 wt and
Yku80 R6 |AAAGGATGTTAGACCTTTTTTAATCGAT yku80 -S623A by toolbox
GAATTCGAGCTCG (Jankee et al ., 2004)

GCAGGACATATGCACAAATAATATATCT
Yku80 F32 [CACACCATAATACGTACGCTGCAGGTC
GAC

Construction of yku80 A by
toolbox (Jankee et al ., 2004)

GTGGTGACGAAAACATAACTCAAAGGAT
Yku80 R32 | GTTAGACCTTTT
ATCGATGAATTCGAGCTCG

Construction of yku80 A by
toolbox (Jankee et al., 2004)

Construction of pho85 A by

Pho85 F37 [GCGCGGCAAACTGGGCAAACTTGAGCA toolbox (Jankee et al ., 2004)

ATACCACGTACGCTGCAGGTCGAC

CATTATATATACATGGCTACGGTTTTTC
Pho85 R37 |GCTGACGGGCTGCGATCGATGAATTCG
AGCTCG

Construction of pho85 A by
toolbox (Jankee et al., 2004)

CAAAAACAAT CAATTATACAAATAACAGT
Pcll F43 |AAAGTAATAAACGTACGCTGCAGGTCGA
C

Construction of pcl1 A by
toolbox (Jankee et al., 2004)

TCCCACTAAGAGCCCCGTAAGGGCCAT
Pcl1 R43 [CTTGTTTACCACAATCGATGAATTCGAG
CTCG

Construction of pcl1A by
toolbox (Jankee et al., 2004)

| confirmed mutations by PCR followed by sequencing and
protein tagging by PCR and Western blot or fluorescence

microscopy when necessary.
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2. Yeast transformation

| transformed yeast cells using the method described in
(Hill, Donald and Griffiths, 1991). | inoculated yeast cells in 5 ml of
YPD and left them to grow overnight in a shaker at 30°C. | diluted
the overnight culture to a final ODiss0=0.3 in 50 ml of YPD. After
yeasts cell reached a mid-log phase of growth at approximately
OD».660=0.8-1.0 | collected them and centrifuged them at 2000 rpm
3 min. | resuspended the pellet in 1 ml of TELIAc solution (10 mM
Tris-HCI pH=7.5, 1mM EDTA pH=8 and 100 mM lithium acetate)
and centrifuged it at 3000 rpm for 3 min. Next, | resuspended the
pellet in 300 pl of TELIAc. | performed each transformation
reaction with 100 pl of the pellet which | resuspended with TELIAc.
| added 10 pl of ssDNA (single stranded salmon sperm DNA) and
either 10 ul of the transforming cassette or 1-5 pl of the
transforming plasmid to the mix. Next, | added 600 pl of PEG 1x
(20 mM Tris-HCI pH=7.5, 1ImM EDTA pH=8 and 100 mM lithium
acetate and 40% PEG-4000) to the transformation, mixed it and
left it for 30 min of incubation at 30°C. After incubation, | added 70
ul of DMSO to the tube and proceed to a 15 min heat shock in a
42°C water bath. Finally, | centrifuged yeast cells for 1 min at 3000
rpom and | resuspended the pellet in 100 pl Mili-Q water and finally
plated.

3. Plasmids engineering and DNA cloning

3.1 DNA cloning by homologous recombination
All plasmids | used in this work are listed in table 6.

61



Materials and methods

Table 6: List of plasmids

Name Relevant characteristics Source
pJC1043 pRS316 (Sikorski and Hieter,
1989)
pJC2287 Ylplac211 (Gietz and Sugino,
1988)
pJC1314 pRS415-empty (Sikorski and Hieter,
1989)
pJC1491 pRS414 (Janke et al., 2004)
pJC2242 pRS414-YKU80 This study
pJC2246 pRS414-yku80-S629A This study
pJC1759 pWPI-empty (#12254, Addgene)
pJC2275 pWPI-Ku80™t This study
pJC2279 PWPI-Ku80T6294 This study

The genes | amplified in this work were obtained from
genomic DNA (gDNA) of yeast strain BY4741. | performed DNA
amplification explained in section 1.3. using 0.5 pl of gDNA. After
PCR | purified the amplicons using NucleoSpin® Gel and PCR
Clean-up kit (Macherey-Nagel).
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Before recombination, | performed plasmid enzyme digestion for
1-2 h and | separated cut plasmids by agarose electrophoresis
followed by purification with NucleoSpin® Gel and PCR Clean-up
kit (Macherey-Nagel). | incubated the digested-plasmid and the
gene cassette with the recombinase for 1 h at 50°C using an

Infusion HD cloning kit (Takara).

3.2 Bacterial transformation

Subcloning Efficiency™ DH5a™ Competent Cells (Invitrogen)
were used for gene cloning. 50 ul of DH5a were incubated with 10
ul of recombination mix in ice for 30 min. Heat-shock was carried
out in a 42°C water bath for 1 min and 15 s followed by 1 min of
incubation in ice. Later, 1 ml of SOC medium (2% Tryptone, 0.5%
Yeast Extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgClz, 10 mM
MgSOa4 and 20mM glucose) was added, and cells were incubated
for 1 h at 37°C in a shaker under vigorous agitation. Finally, cells
were plated in LB-Ampicillin plates and incubated at 37°C for 12-
16 h.

3.3 Plasmid isolation

| inoculated colonies from bacteria transformation in 3 ml of
LB-Ampicillin for 12-16 h at 37°C in an air shaker under vigorous
agitation. | performed plasmid isolation using NucleoSpin®
Plasmid EasyPure kit (Macherey-Nagel).
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4. Cell lines and reagents

Human embryonic kidney 293 cells (HEK 293) (kindly
provided by Ramon Trullas Lab), adenocarcinoma human alveolar
basal epithelial cells (A549) (European Collection of Authenticated
Cell Cultures), human breast adenocarcinoma cells (MCF-7)
(Eucellbank) and MDA-MB-231 (kindly provided by Hospital
Clinic).

| cultured all the cell lines in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Sigma-Aldrich), 1% GlutaMAX (Biowest, Nuaillé, France)
and 1% penicillin/streptomycin (SigmaAldrich). All cells were
grown in a humidified atmosphere at 37 °C and 5% CO:2 and

mycoplasma contamination were monitored periodically.

5. Viral cloning and transduction.

To clone Ku80 into lentiviral vectors, | amplified the gene
from A549 cDNA. | cloned either Ku80" or Ku80'62°4 sequences
into pWPI lentiviral expression vector (#12254, Addgene) at the
Pmel restriction site.

For lentivirus production, | seeded HEK293-T cells in 100
mm plates at 70% confluence with 45 pg of lentiviral expression
vector. | performed cell transfection using calcium phosphate.
First, | vigorously vortexed a mix consisting of the plasmids (45 ug
of lentiviral expression vector, 12,9 pug of pMD2G and 29,1 ug of
psPAX2), TE 0,1x (ImM Tris-HCI pH=8, 0,1 mM EDTA) and
buffered water (2,5 mM HEPES pH=7,3) at the same time | added
HeBS 2x (50 mM HEPES, 280 mM NacCl, 1,5 mM Na2HPO4-7H20
pH=7) drop by drop. Then | incubated the mix for 15 min at room

64



Materials and methods

temperature and later | added it to the plates drop by drop. 12 h
after lentiviral infection, | replaced the medium from the plates for
a fresh one. | collected the virus-containing supernatant at 24 h
and 48 h post-transduction. | concentrated the virus using the
Sartorius VS2042 Vivaspin 20 concentrator (Sartorius) and
determined the viral titer. For overexpression studies, | infected
MDA-MB-231 and MCF-7 cells with 15 MOI of lentivirus and A549

cells with 5 MOI of lentivirus.

6. Cell synchrony in G1 with a-factor

Yeast cells from an overnight culture were grown
exponentially in either YPD or SD to a density of approximately
1x107 cells/ml. To synchronize the yeast cells in Gi1, | added a-
factor (Biomedal) to the culture to a final concentration of 20 ug/ml.
After 1 h and 40 min I collected the cells and confirmed the shmoo
morphology and the absence of budding structures by microscopy
observation, before proceeding to a-factor release. | centrifuged
G1 synchronised cells and resuspended them in fresh medium

twice for a-factor release.

7. Flow cytometry analysis (FACS)
7.1 Cell-cycle analysis of budding yeast by FACS

| carried out flow cytometry analysis for yeast cells as in
(Yaakov et al., 2009). | incubated a volume of 100 pl cells of a
culture at ODxe6 ranging from 0.7-1.0 with 70% ethanol for 10 min.
After cell fixation, | washed cells twice and resuspended the pellet
with 500 pl of 50 mM Na-citrate treated with 0.1 mg/ml RNase A.

Cells were incubated at 37°C overnight. The next day | stained the
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cells with 4 pg/ml propidium iodide and slightly sonicated them to
disrupt cell aggregates. When it was required, | diluted cells in 50
mM Na-citrate for better detection. | performed FACS analysis in
a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA).
| analysed 10* cells for each time point. Finally, | used Flowing
Software (Turku Bioimaging) to analyse the data | obtained from
the FACS.

7.2 Lentivirus titer by FACS

| seeded HEK-293 cells to a final density of 10° cell/ml and
incubated at 37 °C and 5% CO:2 overnight. An extra plate was
necessary to count cells and determine the final cell number the
next day. After 24 h | infected cells with 10-fold serial dilutions of
the viruses. Cells were incubated at 37°C and 5% CO:2for 12 h
and the next day | added 1 ml of fresh medium to each well. After
48 h | trypsinised the cells, centrifuged them at 1000 rpm for 3 min
and washed them at least 3 times with PBS 1x. | performed FACS
analysis of 10* cells as described in section 7.2. | calculated the

number of viral particles per ml as follows:

TU % GFP positive cells x cell number

ml volume of viruses

8.Fluorescence microscopy

| inoculated yeGFP-tagged cells in SD medium lacking
histidine to avoid autofluorescence and left them to grow
overnight. The next day, | diluted cells to ODesonm = 0.3 and

allowed to a mid-log phase in a water shaker at 30°C. After 3 h, |
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centrifuged 100 pl of cells followed by a dilution of the culture to a
concentration where single cells could be observed. | obtained the
measurement of GFP signal and images using Nikon Ti Eclipse

Fluorescence Microscope.

9. Dot assays

| inoculated cells in YPD medium and left them to grow
overnight at 30°C. | diluted the overnight culture to OD:e60=0.3 and
allowed to grow to a mid-log phase for 3 h. Then, | diluted the
culture to ODe60=0.05 a sequentially diluted in fresh YPD. I
spotted 3 ul of the dilution on the appropriate plates and incubated

them for 48 h at the indicated temperature.

10. Cell extract and immunoblot

10.1 Protein extraction from yeast cells

For Western blot analysis, | treated the cells as described
elsewhere (Bell et al., 2001)
| incubated 1ml of the yeast cell culture at an ODxss0=1.0 with 10M
trichloroacetic acid (TCA) to a final concentration of 20% (v/v) for
10 min and centrifuged the mix twice at full speed for 1 min. |
dissolved the pellets in 100 pl of 0.5% SDS, 42 mM Tris-HCl at pH
6.8. Next, | prepared cell lysate adding 150 ul of glass beads
(Sartorius, BBI-8541701) and bead-beaten three times at
maximum force for 60 s using the FastPrep® (MP Biomedicals).
Then, | centrifuged the samples and collected the supernatant. |
boiled samples at 95°C for 5 min. | used an amount of protein

ranging from 40 ug to 60 pg for Western blot analysis.
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10.2 Protein extraction from human cell lines.

First, to remove the medium | centrifuged cultured human
cell lines and washed them with ice-cold phosphate-buffered
saline (PBS). Then, to resuspend the pellet | used 60 pl of lysis
buffer, containing 20 mM TRIS, 5 mM EDTA, 1% NP40 (IGEPAL
CA-630), 150 mM NaCl pH 7.4, supplemented with Pierce
Phosphatase Inhibitor Mini tablets (#88667, Thermo Fisher
Scientific) and with Pierce Protease Inhibitor tablets (#88266,
Thermo Fisher Scientific). | vortexed the cells for 1 min and then
incubated the cell lysate in ice for 1 min. | repeated the previous
step five times. Finally, | obtained cell extracts by freezing the
samples for 15 min at -20°C following centrifugation at 14,000 rpm
for 20 min at 4°C. | collected the supernatants and | quantified
protein concentration by Bradford assay (BioRad). | used a total

of 30 ug for immunodetection by western blot.

10.3 Western blot

| employed the use of 7.5% either Mini or Midi-PROTEAN®
TGX™ Precast Protein Gels (BioRad) for separation of proteins.
Using PROTEAN® Tetra Cell, Trans-Blot® Module, and
PowerPac™ HC Power Supply (BioRAd) | separated the samples
at 100 V-150 V. For protein transfer to PVDF membranes
(Immobilon-P; Millipore), | first activated the membranes in 100%
methanol. | performed the transfer at 100-150 mA for 1 h and 30
min. Then | incubated membranes with the blocking solution
consisting of 1X TBST (Tris Buffered Saline with Tween 20, pH=8)
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with 5% dry milk for 30 min at room temperature with gentle

rocking. The antibodies | used in this work are listed in table 7.

For Phos-tag experiments, | used 4% w/v acrylamide
stacking gel and 6% w/v acrylamide separating gel. The stacking
gel buffer was 350 mM Bis-Tris (pH 6.8), 0.1% v/v TEMED, 0.05%
w/v ammonium persulfate (APS). The separating gel buffer was
350 mM Bis-Tris (pH 6.8), 100 uM Phos-Tag™, 40 uM Zn (NO3)z,
0.05% v/v TEMED, 0.01% w/v APS. The running buffer consisted
of 50 mM Tris-HCI pH=7.5, 50 mM MOPS, 0.1% (w/v) SDS and 5
mM NaHSOs pH=7.2. Gels were run for 1 h at 100 V for optimal
separation of phosphorylated and non-phosphorylated protein
species. For proteins transfer | used the following buffer: 25 mM
Tris, 192 mM glycine, pH 8.3, 20% w/v methanol, 5mM NaHSO3
pH=7.2 and 2.5mM NaPPi. | transferred proteins to methanol-
activated PVDF membranes (Immobilon-P; Millipore) at 20 V and
4°C overnight. Then | incubated the membranes with blocking
solution consisting of 1X TBST (Tris Buffered Saline with Tween
20, pH=8) with 5% dry milk for 30 min at room temperature with

gentle rocking.

| developed immunoblots using Luminata Forte Western
HRP Substrate (Millipore). | took images using GeneSnap
(Syngene) and | gquantified the amount of protein using Image
Studio Lite (Li-Cor).
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Table 7: Antibodies

Name Source Dilution Secqndary
antibody

a-PAP Sigma (P1291) 1:40,000 -
a-110C

(Thiophospate Achcam (ab92570) 1:5,000 Rabbit
ester)
a-Ku80 Cell Signalling (C48E7) 1:100 Rabbit
a-GFP Cell Signalling (2956) 1:500 Rabbit
a-GST CusAb 1:10,000 Mouse

(CSB-MA000021MO0M)

11. Recombinant protein purification

| expressed GST fusion proteins using Escherichia coli
strain BL21 (DE3) (Stratagene). | inoculated the cells and allowed
them to exponentially grow at 37°C for 5 h. Then, | set the
temperature for 18°C to add 200 mM isopropyl [-D-
thiogalactopyranoside (IPTG) to induce protein expression for 16
h. | collected cells by centrifugation and resuspended in lysis
buffer consisting of 50 mM Tris-HCI pH=7.5, 150 mM NacCl, 5%
glycerol, 0.1% Triton X-100, 1 mM EDTA, 1 mM DTT, 100 mM
PMSF, 10 mg/ml leupeptin, 1 mg/ml pepstatin and 0.5 M
benzamidine. Next, | added 125 pg/ml lysozyme (Sigma), 16.5
pg/ml DNasa | (Panreac) and 16.5 ug/ml RNase A (Roche) to
resuspend the pellet. | incubated the mix at 37°C for 10 min. Then,
| added STEP buffer 1x (10 mM Tris-HCI pH=8, 100 mM NacCl,1
mM EDTA, 2 mM DTT, 1 mM PMSF, 10 pg/ml leupeptin, 1 pg/ml
pepstatin and 1 mM benzamidine) to the mix and | sonicated the

cells for 3 min while kept in ice with Hielscher Ultrasonics GmbH.
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| removed cell debris by centrifugation of the mix at 8,000 rpm for
10 min at 4°C. To purify the proteins from the supernatant | used
glutathione-Sepharose chromatography (GE Healthcare), as
described in the manufacturer's protocol. After incubation with
rotation for 1 h at 4°C, | collected the beads by centrifugation
(2,000 rpm for 1 min at 4°C) and washed them three times with a
solution consisting of lysis buffer and STET buffer 10x and twice
more with the equilibration buffer (50 mM Tris-HCI pH=8, 150 mM
NaCl,1 mM MgClz, 1 mM DTT). | performed protein elution by
adding 10 mM glutathione. To elute the proteins, | left samples

rotating for 20 min at 4°C.

12. In vitro kinase assay

In vitro phosphorylation assay for yeast proteins was as
in (Hernandez-Ortega et al., 2013). The method depends on
detection of phosphate groups attached to tyrosine, serine and
threonine residues in gels by Pro-Q Diamond phosphoprotein gel
stain. | assayed GST-proteins in kinase buffer 10x consisting of
500mM Tris-HCI pH=7,5 and 100 mM MgCl.. Protease (100 mM
PMSF, 10 pg/ml leupeptin, 0,1 mg/ml pepstatin and 0.5 M
benzamidine) and added phosphatase (100mM NaPPi, 1M NaF,
10mM Orthovanadate, 250 mM R3-glycerophosphate) inhibitors to
the reaction mix with 20 mM DTT. | incubated the reaction mix at
30°C 1 h. Finally, | added SDS-SB5x to each reaction and boiled
the samples before loading them to a gel. | performed western blot
as described in section 10.3. After Western blot finished, | washed
the gel with Mili-Q water followed by overnight incubation with the
fix solution (50% methanol, 10% acetic acid and 40% Mili-Q
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water). The next day, | washed the gel three times with Mili-Q
water prior to 1 h incubation in the dark with Pro-Q staining
solution. | removed the staining solution and then washed the gel
for 30 min with Pro-Q® Diamond destain solution at least three
times. | took images as described in section 10.3.

In vitro kinase assay for human proteins was as in
Blethrow et al. 2008. The method is based on the utilisation of
ATP-y-S (adenosine 5'-(gamma-thiotriphosphate) a modified
version of the ATP. The kinase uses ATP-y-S (Axxora, BLG-A060-
05) to phosphorylate the substrate of the reaction and this will be
consequently labelled with a thiol group. Alkylation of the proteins
carrying the thiol group will generate a thiophosphate ester
product that will be recognised by a specific antibody.

| assayed GST-proteins in a reaction mix consisting of 2,5
pl of kinase buffer (500 uM HEPES-KOH pH=7,5, 1,5M NaCl, 100
mM MgClz and 10 mM DTT), 0,1 uM CDK16-CCNY and 0,2 uM
Ku. | incubated the mix at 30°C for 30 min and stopped the
reaction with 50 mM EDTA. Alkylation of proteins takes place after
addition of 1.8 mM PNBM (p-nitrobenzyl mesylate) and incubation
at 25°C for 45 min. Finally, | added SDS-SB 5x to every reaction
and | analysed phosphorylation by Western blot using a-110C
antibody. | determined the amount of protein by Coomassie

staining.

13. Yeast genomic DNA isolation and Southern Blot

| performed isolation of genomic DNA (gDNA) as described
by (Hoffman and Winston, 1987). | collected yeast cells from an
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overnight culture by centrifugation for 1 min at 14.000 rpm and
resuspended the pellet in lysis buffer (2% triton X-100, 1% SDS,
100 mM Tris HCI pH=8, 1 mM EDTA pH=8) with 500 pl glass
beads (Sartorius, BBI-8541701). | vortexed the cells for 90 s for
cell lysis. Next, | added 250 pl of phenol and chloroform and
vortexed again for 90 s. | centrifuged the mix at 14.000 rpm 3 min
and transferred the aqueous phase to another tube. For DNA
precipitation, | added 1 volume of isopropanol. | placed the tube in
ice for 15 min followed by centrifugation at 14.000 rpm 20 min. |
discarded the supernatant and washed the samples with 70%
ethanol. After centrifugation at 14.000 rpm for 5 min, |
resuspended the pellet in Mili-Q water and RNasa 10 pl/ml and
incubated the tubes at 37°C for 3 h before gDNA quantification.
For southern hybridization, | first digested DNA samples
with Xhol for 1 h and separated them on a 1% agarose gel. Then,
| treated the agarose gel with denaturation buffer (0,5N NaOH,
1,5M NacCl) followed by 30 min incubation with neutralization
buffer (0,5M Tri-HCI, 1,5M NaCl pH=7,5). | transferred the DNA
from the gel to Amersham™ Protran™ NC Nitrocellulose
Membranes (10600001) in the presence of 20x SSC (3M NacCl,
0,3M tri-sodium citrate, pH=7). After 5 h, | washed the membrane
with Mili-Q water. The following step was the pre-hybridisation
with 10 ml of DIG Easy Hyb Granules (Roche Applied Science)
pre-heated at 56,7°C in the hybridisation oven. Before
hybridisation, | pre-heated the probe at 95°C 5 min and placed it
immediately in ice for 2 min. | incubated the membrane with the
DIG labelled telomere probe: 5-TGTGGGTGTGGTGTGTGGGG
TGGTG-3’ (Boulton and Jackson, 1996) at 56,7°C overnight.
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After hybridisation, | washed the membrane twice with
washing buffer (0,1M acetic acid, 0,15M NaCl and 0,3% Triton) at
room temperature. Next, | incubated the membrane with blocking
buffer 1x (blocking buffer 10x and Maleic acid buffer (100mM
Maleic acid, 150mM NaCl, pH=7,5)) for 1 h at room temperature
with gentle rocking. For probe detection, | used anti-digoxigenin-
AP, Fab fragments (Roche Applied Science, 11175033910).

14. Two-dimensional electrophoresis

| collected a total cell amount of 15 O.Deoo from an
exponential growth culture. For protein extraction, | incubated
cells with 10M trichloroacetic acid (TCA) to a final concentration
of 20% (v/v) for 10 min. Next, | washed the samples twice with
Mili-Q water and resuspended the pellet with 10% TCA (v/v)
followed by 1 h incubation at 4°C. | centrifuged cell lysates at
14.000 rpm 30 min at 4°C and resuspended the pellet with 90%
acetone. | centrifuged the mix at 14.000 rpm 30 min at 4°C and
resuspended the pellet in UTC buffer consisting of 7 M urea, 2 M
thiourea and 2% CHAPS (a detergent to break protein-protein
interaction) to denature proteins. | used up to 50 ug of protein. In
addition, | added to the samples resuspended in UCT buffer: 1M
DTT, a mix of ampholytes and a tip of blue bromophenol solution.

| isoelectrically focused proteins in the first dimension using
11 cm Ready Strips™ IPG (pH 3.0-10.0; Bio Rad) in an Ettan
IPGphor Il (Amersham Biosciences) system following the
indications of the manufacturer. The conditions were: 250 V for 30
min, 1000 V for 30 min and 5000 V 70 min at 20°C.
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| incubated the strips in equilibrium buffer (1,5 M Tris-HCI
pH=8,8, 6 M urea, 30% glycerol, 2% SDS, 64 mM DTT and blue
bromophenol) for 15 min with gentle rocking. After that, |
incubated the strips for 30 s in running buffer.
For resolving proteins in the second dimension, | used SDS-PAGE
4-15% gradient acrylamide gels. Proteins were transferred to
PVDF membranes (Immobilon-P; Millipore) at 20 V and 4°C
overnight. | performed the Western blot as described in section
10.3.

15. Silencing assay

| performed silencing assay as described in Singer (1994).
The system is based on the ability of cells to grow either in ura- or
5-FOA selective plates. All yeasts strains are derived from
UCC3505 (MATa ura3-52 lys2-801 ade2-1071 trp1A63 his3A200
leu2A1 ppr1::HIS3 adh4::URA-TEL DIA5-1) and UCC3515 (MATa
ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 hmi::URA3).
UCC3505 and UCC3515 harbour a URAS3 reporter gene at either
the telomeres or HML region. URA3 gene encodes for orotine-5’-
monophosphate decarboxylasa that convert 5-FOA (5-
Fluoroorotic acid) to a toxic metabolite for the cells. Therefore,
only cells silencing URA3 reporter can grow in 5-FOA medium but
cannot in ura- selective plates.

| diluted overnight cultures to OD».e60=0.3 and allowed them
to grow to a mid-log phase. After 3 h, | adjusted cell suspensions
to OD1e60=0.05. | spotted 10-fold serial dilutions of every culture
onto ura- or 5-FOA (Thermo Scientific™) plates and incubated at
30°C for 3-4 days.
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16. DSB plasmid repair assay
16.1 NHEJ repair assay

The non-homologous end-joining (NHEJ) repair assay was
as in Bertuch and Lundblad (2003). This assay is based on the
capacity of cells to re-ligate the plasmid by NHEJ. pRS316 was
digested with BamHI which cuts within the multicloning site of the
plasmid, therefore there is not a homologous sequence available
in the cell’'s genome to repair the damage by HR. | purified BamHI
digested pRS16 in an agarose gel. | diluted yeast cells from an
overnight culture to ODxsso= 0,3 in 50 ml. After 3 h of exponential
growth, | collected the cells for yeast transformation and adjusted

the ODsse0 to 0,7 in the different strains. | used 300-350 ng of

URA3 LEU? BamHI digested pRS316 and 50-
oRE316 SREATE 100 ng of uncut pRS415 for yeast
transformation by lithium
BamH acetate/single-stranded  carrier
l DNA/polyethylene glycol method

— (for details see section 2).

Non-digested pRS415
plasmid was used to control yeast
transformation efficiency from

NHEJ repair’/ \No repair y
every culture. Cells were plated in

Ura- | .
b 5 Ura- and Leu- selective plates and

Leu+ Leu+
1 o
. Growin Leu- incubated at 30°C for 48 h. Cells
sﬁf:(}ﬁavr;dpﬁ:ti's selectiveplates  \wvere  counted and  NHEJ
Fig. 17. NHEJ repair assay. efficiency was calculated as the
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ratio of uracil prototrophic growing colonies to leucine prototrophic

growing colonies.

16.2 HR repair assay

The homologous recombination (HR) repair assay was
performed as described in Hentges (2014). The system is based
on genome integration of the URA3 marker gene from an
integrative plasmid. As integrative plasmids are unable to replicate
in their hosts, it must integrate into the genome. | digested
YlpLac211 with EcoRV which makes a cut inside the URA3
marker gene. | purified the EcoRV digested plasmid in an agarose
gel. | diluted an overnight culture of yeast cells bearing a mutated
version of URA3 in their genome, to ODes0=0,3. After 3 h of

exponential growth, | collected the cells and the ODxsso0 Of each

EcoRV
v

UR A3

culture was adjusted to 1,0.

Linearised
plasmid

HR /V
Yeast

genome ura3-1 —

Yeast
genome

Fig. 18. Homologous recombination in HR repair assay
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The next steps for yeast transformation are detailed in section 2.
| used 500 ng EcoRV digested YlpLac211 and 50-100 ng of uncut
pRS415 to transform each strain. Again, | used pRS415 as a
control for transformation efficiency. | plated cells in Ura- and Leu-
plates and incubated them at 30°C for 48 h. | counted the cells
and calculated HR efficiency as the ratio of uracil prototrophic
growing colonies which have successfully integrated the URA3

gene.

17. NHEJ genomic assay

| used two different systems to evaluate NHEJ events. The
suicide deletion assay was described in Palmbos, Daley and
Wilson (2005). The strains | used in this assay derived from
YW1276 (MATa-inc ade2::HOSD(+1)::STE3-MET15 his3Al
leu2A metl5A ura3A). This system consists of a yeast strain
bearing two HO cleavage sites flanking the endonuclease gene
which is under the control of a GAL1 promoter (Fig. 19). There is

HO
cleavage site no homologous sequence

’—pGALT v available for the cells to

- HO -MET15 -  perform HR, therefore once

‘L/U HO has been induced with

, , galactose, the endonuclease
Gal induction ——— Cell

NHEJL Norepair death  gnips the genome and the
DSB is repaired by re-ligation
of DNA ends (NHEJ). |

Fig. 19. Schematic representation  jnoculated cells at a final
of the suicide deletion assay.

Adapted from Palmbos, Daley and ODiee0=0,1 in 5 ml of SD
Wilson (2005).

supplemented with 120 pg/ml
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adenine and left to grow overnight. After 16 h, | collected them and
adjusted the ODsssoto 0,3. When cells reached a mid-log phase, |
plated them in either 2% glucose or 2% galactose plates and
incubated them at 30°C for 3-4 days. Then, | counted the number
of cells and calculated the frequency of DSB repair by NHEJ as
the ratio of colonies formed on galactose plates compared to the
glucose plates.

The second assay was described by Dr Haber’s lab (Kim
and Haber, 2009). All strains used are derived from JKM179
(MATa ho hml::ADE1 hmr::ADE1 adel-100 leu2-3,112 trp::hisG
lys5 ura3-52 ade3::GAL::HO). Induction of HO endonuclease by
galactose generates a single cut at the Chlll yeast genome. As
cells lack both, HML and HMR which have the homologous
sequence to MAT, the DSB will be repaired by NHEJ. | inoculated
yeast cells at an ODxs60=0,05 in 5 ml of SD 2% raffinose for an
overnight culture. The next day, | obtained a mid-log phase culture
of an ODaxsso ranging from 0,6-0,8. Next, | plated the cells in either
2% glucose or 2% galactose SD plates and incubated at 30°C.

After 48h, | counted the cells, and | calculated the
frequency of DSB repair by NHEJ as the ratio of colonies formed

on galactose plates compared to the glucose plates.

18. HR genomic assay

The HR genomic assay was as in Kim and Haber (2009).
This system consists of a genetically modified strain (YJK17)
where a single cut takes place in the yeast genome after HO is

induced by galactose.
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HO snips the genome at the MATa locus (Chlll) and, as
intrachromosomal homologous sequence was deleted, the
recombination occurs with the homologous sequence at MATa
locus (ChV) (Fig. 20). The endonuclease will not be able to cut the
genome again because the homologous sequence at MATa locus
has a mutated version of the HO recognition site. All the strains |
used for this experimental procedure are derived from YJK17
(MATa ho hml::ADE1 hmr::ADE1 adel-100 leu2-3,112 trp::hisG
lys5 ura3-52 ade3::GAL::HO arg5,6::MATa-inc::HPH1).

| inoculated yeast cells at an OD».660=0,05 in 5 ml of SD 2%

HO cut raffinose for an overnight
|J culture. After 16 h, the
MATo. .
- overnight culture reached a
mid-log phase of an ODxs60
HOﬂWO'OQOUSlsequence ranging from 0,6-0,8. Next,
MATa | plated the cells in either
Chv

—— 2% glucose or 2%

Fig. 20. Schematic representation of galactose SD plates and

the HR genomic assay. Adapted from  jncubated at 30° for 72 h.

Kim and Haber (2009 .
! (2009) Finally, 1 counted the cells,

and | calculated the frequency of DSB repair by HR as the ratio of
colonies formed on galactose plates compared to the glucose

plates.

19. NHEJ fidelity assay

The fidelity in the NHEJ process was measured as follows:
| used 200-300 ng of Ncol digested pJC2170 plasmid to transform
the pertinent strains. pJC2170 plasmid is based on pRS415 in
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which | cloned the URA3 marker gene between Hindlll and BamHI
restriction site. Ncol site is in the URA3 sequence. Consequently,
Leu+ colonies are those that were able to repair the plasmid, and
Ura+ those that repaired maintaining the URA3 intact. | measured
fidelity as the ratio between the number of uracil prototrophic

colonies to leucine prototrophic colonies.

20. Sensitivity to drugs in asynchronous cultures
For dose-response assays, | diluted the overnight cultures
to an ODxe60=0,3. After 3 h of exponential growth, | treated cells
with either MMS (Sigma) or bleomycin (Abcam). The MMS
concentrations | used were: 0,01%, 0,033% and 0,1% and cells
were incubated with MMS for 60-, 120-, 180- or 240-min.
Bleomycin concentrations | assayed were 3, 30 and 300 pug/ml and
cells were incubated for 30, 60, 90 or 120 min.
After drug treatment, | plated cells onto 2% glucose plates and
incubated at 30°C for 2 days. | calculated the percentage of
survival as the ratio of non-treated to treated cells grown in

glucose plates.

21. Sensitivity to bleomycin in synchronic cultures
For sensitivity assays in synchronic cultures first, |
synchronised cells in Gi1 as detailed in section 6. 70 min after a-
factor released, | added 300 pg/ml of bleomycin (Abcam) to the
culture to induce specifically in the G2 phase the double strand
breaks and incubated with bleomycin for 30 min in a water shaker
at 30°C. After that, | plated cells on 2% glucose plates and

incubated at 30°C for 2-3 days. Finally, | counted the number of
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cells and calculated the percentage of survival as the ratio of non-

treated cells to bleomycin-treated cells grown in glucose plates.

afactor vﬁomycin a o)
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1h 40m|n 70 min 30 min .

o —»  Cell plating
Od O'O’ afactor @&\ “Bieomicin

release (%@ @) jncubation ¢ SE=205)

Check shmoo
morphology @@’

Fig. 21. Schematic representation of the experimental procedure for

bleomycin treatment in a synchronic culture.

22. Colony formation assay in cancer cell lines

| seeded the cells and infected them with lentiviral vectors:
PWPI-Ku80", pWPI-Ku8072°4 and pWPI-empty in 24-well plates.
48h post-infection, | incubated cells 2 h with either one of the
following bleomycin concentrations: 0,05, 0,1, 0,5, 1 or 5 ug/ml.
After bleomycin treatment, | trypsinised cells, washed them and
counted them. A total density of 1200 (A549), 2500 (MCF-7) and
1200 (MDA-MB-231) cells were seeded in 6-well plates. After 2
weeks colonies became visible (Fig. 21A). | removed the medium
was removed and fixed cells with 1 ml of 100% methanol at -20°C
for 5 min. Next, | washed cells twice with PBS and stained them
with 0.1% crystal violet for 30 min at room temperature in the dark.
Later, | performed 3-4 washes with PBS. To analyse cell viability
first, | counted the cell number. Moreover, for a more accurate
analysis of cell viability, | measured the absorbance at 570nm

after dissolving crystal violet with acetic acid (Fig. 21B). In both
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cases, | calculated the percentage of cell survival as the ratio of

cells treated with bleomycin versus the control.
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Fig. 22. Schematic representation of the experimental procedure
bleomycin treatment in cancer cell lines. A. Colony formation assay.

Measurement of cell viability.
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23. Statistical analysis

| expressed data as standard error of the mean
(mean+SD). | determined the statistical significance using the
paired sample t-test. | considered a *p value < 0.05, **p value
>0.005 and ***p value >0.001 significant.
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1. Yk80 and the cell cycle

It has been previously demonstrated that pho854 cells are
sensitive to different types of DNA damaging agents such as
bleomycin (Kapitzky et al., 2010), methyl methane sulphonate
(Chang et al.,, 2002) and hydroxyurea (Hartman IV, 2007)
amongst others. As described, these chemical compounds when
either reacting with the DNA or interfering with the replication
process, lead to DSBs which are repaired by the HR or NHEJ
pathway.

A genome-wide search to look for protein-protein
interaction events within S. cerevisiae was carried out at Dr Tyers
lab (Ho et al., 2002). Interestingly, one of the interactions they
described was between CDK Pho85 and Yku80, as mentioned in
the introduction, one of the main proteins involved in DSBs
repaired by NHEJ. In addition to this study, another genome-wide
search experiment was performed at Dr McEachern lab to identify
S. cerevisiae deletion mutants which have an effect on telomere
length (Askree et al., 2004), a function where Yku80 plays an
important role.

These facts lead me to consider there might be a
connection between cell cycle machinery (Pho85) and DNA repair
(Yku80).

2. Yku80 is an in vitro substrate of Pcl1-Pho85

As mentioned eatrlier, an interaction between Yku80 and
Pho85 has been described (Ho et al., 2002; Askree et al., 2004).

However, this evidence came from genome-wide experiments and
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to date Yku80 phosphorylation by Pho85 has not yet been
reported.

To assess if any of the two different enzymatic forms of
Pho85 can phosphorylate Yku80, | performed an in vitro
phosphorylation assay. First, | produced and purified Yku80,
Pho85 and Pcll1 proteins from E. coli and | performed the in vitro
kinase assay as described in (Jeffery et al., 2001). The reason |
selected Pcll as the cyclin partner of Pho85 is because Pcll
activates Pho85 during late G1 and S phase of the cell cycle.

Pcl1-Pho85 - +
Yku80 + +
Phosphoprotein —

coomassie | s s

Fig. 23. Yku80 is phosphorylated by Pcl1-Pho85 in vitro.

Bacteria produced recombinant GST-Pho85 and GST-Pcll were assayed with
GST-Yku80. Phosphorylated proteins were detected using the Pro-Q Diamond
phosphoprotein gel stain kit (Invitrogen). Coomassie staining of the membrane

is presented as a load control.

Pro-Q Diamond phosphoprotein gel stain allowed me the
direct in-gel detection of phosphate groups attached to tyrosine,
serine, or threonine residues. The kinase assay shows a signal
corresponding to phosphorylated Yku80 where both, Pcl1-Pho85
complex and Yku80 were assayed together (Fig. 23). This result
indicates that Yku80 is phosphorylated by Pcl1-Pho85 in vitro.

In the introduction, | explained how Pho85 can interact with
two families of cyclins: Pcls or Pho80 family. Pho85 function
depends on the cyclin it binds to. Pho80-Pho85 complex
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participates in the phosphate metabolism and one of their known
targets is Pho4 (Kaffman et al., 1994; Lee et al., 2008)

To find out whether Yku80 phosphorylation takes place
strictly when Pho85 is activated by Pcll, Pho80 or both, I
performed another in vitro kinase assay now with Yku80, Pho85
and Pho80. These proteins were also produced and purified from
E. coli.

As shown in Fig 24, there is no signal corresponding to
Yku80 phosphoprotein when Pho80-Pho85 were assayed with
Yku80.

Pho80-Pho85 + +

Yku80  + + -

Pho4 - - +
Phosphoprotein Su—
p—
Coomassie  [Fin SR (| S—

Fig. 24. Yku80 is not phosphorylated by Pho80-Pho85 in vitro. Bacteria
produced recombinant GST-Pho85 and GST-Pho80 were assayed with GST-
Yku80 and GST-Pho4. Phosphorylated proteins were detected using the Pro-
Q Diamond phosphoprotein gel stain kit (Invitrogen). Coomassie staining of

the membrane is presented as a load control.

This result indicates that Yku80 might be a specific
substrate for Pcl1-Pho85 complex. Pho80-Pho85 were unable to
phosphorylate Yku80 in vitro. However, the complex is active as
Pho4 was successfully phosphorylated (Kaffman et al.,, 1994).
Taking into consideration that Pcll is involved in cell cycle
progression, this result indicates that Yku80 function regarding
this phosphorylation by Pcl1-Pho85 could be related to cell cycle.
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3. Yku80 bears four consensus sites for CDK

phosphorylation

Yku80 protein from S. cerevisiae has 629 amino acids.
Three different domains can be defined within the sequence: an
amino-terminal von Willebrand A domain (VWA), a central core
domain which binds to the DNA and a disorganised carboxyl-
terminal domain (Harris et al., 2004). Analysing the sequence
searching for consensus sequence for CDK phosphorylation, |
identified four S/TP motifs distributed amongst the different
domains. The first SP motif is at the beginning of the amino acid
sequence in the N-terminal domain (S19), the next one is located
in the DNA binding core (S200) and the two SP motifs left are
located at the disordered region of the C-terminal domain (S567
and S623) (Fig.25).

S\ o R
O O O O
NTD DNA bindina core CTD

Fig. 25. Schematic diagram of the Yku80 protein and its domains.
Numbers on top indicate the different SP CDK consensus sites. The three
domains, represented in different colours, are NTD (N-terminal domain), DNA
binding core and CTD (C-terminal Domain).

4. Yku80 is phosphorylated in vitro at Ser623 by
Pcl1-Pho85

As mentioned above, Yku80 amino acids sequence has
four SP consensus sites for CDK phosphorylation (Fig. 22). The

91



Results

following question was which residue, if not the four of them, is
phosphorylated by the CDK/cyclin complex?
For this, | mutated all serines from the SP motifs to alanines and
made different combinations to identify the residue targeted by
Pho85.

YKU80 was amplified from BY4741 yeast background by
PCR and was used as a template to synthesise also by PCR, the
different versions of YKU80 mutants with primers carrying the
mutation. Next, genes were cloned by ligation in a pGEX-6P-1 for
E. coli protein expression and purification (see Materials and
methods section 1 and 3). An in vitro kinase assay was performed

with purified proteins from E. coli.

Pcl1-Pho85 + + + + + +
Yku80 wt +

S13A; S200A; S567A; S623A (4A) _—  _—  + _  _  _
S13A; S200A; S567A (3A) —  — — + —  _
S13A:S623A — — — — + _

S567A;S623A @— — — — — +

Phosphoprotein <

Coomassie

Fig. 26. Yku80 is phosphorylated in vitro by Pcl1-Pho85 at Ser623. The
indicated mutant versions of Yku80 protein were obtained and assayed as

explained in Fig 24. Arrows indicate Yku80.

As shown in all Yku80 mutant versions in which Ser623 has

been substituted by an alanine, there is not a signal corresponding
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to the phospho-protein (Fig. 26). This result suggested that
Ser623 may be the residue targeted by Pcl1-Pho85 complex as
all Yku80 versions where Ser623 has been substituted by an
alanine residue, if compared with Yku80 wild type in lane 2, do not
show Yku80 phosphoprotein.

5. Yku80is phosphorylated in vivo at Ser623 by Pcl1-
Pho85

The coming step was to check if this phosphorylation also
occurs in vivo. First, | produced strains where YKU80 was tagged
with a TAP-tag at the C-terminal domain in the wild-type strain,
Ser623 to Ala mutant (from now on S623A), pho854 and pcli4
mutants (see materials and methods section 1).

To assess in vivo phosphorylation, | used two different
methods: two-dimensional electrophoresis and Phos-Tag gel. |
analyse Yku80 phosphorylation by Phos-Tag gels. Phos-Tag gel
is a technique which helps to dissect the phosphorylated state of
proteins based on a shift in the electrophoretic mobility (Kinoshita
et al., 2006). When a protein is phosphorylated it will migrate
slower in the gel.

| analysed cell extracts from two different clones. As a
positive control, | incubated one of the wild-type strains with
alkaline phosphate (AP) at 37°C 30 min before they were analysed
by Phos-Tag gels (Fig. 27 A).

There is a shift in mobility between the wild-type and yku80-
S623A mutant (Fig. 27 A). The same shift took place when the
wild-type strain was previously treated with AP (Fig. 27 A).
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Fig. 27. Yku80 is phosphorylated in vivo at Ser623. Two different Phos-tag
gel experiment in which cell extracts from A) genomic YKU80-TAP and yku80-
S623A-TAP from two different clones and B) genomic YKU80-TAP, yku80-
S623A-TAP, pho854 YKUB80-TAP and pcllA YKUBO-TAP were analysed. In
both experiments, one of the wild-type cell extracts were treated with alkaline
phosphatase (AP) before being electrophoretically separated. Proteins were
detected with an a-TAP antibody.

To assess if Pcl1-Pho85 complex is responsible for Yku80
phosphorylation in vivo, | performed another Phos-Tag assay with
strains where either PHO85 or PCL1 was deleted. As shown in
Fig. 27 B, there is a difference in protein migration of S623A,
pho854 and pcll4 mutants compared to the wild-type strain.
Moreover, the faster migration of Yku80 in the mutant strains
match with the migration pattern of the wild type previously treated
with AP which ensures the non-phosphorylated state of Yku80.

These results are suggesting that Pcl1-Pho85 is the cyclin-
CDK complex responsible for Yku80 phosphorylation at Ser623.

To further support that Yku80 is phosphorylated at Ser623,
| performed a two-dimensional electrophoresis (2D
electrophoresis). The 2D electrophoresis is a technique where
proteins in a complex mixture are separated based on their
isoelectric point (pl) value in the first dimension and their relative

molecular weight in the second dimension. As protein
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phosphorylation changes the pl value of proteins due to the
negative charges of phosphate groups, it is possible to
differentiate two main  populations corresponding to
phosphorylated and non-phosphorylated proteins. | analysed cell
extracts from an exponentially growing culture of the
aforementioned strains. The electrophoretic profile of the wild-type
strain is represented by two well-defined dots which is consistent
with the presence of the two states of the protein: phosphorylated
and non-phosphorylated. However, this pattern changes in the
yku80-S623A where | can only identify a single dot, the non-
phosphorylated population (Fig. 28).

These results show that Yku80 is phosphorylated at Ser623
in vivo by Pcl1-Pho85.

<
Q D
&S
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wt P -
S623A -

Fig. 28. Yku80 is phosphorylated in vivo at Ser623. 2-D electrophoresis

analysis of the previous genomic TAP-tag.

6. The non-phosphorylatable version of Yku80 is

viable at 37 degrees

Next, | checked if the mutation had an effect on the
functionality of the protein. To accomplish this, | began to examine
the ability of yku80-S623A to grow at 37°C. The reason to perform
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this viability assay comes from the fact it has already been
described that YKU80 knockout cells are unable to grow at 37°C
(Boulton and Jackson, 1996; Gravel and Wellinger, 2002).

The spot assay shows the expected growing defect of
yku804 cells. However, yku80-S623A growth is the same as the
wild type presents (Fig. 29). yku80-S623A viability at 37°C
suggests that the protein is functional despite the mutation at
Ser623.

Fig. 29. yku80-S623A genomic mutant restores the high temperature
growing defect of yku804 cells. Spot assay of Yku80 wild type, yku80A
and yku80-S623A at 30°C and 37°C for 48h. 3 ul of three-fold sequential

dilutions were spotted onto YPD plates starting from OD 660 = 0.05.

7. Protein levels of yku80-S623A do not vary

compared to the wild-type strain

Afterwards, | determined the amount of protein from an
asynchronous culture after 3 h of exponential growth.

As shown in Fig. 30, there is a slight decrease in the
amount of protein regarding the yku80-S623A mutant.
Nevertheless, the statistical analysis showed a p value > 0,05 (p
value = 0,663) meaning the small reduction in the amount of

yku80-S623A is not statistically significant.
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Fig. 30. Yku80 protein amount is not altered by the yku80-S623A mutation.
A. Western blot of 0.1 OD »es0 TAP-tagged wild-type and yku80-S623A cultures
are presented in the upper panel. Cells from an overnight culture were grown
exponentially to an OD je60 ranging from 0.7 to 1.0. Ponceau staining was used
as loading control. B. Quantification of the amount of protein is represented in
the bar graph as the average and SD of 10 independent experiments. The P
value was calculated by two-tailed paired t-test. Values were normalised to wild
type = 100.

8. yku80-S623A is properly localised in the nucleus

To this point, | have confirmed that yku80-S623A is a
functional protein and its amount does not vary compared to the
wild type. Next, | looked at the localisation of the protein. It has
been described that Yku80 has a nuclear localisation (Laporte et
al., 2016), that is why the next step was to determine if yku80-
S623A is also localised within the cells’ nucleus.

For this, | decided to generate genomic yeGFP-tag
versions of YKU80 and yku80-S623A using the toolbox method
explained before (Janke et al., 2004). | analysed cultures after 3h
of exponential growth and as shown in Fig. 31., the localisation
pattern of either Yk80 wt and yku80-S623A is the same and

compatible with nuclear localization.
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Altogether, this suggests that the S623A mutation produces a
functional protein and that the phenotypes | am describing in the
following sections are not due to a non-functional, poorly

expressed, or delocalised protein.

Bright Field GFP
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Fig. 31. yku80-S623A is localised in the nucleus. Yku80-yeGFP and yku80-
S623A-yeGFP strains were grown in SD at 30 °C. After 3h of exponentially

growing, cells were collected and diluted prior to microscope observation with

Nikon Ti Eclipse Fluorescence Microscope. Size bar represents 10 uM.

9. Yku80 phosphorylation at Ser623 does not affect
transcriptional gene silencing at telomeres and HML

locus

Henceforth, my research is focused on establishing the
physiological relevance of Ser623 phosphorylation.

In budding yeast, there is an absence of compacted
heterochromatin regions to repress gene transcription compared
to higher eukaryotes. Silent chromatin represents less than 1% of
the genome in budding yeast whilst in humans it is more than 55%
(Perrod and Gasser, 2003). However, S. cerevisiae has three

different chromosomal regions conferring epigenetic silencing on
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otherwise functional promoters: the homothallic mating-type locus
left (HML) and right (HMR), telomeres and ribosomal DNA array
(rDNA). Genes located in these domains or nearby are repressed
for transcription.

Earlier in the introduction, | explained Yku80 is involved in
gene silencing at both telomeres and HML/R locus (Mishra and
Shore, 1999; Roy et al., 2004). To determine if gene silencing is
impaired in yku80-S623A mutants, | used a system described in
(Singer and Gottschling, 1994) and (Clément et al., 2006). The
system consists of yeast strains UCC3505 and UCC3515
harbouring a URA3 reporter gene at either the telomeres or HML
region. To assess whether yku80-S623A can silence URA3
reporter, | checked the capacity of these strains to grow in 5-FOA
medium. 5-FOA Kkills cells expressing the URA3 reporter gene,
therefore only strains silencing URA3 will be able to grow.

| generated Yku80 wt, yku80-S623, sir2::KanMX,
pho85::KanMX and pcll::LEU2 by chromosomal integration using
the toolbox system previously described in (Janke et al., 2004).

Silent information regulator (SIR) proteins are essential for
gene silencing (Rine and Herskowitz, 1987). These proteins are
found at the silent mating type loci, telomeres, and at the rDNA
locus repressing gene expression (Kueng, Oppikofer and Gasser,
2013). For this reason, | used yeast cells lacking one of the SIR
proteins, Sir2, as a control for gene transcription (Singer and
Gottschling, 1994; Chou, Li and Gartenberg, 2008). Additionally, |
assayed the original strains UCC3505 and UCC3515 to make
sure the tagging at the C-terminus does not interfere with Yku80

function at the telomeres or HML locus for gene silencing.
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A Telomeres

YPD Ura-

ucc3sos

HMIL locus

YPD Ura- 5-FOA

UCC3515
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S623A
yku80A
pho85A
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Fig. 32. yku80-S623A genomic mutation does not interfere with gene
silencing, neither at telomeres nor at HML locus. 10-fold serial dilutions of
the exponentially growing noted strains were spotted on the indicated plates at
an initial OD xe60 = 0.05. A. UCC3505 and B. UCC3515 are the original strains
provided by Dr Belhumeur where YKU80 has not been tagged with KanMX at

the C-terminal end.

The silencing assay shows that the non-phosphorylatable
mutant is unable to grow in an Ura- selective medium but capable

of surviving in 5-FOA plates meaning that yku80-S623A fully
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silences URAZ at both locations, the telomeres (Fig. 32 A) and the
HML locus (Fig. 32 B).

sir2A cells perfectly grew in Ura- plates indicating the
reduction of transcriptional gene repression already described in
the literature (Chou, Li and Gartenberg, 2008).

Additionally, pho854 and pcll4 cells grow to the same
extent both in YPD and 5-FOA but they are unable to grow in Ura-
selective medium showing the same phenotype that yku80-S623A
presents. Interestingly, yku80A cells are able to silence the URA3
reporter gene when it is located in the HML locus but not at the
telomeres where it shows the same phenotype as sir4 cells do.

This result indicates that S623A mutation does not have an
effect on Yku80 role in transcriptional gene repression at either

the HML locus or telomeric region.

10. yku80-S623A does not present a shortening in

telomere length

One of the mainly described functions of Yku80 is its role in
telomere maintenance. Telomeres are the physical ends of
chromosomes and its structure includes a 3’ single strand G-tail
and the subtelomeric X and Y~ elements.

To check whether Yku80 phosphorylation at Ser623 has a
role in protecting telomere length, | performed a southern
blot to detect a Y’ specific sequence of yeast telomeres. As in Fig.
33, there has been reported in the literature a shorter telomeric
length in cells lacking Yku80 (Boulton and Jackson, 1996; Gravel
et al., 1998; Nugent et al., 1998). Moreover, the lethality of Yku80-
deficient cells when exposed to 37°C as the growth temperature
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was shown to be the result of telomeric shortening (Gravel and
Wellinger, 2002). Similar telomere length is displayed by the wild
type and S623A (Fig. 30).
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Fig. 33. yku80-S623A displays normal telomere length. Southern blot of
Xhol-digested genomic DNA probed with Y' specific sequences of yeast
telomeres from the noted strains. Arrow indicate the specific fragment
detected by the probe.

This result confirms that the phosphorylation of Yku80 at Ser623

is not involved in the regulation of telomere length.

11. yku80-S623A shows an increase in NHEJ events
The next Yku function | checked was Yku80’s role in DNA

repair. Aside from telomere maintenance and gene silencing, Yku
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proteins are involved in a DNA repair pathway called NHEJ. As
HR is restricted to the S/G2 phase of the cell cycle where DNA
has been replicated, NHEJ is the main mechanism in charge of
DSB repair during G1 even though it is active throughout the cell
cycle.

To determine whether the phosphorylation at S623 has a
role in NHEJ, | used a method first described in Milne (1996).
Briefly, the replicating yeast plasmid pRS416 (URA3) was BamHI-
digested and separated by DNA electrophoresis. This step allows
enhancement of the isolation of mainly BamHI-linearised pRS416
which was transformed into Yku80, yku80-S623A and yku804
cells. Only those cells which re-ligate the plasmid will grow in an
Ura- selective medium. To control yeast transformation efficiency,
non-digested pRS415 (LEU2) was transformed together with
BamHlI-linearised pRS416. Cells were plated on Ura- and Leu-
plates and incubated at 30°C for 48h. NHEJ efficiency was
calculated as the ratio of Ura+ to Leu+ colonies.

As described in the literature, there is a decrease in the
number of re-ligated plasmids by yku804 cells when comparing
with the wild type (Boulton and Jackson, 1996). In addition, |
observed an interesting 2.5-fold increase of NHEJ events in
yku80-S623A (Fig. 34).

To further support this result, | performed another assay to
evaluate DNA repair by NHEJ described in Kim and Haber (2009).
This method consists of a genetically modified strain bearing a
single HO cleavage site the MATa locus (Chlll). In addition, the

intrachromosomal homologous sequence was deleted so DNA
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damage cannot be repaired by HR. HO expression is induced by
galactose (Fig. 35 A).
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Fig. 34. yku80-S623A mutant cells display enhanced NHEJ. A. Schemati
representation of the experiment. Cells were transformed with BamHI-digeste
pRS416 (URA3) and with non-digested pRS415 (LEU2) and incubated at 30
for 48h. B. Quantification of NHEJ events calculated as the ratio of Ura + to Le
+ colonies. The bar graph shows the average and SD of four independer
experiments with two internal duplicates. P value was calculated by two-taile

paired t-test. (***)p< 0.0001. Values were normalised to wild type = 1.

| plated cells from an exponentially growing culture in either
2% glucose or 2% galactose SD plates and incubated at 30° for
72 h. | observed an interesting 0.5-fold increase of NHEJ events
in yku80-S623A compared to the wild-type strain (Fig. 35 B).
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Fig. 35. yku80-S623A cells present enhance NHEJ. A. Schematic
representation of the assay. B Quantification of NHEJ repair events was
measured as the ratio of colonies grown in galactose (where HO is induced)
to colonies on glucose plates. The bar graph represents the average and
SD of four independent experiments with two internal duplicates. P value
was calculated by two-tailed paired t-test. (*)p< 0.05 Values were
normalised to wild type = 1.

In addition to the two previous systems, | performed
another assay named ‘“suicide system” (Palmbos, Daley and
Wilson, 2005). Here, DNA damage is also caused directly in a
cell's genome. The suicide deletion method is based on strains
bearing two HO cleavage sites flanking the endonuclease gene
which is under the control of a GAL promoter. Once HO is induced,
the endonuclease snips the genome of the cells and a fragment is
excised (Fig. 36 A). The main mechanism to repair the DNA
damage caused by the HO is NHEJ as there is not an available
homologous sequence to recombine.

| obtained a 50-fold increase of NHEJ events in the non-

phosphorylatable version of Yku80 (Fig. 36 B). | performed the
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assay with two different mutant and wild-type clones and, as
shown in Fig. 36 B the difference achieved is clone independent.
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Fig. 36. yku80-S623A cells display increased NHEJ. A. Schematic
representation of suicide deletion system modified from (Palmbos, Daley and
Wilson, 2005). B Quantification of NHEJ repair events was measured as the
ratio of colonies grown in galactose (where HO is induced) to colonies on
glucose plates. The bar graph represents the average and SD of at least three
independent experiments with two internal duplicates. P value was calculated
by two-tailed paired t-test. (**)p< 0.005 Values were normalised to wild type =
1.

Moreover, | checked if PHO85 deletion also increases
NHEJ but pho854 cells were not able to grow on galactose.
Because pho854 cells grow poorly on glucose, have aberrant
morphologies, and are larger than wild-type cells (Measday et al.,
1997), | decided to perform the experiment with the activating
cyclin of Pho85, Pcll. pcllA cells also grow poorly on galactose
plates, but | was able to determine that they show more NHEJ that

the wild-type cells (Fig. 36 B).
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The three approaches have led to the same conclusion: the
non-phosphorylatable version of Yku80 shows an increase in the
number of NHEJ events performed by the cells compared to the

wild type.

12. Repair fidelity is not impaired in yku80-S623A

NHEJ is considered an error-prone DNA repair system
employed to repair DSBs. Since NHEJ does not use a
homologous template, it can result in DNA mutations.

To evaluate whether yku80-S623A has an effect on DNA
repair fidelity, | used a modified version of pRS415 (LEU2 marker)
| engineered (Fig. 37 A). URA3 marker was cloned in pRS415
multicloning site and later, the plasmid containing both genes
LEU2 and URA3 was digested with Ncol (which can only cleavage
inside URA3 marker). Ncol-digested modified version of pRS415
were transformed and DNA repair fidelity was measured as the
ratio Ura+ to Leu+ colonies. Only colonies which have performed
error-free NHEJ events will be able to grow in uracil auxotrophic
plates. As presented in Fig. 37 B, there is less than a 0.5-fold
increase in yku80-S623 compared to the wild-type version;
however, it is not statistically significant.

Moreover, yku804 shows a decrease of DNA repair fidelity,
probably due to its inability to repair the Ncol-digested plasmid by
NHEJ pathway and the use of alternative, less efficient DNA repair

mechanisms.
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Fig 37. Plasmid repair fidelity is independent of Yku80 phosphorylation at Ser623.
A. Schematic representation of the experimental procedure. Cells were
transformed with Ncol-digested modified-pRS415 and incubated at 30°C for
48h. B. Repair fidelity was calculated as the ratio of Ura+ to Leu+ cells. The bar
graph shows the average and SD of three independent experiments with two
internal duplicates. P value was calculated by two-tailed paired t-test. Values

were normalised to wild type = 1.

13. Homologous recombination is reduced in yku80-
S623A mutants

As previously explained in the introduction, there is a
balance between NHEJ and HR through the different phases of
the cell cycle. Here, | have described an increase in NHEJ events
when Yku80 cannot be phosphorylated at Ser623. Next, |
wondered if the increase in NHEJ repair is followed by a reduction
in HR. To test this hypothesis, | performed an assay described in
Hentges (2014) based on genome integration of a URA3 marker
gene from an integrative plasmid (Ylplac211). Integrative
plasmids, also called suicide vectors, are unable to replicate in the
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destination host and therefore must integrate into the genome.
Briefly, EcoRV-disgested integrative Ylpac21l plasmid was
transformed together with non-digested pRS415 (LEU2) to control
yeast transformation efficiency. The URA3 integration rate was
measured as the proportion of Ura+ to Leu+ colonies (Fig. 38 A).
There are less than half of the HR events taking place in the
yku80-S623A mutant compared to the wild-type strain (Fig. 38 B).
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Fig. 38. yku80-S623A strain shows reduced HR plasmid repair events. A.
Schematic representation of the experimental procedure. First, Ylplac211
plasmid is linearised with EcoRV and transformed in yeast cells together with
non-digested pRS415. B. Relative repair efficiency was measured as the ratio
of Ura + to Leu + colonies. The bar graph represents the average and SD of
four independent experiments with two internal duplicates. P value was
calculated by two-tailed paired t-test. (**)p<0,005. Values were normalised to
wild type = 1.

As | did with NHEJ experiments, to further support this
result, | employed another method described in (Kim and Haber,

2009) where DNA damage is induced in the yeast genome.
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This new method consists of a genetically modified strain
where a single cut takes place in the genome at the MATa locus
(Chlll) after HO expression is induced by galactose (Fig. 39 A).
The intrachromosomal homologous sequence was deleted so the
recombination occurs with homologous sequence at MATa (ChV).
In addition, the HO recognition site at MATa was mutated and the

HO endonuclease cannot cleavage the DNA again.
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Fig 39. yku80-S623A strain shows reduced HR events in the DSB-induce!
genome system. A. Schematic representation of DSB-induced genom
system adapted from Kim and Haber (2009). The DSB is repaired by ectopi
homologous recombination using MATa sequence on ChV as a template. MAT.
carries a mutated HO recognition site that cannot be cleavage by th
endonuclease. B. Exponentially growing cells were plated onto either galactos
or glucose plates. Relative repair efficiency was calculated as the ratio ¢
galactose to glucose colonies. The bar graph represents the average and Sl
of four independent experiments with two internal duplicates. Values wer

normalised to wild type = 1.

There is an approximately 20% reduction in HR event
performed in the non-phosphorylatable mutant when compared to

wild-type cells (Fig 39 B). However, the reduction is not statistically
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significant. Nevertheless, both approaches have shown a
decrease in HR events which correlates with the higher NHEJ
activity in yk80-S623A cells.

14. There are no differences in cell survival rates
between yku80-S623A and wild-type strains when

DNA damage is induced in an asynchronous culture

Until now | have examined DSBs repair by three artificial
systems: digested plasmids (Fig. 34, 35 and 36) or genome cuts
(one or two) by the HO endonuclease (Fig 38 and 39). Next, |
wanted to evaluate cell viability by causing DNA damage with two
chemical agents which mimic X-ray and IR radiation. | tested MMS
and bleomycin at different concentration and incubation times to
see how cells respond to the damage. As yku80-S623A has NHEJ
enhance, | expected to see some differences in cell survival
amongst the wild type and the mutant.

MMS is an alkylating and carcinogenic agent considered an
X-ray mimetic (Miyamae et al., 1997). This compound methylates
DNA leading to bulky lesions and distortion of the DNA helix which
can cause DSBs. First, | tested the cell response to 0,01, 0,03 and
0,1% of MMS at different incubation times (60, 120, 180 and 240
mins). An approximately 70% survival rate was obtained when
Yku80 wild type was incubated with 0,01% MMS for 120 min.
Higher concentrations of MMS at the same time triplicates cell
death and at longer incubation times the rate of mortality is even
higher which might make it difficult to see differences between the

wild-type and the non-phosphorylatable mutant.

111



Results

Yku80 wild type and yku80-S623A cells from mid-log phase
asynchronous cultures were incubated with 0,01% MMS for 120
min. Interestingly, there was not a statistically significant
difference in cell survival rates amongst the wild-type and non-
phosphorylatable mutant (Fig. 40). A possible explanation for this
behaviour might be that MMS is not causing enough DSBs to see
any differences. Perhaps, as MMS does not provoke DSBs
lesions straight away, 0,01% MMS and 120 min is not enough to
lead to DSBs and DNA lesions are first repaired by other types of
DNA repair mechanisms (BER, NER...).
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Fig. 40. yku80-S623A cell viability is not affected after MMS treatment in
an asynchronous culture compared to the wild-type strain. Yku80 and
yku80-S623A mid-log phase culture were incubated with 0,01% MMS for 120
min. Right after MMS treatment cells were plated onto glucose plates and
incubated at 30°C for 48h. Percentage of survival was measured as the number
of colonies after MMS treatment relative to the non-treated cells. The bar graph
represents the average and SD of three independent experiments with two

internal duplicates.
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As | hypothesised that the reason why | did not find any
differences in cell survival rates after MMS treatment was due to
0,1% MMS not being able to cause DBSs, | decided to try another
chemical agent, bleomycin. Bleomycin is an IR-mimetic agent
which binds transition metals and oxygen and once interacting
with the DNA results in the formation of DSBs. For this reason,
bleomycin might be a more suitable drug to cause several DSBs
in the DNA.

Once more, | tested the cell response to different
concentrations (3, 30 and 300 pg/ml) and incubation times (30,
60, 90 and 120 mins) of the drug. Smaller concentration of
bleomycin did not have any effect on cell survival. After 30 min
incubation with either 30 or 300 pg/ml of bleomycin, cell survival
was reduced. However, only a 20% mortality rate was found when
incubating cells with 30 pug/ml of bleomycin compared to more
than 50% with the highest bleomycin concentration, 300 pg/ml.
Since a low cell mortality did not allow me to identify any
differences after MMS treatment, | picked 300 pg/ml of bleomycin
and 30 min as the concentration and time to test cell response in
both the wild-type and yku80-S623A mutant.

Again, there was a similar cell survival rate in both the wild-
type and the non-phosphorylatable Yku80 mutant (Fig. 41).

A possible reason why | did not observe any differences in
cell viability might be related to inducing DNA damage in a mid-
log phase asynchronous culture. From the literature | know that
depending on the cell cycle phase the cells are, a different repair
mechanism intervenes to repair the DSBs. Considering this, any

phenotypic difference between the wild-type and non-
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phosphorylatable mutant might be hidden and underestimated in

an asynchronous culture.
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Fig 41. yku80-S623A viability is not affected after Bleomycin treatment in
an asynchronous culture compared to the wild-type strain. Yku80 and
yku80-S623A mid-log phase culture were incubated with 300 pg/ml for 30 min.
In both cases after bleomycin treatment, cells were plated onto glucose plates
and incubated at 30°C for 48h. The bar graph represents a single experiment

with three internal replicates.

15. yku80-S623A shows reduced viability when DNA

damage is caused by bleomycin in G2

As | explained in the introduction, NHEJ is the only pathway
operating in G1 to repair DSBs. For this reason, the next approach
consisted of inducing DNA damage to G1 and G2 synchronised
cells with bleomycin. Even though | did not observe differences
with either MMS or bleomycin in asynchronous cultures, | decided
to move forward with bleomycin as the DSB DNA-damage agent
as it is widely used in the literature to induce DSBs in cells (Olive
and Banath, 1993; Boger and Cai, 1999; He et al., 2001; Tounekti
et al., 2001; Aouida et al., 2004). First, | synchronised cells in G1
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with a-factor. Ten min after a-factor release, | added 300ug/ml of

bleomycin to the culture and incubated cells with bleomycin for 30
min.
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Fig 42. ykuB80-S623A shows reduced viability in G2 after bleomycin
treatment. A. Cells were synchronised in G1 with a-factor. Cell release and
DNA damage was produced after 10 min (G1) and 70 min (Gz). DSBs were
induced with 300 pg/ml of bleomycin for 30 min. After DNA damage induction,
cells were plated on glucose plates and incubated at 30°C for 2 days.
Percentage of survival was measured as the number of colonies after bleomycin
treatment relative to the non-treated cells. The bar graph represents the
meantSD of a minimum of three independent experiments with internal
duplicates. P value was calculated by two-tailed paired t-test. (*)p<0,05 and
(***)p<0,0001 were considered statistically significant. Values were normalised
to wild type = 1. B. FACS analysis from cells 70 min after a-factor release right
before inducing DNA damage with 300 pg/ml of bleomycin for 30 min.

| observed a similar survival rate between the wild type and
yku80-S623A (Fig. 42 A) as it happened when | induced DNA
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damage in an asynchronous culture (Fig. 41). However, when
DNA damage was induced at the moment where most cell
population was in G2 (where HR takes place) (Fig. 42 B), there
was a 20% reduction of cell survival in yku80-S623A cells (Fig. 42
A).

To confirm whether this reduction of cell survival is related
to the decrease of HR events in yku80-S623A, | deleted RAD52
gene. Rad52 is a protein with an essential role in HR. It promotes
strand exchange by recruiting Rad51 to the damaged area. Using
the same experimental design, | induced DNA damage with
bleomycin when there were a majority of cells in G2. As expected,
there is a reduction in rad524 Yku80 wild type viability since the
mutation of RAD52 interferes with HR process (Fig. 42 A).
Moreover, yku80-S623A viability is not affected by RAD52
deletion probably by the increase of NHEJ repair described earlier
(Fig. 34, 35y 36).

16. Yk80 phosphorylation at the C-terminal domain

might be a conserved function

Ku proteins are highly conserved among all organisms,
however, in terms of aminoacidic sequence, they show a modest
level of similarity. Nevertheless, it has been described that Ku80
proteins are well conserved functionally and structurally (Doherty,
Jackson and Weller, 2001; Jones, Gellert and Yang, 2001,
Walker, Corpina and Goldberg, 2001; Krishna and Aravind, 2010).

As mentioned in section 2, Ku80 has 3 well differentiated
domains and the phosphorylation site found was located at the C-
terminal part of the yeast protein in a disordered region.
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Fig 43. Schematic representation of Ku80 domains among species. hKu80
and Yku80 domains are represented in different colours. S/TP CDK consensus
phosphorylation sites are specified on top of the hexagon.

Human Ku80 (hKu80) also has 3 protein domains and only
2 consensus phosphorylation sites for CDK among the sequence
(Fig. 43). The first consensus phosphorylation site for CDK in
human Ku80 sequence is in the N-terminal domain and the
second one happens to be in a disordered region within the C-
terminal domain. Even though the TP motif is not exactly in the
same position, the modest degree of conservation leads me to
wonder if the mechanism might be conserved.

CDKS5 is considered the Pho85 ortholog but this CDK is
activated by non-cyclin proteins (Humbert, Dhavan and Tsali,
2000; Tarricone et al., 2001). However, there are other members
of the CDKS5 family which are activated by cyclins. This is the case
of CDK16 which is known to interact with cyclin Y (Mikolcevic et
al., 2012). Cyclin Y happens to be the closest related cyclin to
yeast Pcll/2 (Mikolcevic, Rainer and Geley, 2012; Malumbres,
2014), therefore it would be the best candidate to assay whether
it can phosphorylate hKu80.
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To produce hKu80, KU80 was amplified from A549 cDNA
by PCR and I cloned KU80 in a pGEX vector. | purified hKu80
from bacteria to perform an in vitro kinase assay using CDK16.
However, the amount of protein purified was insufficient to perform
an in vitro kinase assay and the little amount | obtained degraded
very rapidly (data not shown). For this reason, | was unable to

carry out the assay.
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Fig. 44. Recombinant HIS-hKu shows a contaminant kinase activity in
vitro. Western blot of the in vitro kinase assay. Bacteria produced recombinant
GST-CDK16 and GST-cyclinY (CycY) were assayed with insect-cells
recombinant HIS-hKu80. Coomassie staining of the membrane is presented as
a load control.

Nevertheless, the group of Dr Jean-Yves Masson provided
me with Ku heterodimer purified from insect cells. As shown in the
first line of the Coomassie staining in Fig.44, the amount of hKu to

perform the in vitro phosphorylation assay is not limiting.
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The in vitro phosphorylation assay showed a
phosphorylation activity in the first line where Ku heterodimer was
exclusively incubated with ATP-5 without the CDK-cyclin complex
(Fig.44). In fact, the first lane shows the same phosphorylation
pattern obtained when hKu was incubated with the CDK-cyclin
(Fig. 44). There is no phosphorylation in the second lane where
hKu was incubated with the CDK-cyclin complex without ATP-5.

One possibility that might explain why there is
phosphorylation activity in the absence of the CDK-cyclin complex
is the presence of an additional protein apart from the Ku. It is
highly possible that the 6xHIS tag system used to purify hKu also
pulled down a protein that interacts with hKu and most likely has
kinase activity.

| pursued different approaches to try and eliminate this
contaminant kinase activity. The first approach was boiling the
protein at 95°C for 5 min to try and denature the protein and the
second was to incubate the protein with a DNA-PK inhibitor called
NU7441. hKu was boiled at 95°C for 5 min prior to incubation with
the rest of the proteins to perform the phosphorylation assay.

The second line of the western blot shows boiled hKu
incubated with ATP-3. The kinase activity observed in the first line
where hKu80 has not been boiled at 95°C has disappeared in the
second line (Fig. 45). However, the phosphorylation pattern also
vanished when hKu was incubated with ATP-6 and the CDK-cyclin
complex. This could mean that I might not only denature the
contaminant protein but also hKu. Unfortunately, this approach did
not work, and | was not able to eliminate the contaminant kinase

activity without affecting the hKu heterodimer.
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There are many possible kinases that could have been
purified together with the heterodimer, but it is most likely to be
DNA-PK. As explained in the introduction, DNA-PK is a kinase
requires for NHEJ in human cells and it is known to interact with

Ku heterodimer and form a complex.

95°C 5 min
hKu80 + + + -
CDK16 — — + +
CycY — — + +
ATP-8 + + + o+
hKu80

Fig. 45. Denaturation of recombinant 6xHis-hKu80 results in missing
phosphorylation in vitro activity. Western blot of the in vitro kinase assay.
GST-CDK16 and GST- (CycY) were assayed with insect-cells recombinant HIS-
hKu. hKu was cyclinY boiled at 95°C for 5 min prior to

in vitro phosphorylation assay.

The next strategy was to use a DNA-PK inhibitor,
NU7441. NU7441 has been described as a highly specific inhibitor
of the DNA-PK (Leahy et al., 2004). NU7441 is an ATP-
competitive inhibitor that binds to the ATP-binding cleft of the
kinase.

| tried three different concentrations of NU7441 and as
shown in Fig. 46 none were able to eliminate the contaminant
phosphorylation activity. Unfortunately, none of the approaches
solved the artefact and | was unable to assess whether any of the

likely CDKs are able to phosphorylate hKu80.
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Fig. 46. NU7441 DNA-PK inhibitor is not able to disrupt kinase
contaminant activity from purified recombinant hKu80. Western blot of
the in vitro kinase assay. Insect-cells recombinant HIS-hKu80 was incubated
at the indicated concentrations of NU7441 for 1 h before later incubation with

ATP-8 at 37°C 1h.

17. Overexpression of Ku80™2°* increases

sensitivity to bleomycin in cancer cell lines

Despite being unable to perform an in vitro hKu80
phosphorylation assay, | decided to study if there were any
phenotypic relationship which would suggest the hKu80
phosphorylation function could be conserved. For this reason, the
following strategy | pursued was to test the possible influence of
KU80T62°A mutation on cell viability after bleomycin induced DSBs
in different cancer cell lines available in the laboratory.

To analyse bleomycin sensitivity, | used pulmonary
adenocarcinoma cell line (A549) and breast adenocarcinoma cell
line MCF-7. First, | tested how non-infected cell lines responded
to different concentrations of bleomycin to choose a concentration

to perform the viability test. To analyse viability, | used the colony
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formation assay, an in vitro assay based on the ability of single

cells to grow into colonies.
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Fig. 47. A549 and MCF-7 cancer cell lines show a dose response effect to
different concentrations of bleomycin. A. Schematic representation of the
order in which concentrations were assayed. B. Cells were incubated at the
indicated concentrations of bleomycin for 2h (A). Afterwards, cells were
trypsinised, counted and seeded in 6-well plates at a density of: 1200 (A549)
and 2500 (MCF-7). After 2 weeks incubation at 37°C cells were fixed and stained
with crystal violet. C. Cells were counted, and cell survival was calculated as the
ratio of bleomycin treated cells to non-treated cells. The bar graph represents
cell survival from a single experiment. Bleomycin concentration corresponding

to each percentage of cell survival is on top of each bar.

The smaller concentration of bleomycin (0.05 pug/ml) does
not affect cell survival but when increasing the concentration to
0.1 pg/ml or higher, cell death raises in either A549 or MCF-7 (Fig.
47). | decided to use 0.1 pg/ml of bleomycin as the concentration
to test Ku80" and Ku80T62°A cell viability because in both cell lines

| obtained approximately a 50% rate of cell survival (Fig.47).
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KU80 wild type was amplified from A549 cDNA. Mutation
at threonine 629 was achieved by PCR using reverse primers
carrying the mutation. KU80 wild type and T629A were cloned into
the Pmel site in pWPI lentiviral vector. There is an overexpression
of 25 to 50% of both Ku80"t and Ku80T62°Ain either A549 or MCF-
7. This might be due to the low efficiency of lentiviral infection in

the cells as shown by the a-GFP in Fig. 48.
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Fig. 48. Overexpression of Ku80" and Ku80™2°A in cancer cell lines. A.
Western blot of the overexpression of Ku80"t and Ku80T62°4in A549, MCF-7
and MDA-MB-231. The amount of Ku80 is detected by a-Ku80, a-GFP
represents transfected cells and Ponceau staining of the membrane is shown
as loading control. The bar graph shows quantification of the amount of protein
detected in the western blot. Relative amount of protein was calculated as the

ratio of Ku80 to the total amount of protein (Ponceau).
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Next, | checked if the amount of overexpressed protein is
enough to see a phenotypical difference amongst the wild-type
and T629A mutant. Performing the same experimental procedure
described earlier, | tested cell viability by colony formation assay.
48 h after cell infection, cells were incubated with 0.1pg/ml of
bleomycin for 2 h. Afterwards, cells were washed, counted and
seeded in 6-well plates as earlier described. Two weeks later cells
were fixed and stained with crystal violet. To measure cell viability,
| used two approaches. At first, | counted the number of cells in
each well. However, sometimes | observed the same number of
colonies but a difference in the size of them. The second strategy
consisted of dissolving the crystal violet-stained cells with acetic
acid and measuring the OD at 570 nm.

Overexpression of Ku80™2%9% results in an increase of
bleomycin sensitivity in A549 (Fig. 49 A). There is 20% more cell
death when overexpressing Ku80T%%°A than Ku80. MCF-7 cells
show a similar tendency as the one | observed in A549 cells. Cells
overexpressing Ku80T%2°A survive 10% less than the ones
overexpressing the wild-type version of Ku80 (Fig. 49 B). Even
though | observed a difference, this one is not statistically different
(Fig. 49 B).

As | had another breast cancer cell line available in the lab,
| decided to check bleomycin sensitivity. MDA-MB-231 is breast
adenocarcinoma cancer cell line. The main difference with MCF-
7 cell line is that MDA-MB-231 is a triple-negative breast cancer
cell line. This means that it lacks oestrogen (ER), progesterone
(PR) and human epidermal growth factor 2 (HER?2) receptors. On
the other side, MCF-7 is ER+, PR+ and HER2-. This variation

124



Results

translates into the requirement of different drug treatments for

effectiveness.
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Fig. 49. Overexpression of human KU80T®?°* increases sensitivity to
bleomycin in cancer cell lines. Cancer cells lines A549 (A), MCF-7 (B) and
MDA-MB-321 (C) were infected with pWPI bearing the construct Ku80"t or
Ku80T62%4, 48h after lentiviral infection, DNA damage was induced with 0,1ug/ml
of bleomycin for 2h. Survival rate was calculated as the ratio ODis7o of colonies

formed after bleomycin treatment to non-treated (nt) cells. The graphs represent
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the meanzSD of 2-4 independent experiments with 2 internal duplicates. P
value was calculated by two-tailed paired t-test and (**)p<0,005 was considered

statistically significant.

| overexpressed Ku80"and Ku80T2°4 in MDA-MB-231 and
as it happens with A549 and MCF-7 | achieved approximately
50% of overexpression (Fig. 48) again, due to the little lentiviral
infection of cells. Interestingly, overexpression of Kug80™2%* cells
results in over 20% more cell death compared to the wild type that
is not affected by bleomycin treatment (Fig. 49 C).

Overexpression of Ku80T2% results in a slight increase of
bleomycin sensitivity in different cancer cell lines. Moreover, A549
and MDA-MB-231 show a similar percentage of cell death
(approximately 20%) (Fig.49 A y C) while MCF-7, even though it
shows the same tendency, presents less cell death (10%) (Fig. 49
B).
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The DNA contains the genetic information in the cells to build and
maintain each living organism. It is essential for a faithful cell
duplication and therefore for life, to keep intact the integrity and
stability of the genome (Krenning, van den Berg and Medema,
2019). However, the DNA is exposed to an extensive variety of
damaging agents which can lead to DSBs, the most deleterious
DNA lesions (De Bont and van Larebeke, 2004; Branzei and
Foiani, 2010). For this reason, several DNA repair pathways exist
and are active throughout the different stages of the cell cycle,
permitting the cells to repair any possible damage which could end
up compromising genomic integrity and cell viability (Krenning,
van den Berg and Medema, 2019).

DNA repair mechanisms are tightly regulated and
interconnected with the cell cycle (Hakem, 2008). The CDKs are
the proteins responsible for coordinating, amongst other
processes; the DNA repair pathways such as NHEJ and HR,
according to the cell-cycle stage (Zhao et al., 2017). In this study,
| suggest a possible mechanism by which the cell cycle machinery

regulates the activity of one of the key proteins of NHEJ, Yku80.

1. A cyclin-dependent kKinase complex
phosphorylates Yku80

Yku80 is a protein with four S/TP consensus motifs for CDK
phosphorylation (Fig. 25). However, phosphorylation has not been

described as a post-translational modification
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(PTM) to control Yku80 function. The in vitro phosphorylation
assay | performed showed that the Pcl1-Pho85 complex is
capable of phosphorylating Yk80 (Fig. 24). The evidence
presented in both the in vitro (Fig. 26) and in vivo phosphorylation
assay by either Phostag (Fig. 27) gel or 2D-electrophoresis (Fig.
28), confirmed the Ser623 as the residue phosphorylated in the
Yku80 protein. | described Yku80 in vitro and in vivo
phosphorylation by Pho85 however there is another CDK involved
in the cell cycle progression in Yeast, Cdc28. Even though | have
not checked if Cdc28 is able to phosphorylate Yku80, the result
presented in the in vivo phosphorylation assay, where pho854,
yku80-S623A and wild type alkaline phosphates treated cell
extracts showed the same migration pattern, suggests Pho85
might be the CDK responsible for Yku80 phosphorylation.

The possibility that Yku80 could be a specific substrate of
Pho85 raises awareness of the importance of this CDK, which was
previously considered to have a specific role in the cell cycle
regulation (Jiménez et al., 2013). There is evidence that most of
the Pho85 substrate that plays a role in the transition from G1 to
S phase are also substrates of Cdc28 (Nishizawa et al., 1998;
Measday et al., 2000; Jackson, Reed and Haase, 2006; Huang,
Friesen and Andrews, 2007). However, recent studies have
shown a more specific role of Pho85. The group of Dr Stephen J.
Kron demonstrated that Pho85 has a specific role in the regulation
of G1 checkpoint response after DNA damage by Sicl
phosphorylation (Wysocki et al., 2006). The CIn3 cyclin was
described as a molecular target of Pho85 (Truman et al., 2012;

Menoyo et al., 2013). By Pho85 phosphorylation, CIn3 is protected
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from proteasome degradation which is essential for CIn3
accumulation before resuming cell cycle progression after
phosphate starvation (Menoyo et al., 2013). Another example of
Pho85 specificity was recently described in Mirallas et al 2018
where Ran-GTPase Gspl, a component of nuclear pore
complexes required for the exchange of molecules between the
nucleus and cytoplasm, was described as a Pho85 substrate
(Mirallas et al., 2018). All this evidence demonstrates that even
though Pho85 shares some substrates with Cdc28 its function is
different and, in some scenarios Pho85 has been shown to play

an essential role.

2. Physiological relevance of Yku80

phosphorylation by Pcl1-Pho85

Yku80 is a subunit of the Ku heterodimer that binds
double-stranded DNA with high affinity (Arosio et al., 2002). The
Ku heterodimer participates in many processes thanks to its ability
to bind dsDNA in a sequence independent manner (see
introduction section 7.2). | analysed the possible physiological
relevance of Yku80 phosphorylation in most of the processes
where the Ku heterodimer participates. First, | determined that
S623A mutation does not interfere with the amount of Yku80
protein produced (Fig.30), its localization (Fig.31) and functionality
(Fig.29). Based on the results obtained, | can conclude that the
mutation at Ser 623 produces a functional protein that shows the
same localisation pattern as the wild-type strain.

Telomere maintenance is one of the main functions of the

Ku heterodimer. Ku binds to telomeres to prevent telomere fusion
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and loss (Samper et al., 2000), DNA resection and to protect
telomeres from DNA repair mechanisms (Gravel et al., 1998). By
southern blot analysis, | evaluated telomere length in yku80-
S623A. The non-phosphorylatable mutant showed similar
telomere length to the wild type (Fig. 33). As previously described
in the literature, yku804 presented shorter telomeres (Mozdy,
Podell and Cech, 2008) compared to the wild-type strain
suggesting that the phosphorylation of Yku80 by Pho85 does not
regulate Yku80 function in telomere maintenance.

The Ku heterodimer is also involved in gene silencing at
the telomeres (Mishra and Shore, 1999; Roy et al., 2004). It has
been described that mutations in Ku80 interfere with its function in
telomere silencing (Lopez et al., 2011). | found no differences in
gene silencing between the wild-type strain and the non-
phosphorylatable mutant (Fig. 32). yku80-S623A is capable of
fully silencing the URA3 gene in both loci. This result indicates that
Yku80 phosphorylation at Ser623 does not regulate Yku80
function in gene silencing. All the points discussed above suggest
that Yku80 phosphorylation by Pcl1-Pho85 does not regulate
Yku80 function in either telomere protection and maintenance or

gene silencing.

3. An alternative mechanism for DSB repair

regulation by the cell cycle machinery
There are two major pathways to repair DSBs in the cells:
HR and NHEJ. In the early ‘80s Szostak and colleagues described

HR as a mechanism for DSBR by which a double-strand gap in
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the DNA can be repaired using a homologous sequence as a
template to retrieve the sequence information that was lost at the
break point (Orr-Weaver, Szostak and Rothstein, 1981; Orr
Weaver and Szostak, 1983). Moreover, they hypothesised that the
DNA flanking regions of the gap might define the mechanism for
DNA repair. Only a few years later, Moore and Haber introduced
the term of NHEJ to refer to a process where both ends of the DSB
are re-joined with no regard for homology (Haber and Moore,
1996). As NHEJ does not require a homologous sequence for
DNA repair, it operates throughout the cell cycle while HR is
restricted to the S and G2 phases where the homologous
sequence is available (Takata et al., 1998). Both mechanisms play
an important role in DSBR and the balance between both

pathways is essential for genomic stability and integrity.

3.1 DNA DSB repair pathway choice

The cell cycle phase determines the availability of HR.
However, it is not clearly understood how the repair choice is
made in the cell cycle phases where both mechanisms can
operate. DNA resection has been described as one of the key
elements to select the mechanism for DNA repair (Aylon, Liefshitz
and Kupiec, 2004; Ira et al., 2004; Huertas et al., 2008). As a
consequence of end resection activation by CDKs at the
beginning of the S phase (Caspari, Murray and Carr, 2002; Aylon,
Liefshitz and Kupiec, 2004; Ira et al., 2004; Huertas et al., 2008;
Chen et al.,, 2011; Tomimatsu et al., 2014; Luo et al., 2015;
Makharashvili and Paull, 2015; Yu, Garcia and Symington, 2019)
NHEJ activity is attenuated at S/G2. The phosphorylation of

proteins responsible for initiating end resection (Clerici et al.,
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2008; Huertas et al., 2008; Zhang et al., 2009), generating longer
ssDNA (Chen et al., 2011) and promoting the strand annealing of
DSB ends (Plate et al., 2008; Barlow and Rothstein, 2010;
Saotome et al., 2018; Lim, Chang and Huh, 2020), results in an
increase of HR events and it is a mechanism conserved in humans
(Huertas and Jackson, 2009; Wohlbold et al., 2012).
Interestingly, all the mechanisms described so far ensure
the regulation of HR to activate the pathway at the appropriate
stage of the cell cycle. Matsuzaki (2012) described the Cdc28-
mediated phosphorylation of Lifl a regulatory subunit of the DNA
ligase IV complex in S. cerevisiae (Matsuzaki et al., 2012). They
reported that Lifl phosphorylation takes place during the S/G2
phases and it is required to coordinate resection and NHEJ during
G2. This is interesting as it suggests that Pho85 and Cdc28 may
play different roles in DSBR regulation. However, it seems that
this regulatory mechanism is not involved in DSBR pathway
choice. Additionally, Hentges (2014) reported the regulation of
NHEJ by the cell cycle in S. pombe. A key component of the NHEJ
pathway XIf1, the ortholog of budding yeast Nejl and human
XLF/Cernunnos protein, is phosphorylated by Cdc2 at the S phase
leading to the downregulation of the NHEJ in fission yeast
(Hentges et al., 2014). This mechanism could be relevant to
ensure that NHEJ does not interfere with the HR pathway in those
stages of the cell cycle where there exists a homologous
sequence to repair the DNA without compromising the genetic
information. This regulatory mechanism represents an advantage
to the cell, and it is probable that a similar mechanism might be

conserved in other organisms.
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3.2 NHEJ regulation

The work | presented in this study unveiled a possible
regulatory mechanism for NHEJ. Using different systems, |
evaluated NHEJ in the non-phosphorylatable mutant of Yku80,
yku80-S623A (Fig. 34 A, 35 A and 36 A). The first method (Milne
et al., 1996) shows the ability of cells to re-ligate enzyme-digested
plasmids (Fig. 34). The second (Kim and Haber, 2009) (Fig. 35)
and third (Palmbos, Daley and Wilson, 2005) (Fig. 36) method are
based on genetically modified strains where DSBs are caused in
the yeast genome with galactose-inducible HO. The lack of a
homologous sequence in the three systems does not allow the
cells to repair DNA damage by HR. The three approaches showed
a statistically significant increase in the number of NHEJ events
when Yku80 cannot be phosphorylated at Ser623 compared to the
wild type (Fig. 34 B, 35 B and 36 B). These results reveal a
mechanism where the phosphorylation of Yku80 hampers NHEJ.
However, there is a difference regarding the fold-increase of
NHEJ events presented in each system which ranges from 2 to 50
times higher. A possible explanation for the differences observed
between the systems used for measuring NHEJ may rely on how
cells respond to DSBs induced in their genome or naked DNA
transformed by lithium acetate / single-stranded carrier DNA /
polyethylene glycol method. Due to some microhomologies being
available in the sequence after DNA damage induction and the
length of those microhomologies, alternative mechanisms such as
alt-NHEJ and SSA can intervene resulting in viable cells. These
alternative mechanisms are independent of Yku heterodimer and

rely on pre-existing microhomologies around the break point to

136



Discussion

repair DSBs (Boulton and Jackson, 1996; Bennardo et al., 2008).
It has been reported that DSBs created by HO endonuclease
induction are not exclusively repaired by NHEJ (Kramer et al.,
1994). In contrast to recircularisation of linearised plasmids where
DNA ends are re-ligated without any homology or with only few
nucleotides of homology (Roth and Wilson, 1986; Kramer et al.,
1994), it has been shown that HO-induced DSBs can undergo 5’
to 3’ exonucleolytic degradation to expose larger single-stranded
regions of homology required for both, alt-NHEJ or SSA (McVey
and Lee, 2008; Villarreal et al., 2012). The length of homology
required for each pathway varies as do their repaired products
which may contain, inserted nucleotides or variable-size deletions.
Aside from the quantitative differences, the three strategies
display an increase of NHEJ events in yku80-S623A. This
suggests that Yku80 phosphorylation by Pcl1-Pho85 at Ser623
downregulates the NHEJ pathway. Since Pcll is expressed during
the G1 to S-phase transition, Yku80 phosphorylation at the end of
G1 could represent an advantage for the cells that would primarily
repair DSBs by HR at the cell cycle phases where a homologous
sequence is available ensuring DNA repair without compromising
genetic information.

The results from the in vitro and in vivo phosphorylation
assays highlighted Pcl1-Pho85 as the cyclin-CDK complex
responsible for Yku80 phosphorylation. For this reason, | checked
whether a pho854 mutant, where presumably Yku80 will not be
phosphorylated, shows an increase in the number of NHEJ events
by the suicide method (Fig. 36). Unfortunately, pho854 cells were

not able to grow in galactose plates. Alternatively, | used pcllA4.
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Pcll is the activating cyclin of Pho85 and therefore the deletion of
Pcll most likely leads to the same phenotype due to the inability
of Pho85 to phosphorylate Yku80. Even though pcll4 also grows
poorly in galactose plates, it showed more NHEJ events than the
wild-type cells (Fig 36 B). This result suggests, together with the
phosphorylation assays, that Yku80 phosphorylation is Pcll-
Pho85-dependent and it results in NHEJ downregulation.

NHEJ has been long considered an error-prone
mechanism (Bétermier, Bertrand and Lopez, 2014) as small
insertions and deletions can occur when re-ligating the broken
ends to repair the DSBs. | examined whether the mutation of
Yku80 at Ser623 has any impact on the fidelity of NHEJ. | found
no statistically significant differences between the wild-type and
the  non-phosphorylatable  mutant meaning that the
phosphorylation of Yku80 by Pho85 does not interfere with the

accuracy of the process.

3.3 Yku80 phosphorylation shifts the balance of the DSB
repair towards HR

After a DSB is created the cell has a choice to make: NHEJ
or HR? My work has shown that the Cyclin-CDK complex Pcl1-
Pho85 is able to phosphorylate Yku80 at Ser623. This
phosphorylation seems to hamper the NHEJ pathway. As |
showed by three different approaches, the non-phosphorylatable
mutant displays an increase of NHEJ events. To repair DSB by
NHEJ, Yku80 needs to bind the DNA to protect the DNA ends
(Mimori and Hardin, 1986) and consequently the HR machinery
cannot access the broken ends to resect the DNA tails and initiate

the pathway. By two different assays described in Hentges (2014)
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and Kim and Haber (2009) | found a decrease in the number of
HR events (Fig. 38) in the non-phosphorylatable mutant, yku80-
S623A. There exists a difference in the reduction obtained in both
methods that could be explained by error-prone NHEJ events at
the MATa locus that modify the HO-cut sequence, thereby
contributing to an increase in the number of viable colonies in
yku80-S623A. Nevertheless, | would like to emphasise that the
increase described in NHEJ seems to go with a reduction in HR in
both systems. The group of Dr Doherty described a similar
mechanism to the one | propose but in S. pombe (Hentges et al.,
2014). They published a study involving the phosphorylation by
Cdc21 of XIf1, one of the core factors in NHEJ. XIf1 is the ortholog
of budding yeast Nej1 and human XLF, a protein that binds to the
DNA and promotes end-joining (Hentges et al., 2006; Cavero,
Chahwan and Russell, 2007). Interestingly, they described that
the phosphorylation of XIf1 by the CDK inhibits NHEJ. They also
reported that the loss of XIf1 regulation by CDK phosphorylation
is accompanied by the inactivation of HR becoming NHEJ the
predominant mechanism to repair DSBs.

By the direct phosphorylation of Yku80 the cell cycle would
be able to shift the predominant mechanism for DSBR from NHEJ
to HR at the times it represents an advantage for the cells. In S.
cerevisiae, HR is the dominant mechanism of DSB repair (Resnick
and Martin, 1976; Budd and Mortimer, 1982; Sugawara and
Haber, 1992) unlike in mammalian cells where NHEJ is thought to
be the predominant and most efficient pathway for DSBR (Shibata
et al., 2011; Brandsma and Gent, 2012). | evaluated the biological
significance regarding the increase of NHEJ events when Yku80
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cannot be phosphorylated at Ser623 by assessing cell viability
after inducing DNA damage with different chemical compounds in
asynchronous cultures. | found no differences in viability between
the wild type and yku80-S623A (Fig. 40 and 41). In an
asynchronous culture there are different cell populations at
different stages of their cycle, and this could be the reason why |
was unable to observe any differences in cell viability. Considering
that the increase of NHEJ goes with a reduction of HR events, |
analysed the effect of the mutation at Ser623 after inducing DNA
damage specifically in G1 an G2. Similar to what | observed in
asynchronous cultures, when | insulted cells synchronised in G1
with bleomycin, | observed no differences between the wild-type
and the non-phosphorylatable mutant (Fig. 42 A). When DNA
damage was caused in G2 at the point where most cells have their
genome replicated (Fig. 42 B), yku80-S623A cells showed a
reduction in cell viability (Fig. 42 B). This reduction might have
occurred as the result of increased NHEJ in G2 due to the cell’s
inability to phosphorylate Yku80 at Ser623. As mentioned earlier,
NHEJ is less accurate than HR and the DNA damage induced by
bleomycin may require end-processing to successfully repair the
DNA, as a consequence; yku80-S623A showed a lower rate of
survival compared to wild-type cells. It is important to note that
even though the decrease in cell survival is consistent and
statistically significant, it is limited. Likely, alternative mechanisms
of NHEJ might be contributing to the increasing number of viable
cells. By deleting RAD52, a key component of the HR machinery
that plays a role in DNA strand exchange (Sung, 1997; New et al.,
1998; Shinohara and Ogawa, 1998), | observed the expected
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reduction in rad524 Yku80 wt strain survival rate compared to the
RAD52 Yku80 wt and yku80-S623A (Fig. 42 B). Moreover, |
observed the recovery of viability in rad524 yku80-S623A which
presents approximately the same survival rate as RAD52 Yku80
wt (Fig. 42 B). This result is interesting as at first, | did not consider
that the deletion of RAD52 would have a positive effect on
RAD524 yku80-S623A survival. It is possible that the mere fact
that the Yku heterodimer does not need to compete with the HR
machinery to repair DSBs makes it more efficient. Also, as |
suggested earlier, it is likely that alternative mechanisms are
contributing to the number of viable cells. Rad52 promotes the
annealing of complementary DNA sequences in the alternative
mechanism SSA (Bhargava, Onyango and Stark, 2016). Perhaps,
the impairment of SSA due to RAD52 deletion is also contributing
to the increase of viable cells in rad524 yku80-S623A. The
evidence presented in the viability assay suggests that during G2
when HR is active and can take place, Yku80 phosphorylation
hampers NHEJ and so promotes DSB repair by HR, ensuring
faithful repair.

The results that | have presented in this work suggests a
regulatory mechanism for the balance of NHEJ and HR through
Yku80 phosphorylation by the cell cycle. The cyclin-CDK complex
Pcl1-Pho85 phosphorylates Yku80 at Ser623. Pcll, the cyclin
responsible for Pho85 activation, is only present during late G1
and S phase of the cell cycle. This is relevant since it suggests
that Yku80 might be inactivated through G1 to S-phase transition
allowing HR to become the predominant mechanism for DSBR.
The Ser623 residue | identified as the target for Pcl1-Pho85
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phosphorylation is in the C-terminal domain of Yku80 which has
been proven to be specifically required for NHEJ (Palmbos, Daley
and Wilson, 2005). It is possible that as a consequence of Yku80
phosphorylation at Ser623, the conformation of Yku80 C-terminal
domain changes. This could be interesting as there has been
described a physical interaction between Yku80 and Dnl4, the
DNA ligase required for NHEJ (Palmbos, Daley and Wilson, 2005;
Palmbos et al., 2008). The conformational changes of Yku80 C-
terminal could lead to the loss of Yku80-Dnl4 interaction
hampering DNA repair by NHEJ. In the future, it would be
interesting to analyse if there are any differences in the cross-
linked DNA-protein complexes in the wild-type strain and the non-
phosphorylatable mutant. It would help to unveil the molecular
mechanism behind the decrease of NHEJ activity due to Yku80

phosphorylation.

4. Ku regulation might be a conserved function

Ku proteins are highly conserved amongst all organisms
and even though its primary sequence has diverged, they are
similar in size, domains, and subunit structure (Dynan and Yoo,
1998). The Ser623 residue | identified as the target for Pcl1-Pho85
phosphorylation is located at the C-terminus domain, more
specifically in the structurally disordered region within the C-
terminus domain (Fig. 43). Analysing human KU sequence, |
found a S/TP motif for CDK phosphorylation localised in the poorly
organised region at the C-terminus domain of Ku80: T629. Its
localisation and the already described preference of CDK for

disorganised domain (Amata, Maffei and Pons, 2014) made me
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consider Thr 629 as a possible target for CDK phosphorylation in
humans to regulate its function in DNA repair. Unfortunately, | was
unable to evaluate if hKu80 is phosphorylated by CCNY/CDK16
(human ortholog of Pcl1-Pho85).

To skip this difficulty and gain insight into the possible
relevance of Ku80 phosphorylation in mammalian cells, | moved
to a more physiological context and decided to analyse viability in
cancer cell lines overexpressing Ku80T®%°A in asynchronous
cultures. | observed a reduction in the capacity to form colonies of
the cells overexpressing Ku80T62°A compared to Ku80™ (Fig. 48).
The phenotype obtained differs from the one | described in S.
cerevisiae where there were not any differences between the wild-
type and non-phosphorylatable mutant in an asynchronous
culture. This could be explained by the preference of higher
eukaryotes for NHEJ as the mechanism to repair DSBs, contrary
to what happens in yeasts where the predominant mechanism is
HR (Mao et al., 2008; Shibata et al., 2011; Brandsma and Gent,
2012). The presence of large repetitive sequences in the DNA of
higher eukaryotes is thought to be the reason why the cells prefer
to repair DSBs by NHEJ therefore avoiding possible
misalignments of sequences. Also, the reduction in cell viability is
not consistent with the increase of NHEJ | identified in yeast when
Yku80 cannot be phosphorylated. This result suggests that Ku80
phosphorylation might be conserved and have a role in the
regulation of DSB repair in mammalian cells. However, based on
the results from the viability assay the function of Ku80
phosphorylation seems to differ from the one | proposed in yeasts.

For this reason, it would be interesting to evaluate if Ku80
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phosphorylation in mammalian cells shifts the balance between
NHEJ and HR. Establishing if Ku80 phosphorylation increases or
decreases the number of NHEJ events and how this affects to the
HR pathway may help to unveil whether Ku80 phosphorylation
has a conserved function or it contributes in a different manner to
the regulation of DSB repair pathway choice and balance in

mammalian cells.

5. Model for the balance regulation of NHEJ and HR
throughout the cell cycle by Pcl1-Pho85 dependent
phosphorylation of Yku80

| Yku80 wild type

NHEJ |

G1 S G2 M

yku80-5623A (non-phosphorylatable)

Fig. 50. Working model for Yku80 phosphorylation.
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The working model | proposed is graphically represented
in Fig. 50. Briefly, Pcl1-Pho85 phosphorylates Yku80 at Ser623 at
the end of G1. The Yku80 phosphorylation leads to the
downregulation of NHEJ promoting DSBR by HR in G2. NHEJ in
the non-phosphorylatable mutant yk80-S623A remains active
throughout the entire cell cycle competing with HR to repair DSB.
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Conclusions

. Yku80 is phosphorylated at Ser623 by Pcl1-Pho85 in vitro

and in vivo.

. Yku80 phosphorylation at Ser623 reduces NHEJ activity and
increases HR suggesting a regulatory mechanism where
Yku80 phosphorylation hampers NHEJ. The downregulation
of NHEJ would allow HR to be the preferred mechanism for

DSBR during S/G2 phases of the cell cycle.

. Yku80 phosphorylation at Ser623 decreases sensitivity to
bleomycin at the G2 phase of the cell cycle in S. cerevisiae

probably as the result of an increase in HR.

. Phosphorylation of human Ku80 decreases bleomycin
sensitivity in cancer cell lines suggesting that Ku80
phosphorylation might be a conserved mechanism among
different organisms.
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4-NQO 4-Nitroquinolina 1-
oxide

5’-dRP 5’-deoxyribose-5-
phosphate

a-EJ Alternative end
joining

ATM Ataxia-
Telangiectasia-Mutated
ATR Ataxia-
Telangiectasia-Mutated
and Rad3-related

BER Base excision repair

C. albicans Candida
albicans

CCN Cyclin

CDK Cyclin Dependent
Kinase

C-term Carboxy-terminal
domain

D-loop Displacement loop

DSBs Double-stranded
breaks

DSBR Double-stranded
break repair

EMS ethyl-methane
sulfonate

HR Homologous
recombination

hKu80 Human Ku80

Abbreviations

HU Hydroxyurea
IR lonizing radiation
Leu Leucine

NER Nucleotide excision
repair

N-term Amino terminal
domain

MMR Mismatch repair

MMS Methyl-methane
sulfonate

NHEJ Non-homologous end
joining

PIKK phosphatidylinositol 3-
kinase-related kinases

RAG Recombination Active
Genes

ROS Reactive Oxygen
species

RNS Reactive Nitrogen
species

RSSs recombination signal
sequences

SAP SAF-A/B, Acinus and
Pias

SSA Single-stranded
annealing

Ser Serine

S. pombe
Schizosaccharomyces
pombe

S. cerevisiae
Saccharomyces cerevisiae



Abbreviations

SSBs Single-strand breaks

TMEJ Polymerase Theta-
Mediated End Joining

Thr Threonine

153

VWA von Willebrand domain
UV Ultraviolet radiation

Ura Uracll

Yku80 Yeast ku80
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Abstract

There are two major pathways for repairing DNA double-strand breaks (DSBs): homologous directed
recombination (HDR) and non-homologous end-joining (NHEJ). While NHEJ functions throughout the cell
cycle, HDR is only possible during S/Gz phases, suggesting that there are cell cycle-specific mechanisms
regulating the balance between the two repair systems. The regulation exerted by CDKs on HDR has
been extensively demonstrated, and here we present evidence that the CDK Pho85, in association with
the Gy cyclin Pcl1, phosphorylates Yku80 on Ser 623 to regulate NHEJ activity. Cells bearing a non-
phosphorylatable version of Yku80 show increased NHEJ and reduced HDR activity. Accordingly,
yku8i 625A cells present diminished viability upon treatment with the DSB-producer bleomycin, specifi-
cally in the Gy phase of the cell cycle. Interestingly, the mutation of the equivalent residue in human
Ku80 increases sensitivity to bleomycin in several cancer cell lines, suggesting that this mechanism is
conserved in humans. Altogether, our results reveal a new mechanism whereby G4-CDKs mediate the
choice between HDR and NHEJ repair pathways, putting the error prone NHEJ on a leash and enabling
error free HDR in G, when homologous sequences are available.

© 2020 Elsevier Ltd. All rights reserved.

Introduction

Maintaining the genome intact after using it to
make copies or after its exposure to the wide
range of insults able to damage it, is central for the
ongoing correct functioning of cells. In addition,
defects in DNA repair mechanisms lead to genetic
instability which is responsible for several of the
hallmarks of cancer.' Of the types of damage that
DNA can undergo, double strand breaks (DSBs) is
the most harmful; when not adequately repaired it
can lead to chromosome rearrangements and
fusions, aneuploidies, mutations, material loss,
etc.? Cells can repair DSBs, either in a template-
dependent way using homology-directed repair
(HDR) pathways,® or in a template-independent
way using error-prone non-homologous end joining

0022-2836/© 2020 Elsevier Ltd. All rights reserved.

(NHEJ) pathways which consist of binding the two
DNA ends independently of the sequence.”® The
error-free HDR needs a homologous sequence to
take place, which explains why HDR is restricted to
the S-G; phases of the cell cycle.® ° As a result, dur-
ing Gy when homologous DNA sequences are not
present, NHEJ, a repair system independent from
the homologous sequences, is required. With this
in mind, NHEJ could be understood as a sort of res-
cue mechanism functioning throughout the cell cycle
but, most importantly, when HDR is inherently
absent.” Despite the absence of a homologous tem-
plate, NHEJ is mainly accurate, '®~'? suggesting that
NHEJ factors play a role in maintaining fidelity. '
Immediately after the DSB the Ku heterodimer
composed by human Ku70 and Ku80 proteins
(Yku80 and Yku70 in yeast), binds to DNA
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ends.'""® Ku heterodimer assembles in a ring-like
structure with the ability to encircle DNA ends.'®
The Ku heterodimer works as a scaffold for the
DNA ligase IV, the kinase DNA-PK.s (absent in
yeast), XRCC4'"'® and several other proteins
involved in preparing and processing the DNA ends
to be joined.'¥? In yeast, genetic studies showed
that the yKu complex rapidly recruits the Mre11-
Rad50-Xrs2 (MRX) complex and Sae2 to the
DSB site.?' As well as activating the DNA damage
signalling by recruiting Tel1,%® the MRX complex
has two enzymatic activities; on the one hand, it
displays clipping activity able to produce a nick in
one of the DNA strands and; on the other hand,
3-5' exonuclease activity,”® regulated by Sae2.>*
See 25 for a review. The activation of the MRX
complex is essential for the choice of repair sys-
tem. When inactive, the MRX complex fosters
NHEJ and, when active, the resection activity initi-
ated by the clipping and exonuclease activities is
essential for a HDR based repair.”%2°

MRX activation (and thereby the DSB repair
system choice) is governed by CDK (Cyclin
Dependent Kinase) activity.”® In S-phase and Go,
the CDK phosphorylates and activates Sae2”*
which, in turn, is needed for the MRX clipping and
exonuclease activities. This then initiates the DNA
resection carried out by the 5-3 exonuclease
Exo1, the helicase Sgs1 and maintained and
extended, again, by the CDK phosphorylation on
Dna2.?” A long recession of the 5’ end is essential
for the rest of the HDR components to come into
(for a review see 28).

The Ku complex is, alongside other functions
(see below), essential for the correct functioning
of NHEJ, minimizin% the potential errors intrinsic
to this type of repair'® as suggested by the high fre-
quency of imprecise joins in cells whose Ku func-
tion is affected.'®?*!

In summary, the Ku heterodimer encircles and
binds DNA DSBs throughout the cell cycle. The
two heterodimers (one at each end of the DNA)
form a bridging complex that recruits the rest of
the proteins needed for NHEJ.'*'® Ku protects
DNA ends from 5’ end resection®®** and, as a con-
sequence, permits NHEJ and precludes
HDR.”#2%33 For reviews on HDR, see 3,34.

By contrast, reporits about the cell cycle
regulation of NHEJ are more scarce; the main
evidence in this regard was obtained in the fission
yeast Schizosaccharomyces pombe where a key
component for NHEJ, namely XIft (Nej1 in
budding yeast and XLF/Cernunnos in humans,®
is phosphorylated by CDK during the S/G, phases.
This process is essential for NHEJ inhibition during
this period.®®

Apart from its function in DNA repair, Ku is
involved in other cellular processes such telomere
metabolism, gene silencing®®® and chromatin
compaction.** Regarding telomeres, Ku is known
to bind directly to telomeric DNA ends permitting

the following: First, telomere capping which is
essential for the inhibition of the telomere 5'-end
resection,*®*' secondly, the telomere position
effect (TPE),*”*%*? thirdly, the intranuclear posi-
tioning of telomeres®® and lastly, Ku prevents
telomeres end-fusions.®® How Ku differentiates
between DSBs and telomeres is not fully under-
stood, although some hypotheses have been pro-
posed** and some details described.**

CDKs are a family of kinases that regulate the
cell cycle progression.*®*” The name comes from
the fact that the CDKs’ activity is tightly regulated
by the cyclic expression of another family of pro-
teins called cyclins.*® %% The yeast S. cerevisiae
has two CDKs that control cell cycle: the essential
Cdc28, which regulates the major events in cell
cycle progression, and the —supposed- superflu-
ous Pho85, which plays essential roles under
specific environmental conditions®' and responsi-
ble of the fine-tuning of several events during the
normal cell cycle.** Several models have been pro-
posed to explain why two CDKs are needed to con-
trol the yeast cell cycle.®*°® The most accepted is
based on the different substrate specificities of the
CDK.*"*® Focusing on Pho85, this CDK essentially
plays 2 types of roles depending on the family of
cyclins that interact with 52. On the one hand, when
Pho85 binds to Pho80 family cyclins, it controls
phosphate metabolism.>” On the other hand, when
it binds cyclins from the Pcl1,2 family, Pho85 is
involved in cell cycle control.>°%%% A" more com-
plex scenario is present in mammalian cells where
more CDKs and cyclins are present.’®* Neverthe-
less, the general traits shown by the yeast genetic
model are maintained and conserved in mam-
malian cells.

In this study, we identified Yku80 as a substrate
for the CDK Pho85-Pcl1. We have devoted our
efforts to establish the physiological relevance of
this new CDK target in NHEJ mechanisms and
we found that the non-phosphorylatable yku80
mutant displays increased NHEJ, reduced HDR
and compromised survival upon treatment with
the DNA DSB-producer bleomycin. Our results
show that Yku80 phosphorylation is involved in
inhibiting NHEJ during the S and G, phases of
the cell cycle and, consequently, provokes the
DSB repair strategy switch from error-prone
NHEJ to the more conservative and safer HDR.

Results

Yku80 is an in vitro and in vivo substrate of
Pho85-Pci1

In a genome-wide search for protein—protein
interaction events in S. cerevisiae, Yku80 was
found as a physical interactor to the CDK
Pho85.%* Furthermore, pho85D cells are sensitive
to hydroxyurea, agent that by inhibiting dNTPs syn-
thesis produces DNA damage®® suggesting Pho85
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has a role in DNA repair mechanisms. These clues
together point to a mechanism linking cell cycle
machinery (the CDK Pho85) and DNA repair
(Yku80).

The aforementioned evidence drove us to search
for the ability of Pho85 to phosphorylate Yku80
in vitro. Specifically, Pho85 can produce two
different enzymes; on the one hand, Pho85, when
activated by any of the Pho80 familg of cyclins, is
involved in phosphate metabolism.®® On the other
hand, Pho85 acts on cell cycle progression regula-
tion when activated by cyclins from the Pcl1/2 fam-
ily.%">? To determine which, if any, of the enzymatic
forms of Pho85 is able to act on Yku80, we per-
formed in vitro kinase experiments as described
in 67 using bacteria produced Pho85 as kinase,
Pcl1 and Pho80 as cyclins, Yku80 different mutant
alleles as substrates and Pho4 as positive control.
These experiments show that Pho85 phosphory-
lates Yku80 specifically when it is activated by
Pcl1. This indicates that whatever function it could
play; it must be in a process related to cell cycle
progression (Figure 1(a)). Yku80 has 4 SP/TP con-
sensus sites for CDK phosphorylation, we mutated
all of them to Ala and made all the necessary
mutant combinations to determine that the change
S623A practically eliminates the in vitro enzymatic
activity of Pho85-Pcl1 on Yku80, indicating that
S623 is the Yku80 residue phosphorylated by
Pho85-Pcl1 in vitro (Figure 1(b)).

To determine whether this phosphorylation
process also takes place in vivo, we decided to
produce genomic TAP-tag versions of YKU80 and
yku80°523A We analysed cell extracts from both
strains (YEB77 and YBS1039) in a Phos-tag gel,
and found increased gel mobility in Yku80-TAP
cell extracts when treated with alkaline
phosphatase S\AP)_ This change is not present in
the yku80°2** extracts, suggesting that Yku80 is
in vivo phosphorylated at residue Ser623
(Figure 1(c)) left panel). Interestingly the migration
shift indicative of the phosphorylation is absent in
both pho85D and in pcAD cell extracts,
suggesting that Pho85-Pcl1 is the CDK-cyclin
complex phosphorylating Yku80. To further
confirm this result, we analysed the cell extracts
from the above-mentioned strains using two-
dimensional electrophoresis, two dots can be
appreciated in the wild-type extract, one of which
disappears in the yku80°%>** (Figure 1(c)) right
panel). We can therefore conclude that Yku80 is
phosphorylated at Ser623 by Pho85-Pcl1 (see
discussion).

Pho85-Pcl1 phosphorylates Yku80 in vivo. Pcli
expression is cell cycle regulated, it occurs at the
end of Gy and during S-phase.®® We decided to
investigate whether Yku80 phosphorylation varies
during cell cycle. We synchronised wild-type and
yku80®5%A cells using a-factor and we did not
detect any motility shift in the phos-tag gels
between both strains suggesting that in these a-

factor conditions Yku80 is not phosphorylated.
We decided to explore a different synchronization
method, phosphate starvation. For this, we kept
the cells 7 h without phosphate source obtaining
a reasonably good proportion of cells in early Gj.
We released the cells in YPD and analysed the
motility shift in phos-tag gels. In Figure 1(d)) it
can be appreciated the slow migrating form of
Yku80, which is apparent after 60 min, when the
cells are about to enter S-phase as showed by
the FACS analysis. This result indicates that
Yky80 is phosphorylated during the G; to S-
phase transition.

Yku80 phosphorylation by Pho85 is not
involved in silencing or telomere maintenance

Before analysing the physiological relevance of
Yku80 phosphorylation, we determined that the
S623A mutation does not produce statistically
significant changes in the amount of Yku80
protein (Figure 2(a)). We also checked whether
the yku80°°2** mutant protein is still functional;
for this, we investigated the ability of cells bearing
the mutation S623A to grow at 37 °C, the
temperature at which YKUS80 knockout cells are
unable to grow.?®”° The spot analysis showed in
Figure 2(b)) demonstrate that the temperature sen-
sitivity of the yku80D cells is not shared by the
yku80°%2*A cells suggesting that the mutation does
not simply inactivate the protein. In summary, we
conclude that the S623A mutation produces a par-
tially functional protein (at least regarding the tem-
perature sensitivity and other phenotypes, as
presented below).

Next, we devoted our work to determining the
physiological relevance of Ser623 phosphorylation
by Pho85. Yku80 is involved in telomere
protection as many reports demonstrate (see
introduction). To check whether the
phosphorylation of Yku80 by Pho85 regulates
telomere length, we analysed the telomeres
length of our yku80°®%* by southern blot. We
confirmed the short telomeres presented by
yku80D cells”" while similar telomere length is pre-
sented by yku80°%%** and wild-type cells, suggest-
ing that the phosphorylation of S623 is not involved
in telomere maintenance (Figure 2(c)). Note that in
our hands pho85D cells do not show short telom-
eres as described in 72 and contrary to presented
in 73. Yku80 has also been involved in gene silenc-
ing at telomeres.>”*® To check silencing in
yku80®%23A cells, we used a system developed by
74 in which the URA3 gene is located in a telomere
or at the HML locus where it is efficiently silenced,
yielding auxotrophic Ura- cells. Our results show
that the non-phosphorylatable mutant of Yku80 is
still fully able to silence URA3 gene in both loci indi-
cating independency between yku80°2*# mutation
and gene silencing. (Figure 2(d)).
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has a role in DNA repair mechanisms. These clues
together point to a mechanism linking cell cycle
machinery (the CDK Pho85) and DNA repair
(Yku80).

The aforementioned evidence drove us to search
for the ability of Pho85 to phosphorylate Yku80
in vitro. Specifically, Pho85 can produce two
different enzymes; on the one hand, Pho85, when
activated by any of the Pho80 familg of cyclins, is
involved in phosphate metabolism.®® On the other
hand, Pho85 acts on cell cycle progression regula-
tion when activated by cyclins from the Pcl1/2 fam-
ily.%">? To determine which, if any, of the enzymatic
forms of Pho85 is able to act on Yku80, we per-
formed in vitro kinase experiments as described
in 67 using bacteria produced Pho85 as kinase,
Pcl1 and Pho80 as cyclins, Yku80 different mutant
alleles as substrates and Pho4 as positive control.
These experiments show that Pho85 phosphory-
lates Yku80 specifically when it is activated by
Pcl1. This indicates that whatever function it could
play; it must be in a process related to cell cycle
progression (Figure 1(a)). Yku80 has 4 SP/TP con-
sensus sites for CDK phosphorylation, we mutated
all of them to Ala and made all the necessary
mutant combinations to determine that the change
S623A practically eliminates the in vitro enzymatic
activity of Pho85-Pcl1 on Yku80, indicating that
S623 is the Yku80 residue phosphorylated by
Pho85-Pcl1 in vitro (Figure 1(b)).

To determine whether this phosphorylation
process also takes place in vivo, we decided to
produce genomic TAP-tag versions of YKU80 and
yku80°523A We analysed cell extracts from both
strains (YEB77 and YBS1039) in a Phos-tag gel,
and found increased gel mobility in Yku80-TAP
cell extracts when treated with alkaline
phosphatase S\AP)_ This change is not present in
the yku80°2** extracts, suggesting that Yku80 is
in vivo phosphorylated at residue Ser623
(Figure 1(c)) left panel). Interestingly the migration
shift indicative of the phosphorylation is absent in
both pho85D and in pcAD cell extracts,
suggesting that Pho85-Pcl1 is the CDK-cyclin
complex phosphorylating Yku80. To further
confirm this result, we analysed the cell extracts
from the above-mentioned strains using two-
dimensional electrophoresis, two dots can be
appreciated in the wild-type extract, one of which
disappears in the yku80°%>** (Figure 1(c)) right
panel). We can therefore conclude that Yku80 is
phosphorylated at Ser623 by Pho85-Pcl1 (see
discussion).

Pho85-Pcl1 phosphorylates Yku80 in vivo. Pcli
expression is cell cycle regulated, it occurs at the
end of Gy and during S-phase.®® We decided to
investigate whether Yku80 phosphorylation varies
during cell cycle. We synchronised wild-type and
yku80®5%A cells using a-factor and we did not
detect any motility shift in the phos-tag gels
between both strains suggesting that in these a-

factor conditions Yku80 is not phosphorylated.
We decided to explore a different synchronization
method, phosphate starvation. For this, we kept
the cells 7 h without phosphate source obtaining
a reasonably good proportion of cells in early Gj.
We released the cells in YPD and analysed the
motility shift in phos-tag gels. In Figure 1(d)) it
can be appreciated the slow migrating form of
Yku80, which is apparent after 60 min, when the
cells are about to enter S-phase as showed by
the FACS analysis. This result indicates that
Yky80 is phosphorylated during the G; to S-
phase transition.

Yku80 phosphorylation by Pho85 is not
involved in silencing or telomere maintenance

Before analysing the physiological relevance of
Yku80 phosphorylation, we determined that the
S623A mutation does not produce statistically
significant changes in the amount of Yku80
protein (Figure 2(a)). We also checked whether
the yku80°°2** mutant protein is still functional;
for this, we investigated the ability of cells bearing
the mutation S623A to grow at 37 °C, the
temperature at which YKU80 knockout cells are
unable to grow.?®"° The spot analysis showed in
Figure 2(b)) demonstrate that the temperature sen-
sitivity of the yku80D cells is not shared by the
yku80°%2*A cells suggesting that the mutation does
not simply inactivate the protein. In summary, we
conclude that the S623A mutation produces a par-
tially functional protein (at least regarding the tem-
perature sensitivity and other phenotypes, as
presented below).

Next, we devoted our work to determining the
physiological relevance of Ser623 phosphorylation
by Pho85. Yku80 is involved in telomere
protection as many reports demonstrate (see
introduction). To check whether the
phosphorylation of Yku80 by Pho85 regulates
telomere length, we analysed the telomeres
length of our yku80°®%** by southern blot. We
confirmed the short telomeres presented by
yku80D cells”" while similar telomere length is pre-
sented by yku80°%%** and wild-type cells, suggest-
ing that the phosphorylation of S623 is not involved
in telomere maintenance (Figure 2(c)). Note that in
our hands pho85D cells do not show short telom-
eres as described in 72 and contrary to presented
in 73. Yku80 has also been involved in gene silenc-
ing at telomeres.>*® To check silencing in
yku80®%23A cells, we used a system developed by
74 in which the URA3 gene is located in a telomere
or at the HML locus where it is efficiently silenced,
yielding auxotrophic Ura- cells. Our results show
that the non-phosphorylatable mutant of Yku80 is
still fully able to silence URA3 gene in both loci indi-
cating independency between yku80°2*# mutation
and gene silencing. (Figure 2(d)).
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Yku80 phosphorylation at Ser623 regulates
DSB repair

As well as for telomere maintenance and gene
sulencung Ku proteins are essential for DSB
NHEJ."""57¢ Probably as a part of the NHEJ func-
tion, Ku is involved in the inhibition of HDR in
G,%°"7 a cell cycle phase where the genome is

not replicated, no homologous copies exist and,
as a consequence, it is pointless or even detrimen-
tal to activate HDR. Lastly, Ku involvement in DSB
DNA repair is conserved in mammalian cells.”®

To evaluate NHEJ in the yku80°5%** strains, we
used the method described in 76. It consists of
transforming a linearized plasmid; only those cells
able to re-ligate the plasmid will become pro-
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totrophic by using the plasmid auxotrophic marker
and grow on an appropriate selective plate. Inter-
estingly, the strain carrying the genomic ykug80°%%*
allele presents a statistically significant higher
amount on NHEJ than the wild-type strain (Figure 3
(a)). To further support this finding, we employed a
different method to measure NHEJ; the system is
based on the so-called “suicide system”.”®%° In
short, the cells were engineered to bear two HO
endonuclease cutting sites flanking the HO
endonuclease gene governed by the GAL1T pro-
moter. When galactose is present, the HO endonu-
clease is produced, the fragment is clipped, and for
the cell to survive the DNA ends have to be
repaired by NHEJ (the only available repair method
in this genetic system because no intact homolo-
gous sequence is present). Strikingly, using this
method, we found a 50-fold increase in NHEJ in
the non-phosphorylatable mutant version of
Yku80 (Figure 3(b)). We performed the analysis
using two different mutant and wild-type (engi-
neered exactly as the mutants were, except for
the inclusion of the S623A mutation) clones and,
as can be appreciated in Figure 3(b)), the effect
of the S623A mutation is independent of the clone.
As expected, ykus0D cells do not have NHEJ and
pchD cells show more NHEJ than wild-type cells;
however, their NHEJ is much less than in
yku80°%%*A_ |t should be noted that pcii D cells grow
very poorly on galactose plates affecting the NHEJ
measurement system. This problem is even worse
in the pho85D strain, the cells did not grow and it
was impossible to perform the analysis. The quan-
titative difference between the two strategies for
measuring NHEJ (repairing a plasmid or a genomic
DSB) may rely on the fact that cells respond differ-
ently to a genome DSB than to repairing naked
DNA transformed by applying a genotoxic treat-
ment.*®" We cannot rule out the possibility that
the different microhomology between the DNA

plasmid ends and the HO clipfing could engage
alternative NHEJ mechanisms.*® To get more evi-
dence, we used a third system to check NHEJ, this
one is based on a system described in 11. We
induced a genomic DSB at the MATa locus by
the HO endonuclease expressed under the GAL
promoter. Cells lack HML and HMR loci so the
DSB can only be repaired by NHEJ. Using this sys-
tem we, again, found the same result, ykug0>2**
cells display higher NHEJ than wild-type cells (Fig-
ure 3(c)). Our conclusion is that yku80°%%** cells
have more HNEJ than wild-type cells. As men-
tioned in the introduction, NHEJ is an error-prone
repair system; we decided to study the influence
of S623A mutation on the fidelity of NHEJ. To this
end, we used a method that measures the ability
to grow in auxotrophic plates when an error-free
repair process occurred. Briefly, we used a plasmid
bearing LEU2 and URA3 genes, the plasmid was
digested using an enzyme cutting into URA3 gene
and transformed linearized. Leu+ colonies repre-
sent repair and Ura+ colonies represent fidelity in
the repair because changes in the sequence will
determine inactive ura3 gene versions. We found
no statistically significant differences in fidelity
between the wild-type and the S623A mutant
strains (Figure 3(d)).

Ku proteins are at the DSB ends to protect them
from end-resection and to promote NHEJ. In this
scenario, the increased NHEJ activity showed by
the S623A mutant should be accompanied by a
reduction in HDR. To test this hypothesis, we
measured HDR in S623A mutant cells using a
system based on the genome integration of
previously linearized inte%rative plasmid in the
non-functional ura3 locus.*® Cells able to integrate
the plasmid by homologous recombination will
grow on selective Ura-plates. We detected a statis-
tically significant reduction in HDR when Yku80
cannot be phosphorylated (Figure 3(e)). Addition-

<

Figure 1. Yku80 is phosphorylated by Pho85-Pcl1 at Ser 623 both in vitro and in vivo. (a) The complex Pho85/
Pcl1, but not the Pho85-Pho80, phosphorylates Yku80 in vitro. In vitro kinase assay using bacteria produced
recombinant GST-Pho85 (digested with PreScission to eliminate GST) and GST-Pcl1 (left panel) or GST-Pho85
(digested with PreScission to eliminate GST) and GST-Pho80 (right panel). Pho85 together with the correspondent
cyclin were assayed with GST-Yku80 (and GST-Pho4 as a positive control). Proteins were separated by SDS-PAGE
and phosphopeptides were detected with Pro-Q™ Diamond Phosphoprotein Gel Stain. Coomassie staining of the
membranes is presented as load control. (b) Pho85-Pcl1 in vitro phosphorylates Yku80 at Ser 623. The indicated
mutant versions of Yku80 protein were obtained, assayed for Pho85-Pcl1 phosphorylation, separated by SDS-PAGE
and phosphopeptides detected as in A. Arrows indicate Yku80. Coomassie is as load control. (c) Yku80 is in vivo
phosphorylated at Ser 623 by Pho85-Pcl1. Phos-tag gel experiment (left panel) in which cell extracts of genomic
YKUSO-TAP and yku80°%23A-TAP were analyzed. Wild-type cell extract was treated with alkaline phosphatase (AP)
before being electrophoretically separated in phos-tag gels pho85A and pcH A cell extracts were included. In the right
panel, 2D electrophoresis analysis (first dimension was SDS-PAGE and second was electrofocusing) of the wild-type
and yku80°°%*A cell extracts. YkuB80 was detected by immunoblotting with anti-PAP antibodies detecting TAP-tag. (d)
Yku80 phosphorylation is cell cycle dependent. Wild-type and yku80°%2** cells were synchronized in early G by
phosphate starvation. Cells were changed to YPD to resume cell cycle synchronously, aliquots were collected at the
noted times after release and cell extracts were analyzed in phos-tag gels (left panel). FACS analysis of the same time
points is presented in the right panel.
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Figure 2. yku80°°*** genomic mutant is functional and does not affect telomere maintenance or gene
silencing. (a) Yku80 protein amount is not altered by the yku80°52%* mutation. Western blot of TAP-tagged wild-type
and yku80°°2** mutant strains growing exponentially. Ponceau staining of the membrane was used as loading control.
The graph represents the quantification of 10 different experiments. (b) ykuBGlSSZ?’A genomic mutant restores the high
temperature growing defect of ykuB0A cells. Spot assay of YKUB0™, yku80A and yku80°%23* at 30 °C and 37 °C. 3 pl
of three fold sequential dilutions were spotted onto YPD plates starting from A; g0 = 0.05 and incubated at the noted
temperature for 24 h. (c) yku80°5%** displays normal telomere length. Southern blot of Xhol-digested genomic DNA
probed with Y’ specific sequences of yeast telomeres from the noted strains. BY4741 is the original unmodified strain
and YKU80" represents the strain that suffered the same genetic modification as the genomic mutants except for the
pursued mutations. The arrow indicates the specific fragment detected by the probe. (d) yku80°%*** does not interfere
with gene silencing at telomeres nor at the HML locus. 10-fold serial dilutions of the exponentially growing noted
strains."'® were spotted on the indicated plates at an initial A, g, = 0.05. Cells silencing properly should not grow on
Ura- plates and the opposite should be observed on the 5-FOA plates.
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ally, we used a method to monitor genomic DSB
repair, for this we used a system described in 82.
In this system, HO endonuclease is induced by
addition of galactose to the medium and generates
a DSB in the MATa gene (chromosome Ill).
Because the cells lack HML and HMR genes, the
DSB cannot be repaired by intrachromosomal
homologous recombination. Instead, the cells con-
tain MATa-inc sequences on chromosome V; in
consequence, DSB at MATa can be repaired by
ectopic recombination by using the MATa-inc
sequence as a homologous donor (MATa-inc can-
not be re-cut by HO). Using this system we
obtained a consistent, although not statistically
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significant (p = 0.3) reduction in HDR in cells bear-
ing the S623A mutation (Figure 3(f)). Our conclu-
sion is that, at least in one of the genetic systems
used, S623A mutant shows less HDR.

To continue with the analysis of the
phosphorylation of Yku80 we tried to produce the
yku80P®°FE  phophomimetic  mutant.  After
different attempts and strategies, we were unable
to obtain that genomic mutant. Finally, we
transformed wiId»(t)gEe cells with plasmids bearing
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Yku80 phosphorylation hampers NHEJ in the
S-G; phases of the cell cycle

In the experiments presented so far, the DSBs
induced were either somehow artificial (cleaved
plasmids) or genomic single cuts determined by
the HO endonuclease system. Moving to a more
physiological context, we decided to investigate
the effect of bleomycin ga molecule able to
produce DNA  DSBs® in the non-
phosphorylatable mutant strain of Yku80. In order
to achieve this, we incubated the different strains
that were growing exponentially with 300 mg/ml of
bleomycin for 30 min and plated them on fresh rich
plates. We found no differences in viability, quanti-
fied by counting colonies, between the S623A
mutant and the wild-type (Figure 4(a)).

Damaging the cells in asynchronous cultures
where cells are in different cell cycle phases and,
therefore, with a differing influence on the
different repair mechanisms, could conceal the
putative role played by Yku80.%* Moreover, consid-
ering our previous results showing the inhibition of
HDR by the S623A mutation, we decided to anal-
yse the effect of the S623A mutation specifically
in G, phase synchronised cells where HDR takes
place. For this, we synchronised cells in G using
a-factor, released them and let them to progress

mostly replicated (as demonstrated by FACS anal-
ysis in Figure 4(b)). At this point, we produced DSB
damage by adding 300 pg/ml bleomycin. Under
these conditions, S623A cells presented reduced
viability (Figure 4(b)), most likely due to the
reduced HDR that S623A cells have (showed pre-
viously in Figure 3(e) and (f)). Additionally, we must
consider the possibility that error-prone NHEJ pro-
duces viable cells explaining the relatively small
reduction of viability shown by yku80%%2*" strain.
Our next experiment was to eliminate the possibility
of HDR by deleting the RAD52 gene; in this
instance and with the same experimental set-up,
we observed the expected reduction in the viability
of the rad52D YKUSO wild-type strain compared to
the RAD52 YKUS80 since no HDR mechanisms
could take place (Figure 4(b)). Additionally, we
observed the recovery of viability in the yku80°52%*
rads52D cells compared to YKU80 rad52D, sug-
gesting that in the absence of HDR, the increase
in viability is determined by the increased NHEJ
shown in S623A cells.

Yku80 regulation is a conserved mechanism

Ku proteins, despite showing a modest level of
identity in terms of the aminoacid sequence, are,

synchronously for 70 min until their genome was  at least in eukaryotic cells, functionally and

<

Figure 3. yku80°%?** mutant cells display enhanced NHEJ and reduced HDR. (a) yku8G°%2** cells present

increased plasmid repair by NHEJ. The strains YRC1061 (YKUS0™), YRC1062 (yku80°%%°*) and YRC1057 (yku80A)
were simultaneously transformed with BamH| digested pRS416 (URA3 as marker) and with non-digested pRS415
(LEUZ2 as marker). Leu + colonies were used to assess transformation efficiency of the different strains and repair
efficiency was measured as the ratio of Ura* to Leu™ colonies. (b) yku80°%2°* cells present increased genomic DSB
repair by NHEJ. The HO suicide deletion system was employed to analyze genomic repair by NHEJ. HO
endonuclease is expressed under GAL promoter producing a DSB in the genome, only those cells able to repair by
NHEJ will produce colonies. Exponentially growing cells from strains YRC1047 and 1048 (YKU80"), YRC1061 and
1063 (yku80°%2%%), YRC1051 (ykuB0A) and YRC1147 (pci A) were plated on galactose or glucose containing plates.
Relative repair efficiency was measured as the ratio of colonies grown in galactose (where HO is induced) to colonies
on glucose plates. (c) yku80°%2*A cells present increased genomic DSB repair by NHEJ. A different genetic system
than in B is used. In this case, the GAL promoter expressed HO endonuclease produces a DSB at its natural site in the
MATz locus in cells lacking HML and HMR genes and, consequently, only repairing by NHEJ. Exponentially growing
cells from strains YRC1131 (YKU80"), YRC1132 (yku80°92%4) and YRC1133 (ykuB0A) were plated on galactose or
glucose containing plates. Relative repair efficiency (NHEJ) was measured as the ratio of colonies grown on galactose
(where HO is induced) to colonies on glucose plates. (d) Plasmid repair fidelity is independent of Ser 623
phosphorylation. Noted strains were transformed with a Ncol digested plasmid bearing URA3 and LEUZ gene markers
(Notl site lays in URA3 gene). Colonies on Leu- plates reflect plasmid repair, colonies growing on Ura- plates reflect
accurate repair. Data are plotted as the ratio of Ura® to Leu* colonies. (e) The yku80°6?* strain shows reduced HDR
plasmid repair events. Noted strains were transformed with both EcoRV digested YlpLac211 (Bearing URA3 gene)
and non-digested pRS415 (bearing LEU2 gene). Relative repair efficiency was measured as the ratio of Ura™ to Leu™
colonies. (f) The yku80°%* strain shows a slight and consistent, although not statistically significant (p = 0.3), reduced
HDR in an HO endonuclease-induced genomic DSB system. HO endonuclease is under GAL promoter, when
expressed produces a DSB in MATz locus that can only be repaired by HDR using a copy of MATa-inc placed at
chromosome V. Exponentially growing cells from strains YRC1128 ( YKU80™) and YRC1177 (yku809623A) were plated
on galactose or glucose containing plates. Relative repair efficiency (HDR) was measured as the ratio of galactose to
glucose colonies. In all experiments, values were normalised to wild-type = 1. The mean + SEM of a minimum of three
independent experiments with internal duplicates is shown. p < 0.05 was considered significant (*); (**) indicates
p < 0.005 and (***) indicates p < 0.0001.
8
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Figure 4. yku80°5** displays reduced viability in G, after bleomycin treatment. (a) Cell survival measured as
colony formation of asynchronous exponentially growing cultures after 30 min of 300 pg/ml bleomycin treatment. (b)
Cells were synchronized in G4 with o-factor, released and damage was produced after 10 min (G,) or 70 min (Gz). DSB
damage was induced by adding 300 pg/ml bleomycin for 30 min and, afterwards, cells were plated on SD plates.
Repair efficiency was measured as the number of colonies after bleomycin treatment relative to the non-treated cells.
The cell cycle phase in the moment of bleomycin treatment was assessed by FACS analysis, a representative
experiment is presented below the survival graph. Values were normalised to wild-type = 1. The mean + SEM of a
minimum of three independent experiments with internal duplicates is shown. p < 0.05 was considered significant (*)

and (***) indicates p < 0.0001.

structurally well conserved.”® The phosphorylation
site found in this study lies close to a putative
nuclear localization signal in a disorganized domain
at the C-terminal part or the protein. At the C-
terminal domain of the human KUB80 there is a con-
sensus site for CDK phosphorylation (T629, see
Figure 5(a)) that, even though it is not in exactly
the same position as it is in yeast, the modest
degree of sequence conservation led us to wonder
whether the function of this residue might be con-
served. Unfortunately, neither the expression using
BL21 E. coli expression system, (that gives a mod-
est amount of soluble KU80) nor the production
from insect cells (that produces a KU80 co-
purifying with a resident kinase) provides us with
KUBO for testing the in vitro phosphorylation.

To show the potential relevance of T629, we
decided to analyse the influence of the mutation
KU80™2°* on the viability of cells after a DSB
inducing treatment. For this, we cloned the wild-
type and the non-phosphorylatable mutant in the
viral vectors pWPIl and infected A549 (lung
carcinoma), MCF7 (breast adenocarcinoma) and
MDA-MB-231 (breast cancer) human cancer cell
lines. We treated them with 0.1 pg/ml bleomycin

to induce DSBs and analysed the viability by
colony forming assay. In two of the cell lines, we
found a statistically significant reduction in the
colony formation when the cells were
overexpressing the non-phosphorylatable mutant
(Figure 5(b)) indicating the in vivo relevance of
T629 that reinforces the phenotype observed in
yeast. This later result tempted us to speculate
about the possibility of a conserved mechanism
between species.

Discussion

Simply put, the cell cycle can be seen as a group
of processes ending with the duplication of cells.
However, in addition to the processes strictly
related to cell division, there are several other
processes taking place which are somewhat
dependent on and/or closely related to cell cycle
progression. One such process is DNA double
strand break repair. DNA must be intact for a
faithful duplication of cells, and for this reason,
the cell cycle and DNA repair must be tightly
coordinated. There are several examples where
the cell cycle master regulators (CDKs) are also
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Figure 5. Overexpression of human KU80™?°* increases sensitivity to bleomycin in cancer human cell lines.
(a) Schematic representation of human Ku80 where the CDK consensus sites are noted. (b) Noted cell lines were
infected with the empty lentiviral pWPI vector, or with pWPI containing either KU80" or KU80"®*°* genes. Cells were
treated with 0.1 pg/ml bleomycin for 2 h. The percentage of survival was calculated as the ratio of treated versus not

treated colonies after 14 days at 37 °C. The mean + SEM of at least three independent experiments is shown. p < 0.05
was considered significant (*).

in charge of controlling these parallel processes.
Our group has discovered some of them, such as
the coordination between nutrient availability and
the cell cycle®''®2 or nucleus-cytoplasmic traffic.®®
In both cases, Pho85 plays a crucial role in coordi-

Yku80 phosphorylation by cell cycle machinery

Yku80 is a phosphoprotein,®® although the kinase
or the res;ponsible mechanisms remain unde-
scribed.®®®” We found that the CDK Pho85 is able

nating those events. In this study, we have
explored another link, in this case, between the cell
cycle machinery and DNA repair. We present a
new mechanism by which cell cycle machinery
coordinates the cell cycle and DNA repair to ensure
a well-oiled and successful cell division.

10

to phosphorylate Yku80 at Serine 623. Although we
have not check the ability of Cdc28, (the other CDK
involved in cell cycle progression), the in vivo phos-
phorylation evidence presented in which Yku80
shows a very similar migration pattern in both
pho85D and in wild-type alkaline phosphatase
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treated cell extracts, points to Pho85 as the kinase
responsible for this reaction.

Synchronizing cells is an inherently artifact-
producing process. We have no explanation for
the absence of Yku80 phosphorylation in a-factor
synchronized cells. PhoB85 is essential for cell
cycle resume after phosphate starvation,®’ repre-
senting an environmental situation in which
Pho85 is active and in consequence a set-up in
which its activity could be detected. Our results
indicate that Yku80 is phosphorylated during the
G, to S-phase transition which is Erecisely the
moment in which Pcl1 is expressed.®

A new mechanism for the cell cycle control of
DSB repair

The term NHEJ was introduced by Moore and
Haber to describe the repair process that takes
place when non-homologous donors are
present."’ Accordingly, NHEJ can be considered
a default repair mechanism, an early responder
mechanism to DNA ends not presenting an exten-
sive ssDNA tail®® As such, NHEJ operates
throughout the cell cycle while HDR is largely
restricted to the cell cycle phases where a homolo-
gous DNA sequence is available (S-phase and
Gy).? It is worth mentioning that entry into mitosis
involves chromatin structural changes that prevent
DSB repair and cells undertake mitosis in the pres-
ence of DNA damage.®® The key element for the
selection of the repair mechanism is the 5-3' end
resection process, which is essential for HDR
(see below).

CDKs act on DSB repair mechanisms only in S
and Go cell cycle phases, permitting DNA end
resection and, consequently, HDR.”#=%999% |t js
notorious that in all the mechanisms described so
far, the cell cycle machinery acts directly on the
HDR mechanisms, activating them in the appropri-
ate moment of the cycle.

The term NHEJ includes a group of mechanisms
that are thought to be active throughout the cell
cycle both in yeast* and in mammalian cells.® At
least in yeast (in more complex genomes such as
in mammalian cells NHEJ is thought to be the most
relevant mechanism.?®“® HDR mechanisms are
quantitatively greater than NHEJ.®* NHEJ must
be inhibited to some extent or at least ham-
pered®#® to permit HDR to take place. As men-
tioned before, several mechanisms for activating
HDR have been described but, so far, none of them
directly involves the regulation of NHEJ at least in
S. cerevisiae or mammals.

Our work unveils a new mechanism by which cell
cycle machinery regulates DNA DSB repair, a
mechanism that hampers the error-prone NHEJ in
the cell cycle phases where homologous
sequences are present and consequently the
error-free HDR could represent an advantage
because it maintains DNA unmodified. In addition,

the phosphorylation on Yku80 represents the first
described mechanism occurring directly on the
NHEJ machinery (Figure 6). The group of
Doherty described a mechanism in S. pombe
involving phosphorylation by CDKs on XIf1, an
essential piece for NHEJ.*® Similarly to the mecha-
nism found by us, the XIf1 phosphorylation by
CDKs ensures the inhibition of NHEJ in cell cycle
phases where HDR could take place, shifting the
balance of the repair to the error free system HDR.

Is KU regulation a conserved mechanism?

KU is a functionally well conserved family of
proteins even though the sequence identity is
surprisingly low.”® Yku80-Ser623 residue, which is
the one found by us to be phosphorylated by the
CDK Pho85, is located at the structurally poorly
organized C-terminal domain. Looking at the
human KU sequence, a consensus sequence for
CDK is also present in the homologous poorly
organized domain at the C-terminus of the protein
(Figure 5(a)). The CDK phosphorylation preference
for disorganized domains” allows us to speculate
about the possibility of conserved mechanisms.

CDKS is the closest Pho85 homolog in human
cells.*”° The activity of CDKS5 is controlled by sev-
eral cyclins, among them, the cyclin CCNI,*° shar-
ing homology with the yeast Pcl1 cyclin. We predict
that CDK5/CCNI may be involved in KU phospho-
rylation and, thus, in DNA related processes. Inter-
estingly, CDK5 has been linked to the DNA
damage repair processes several times® and our
work points to the idea that KU might be one of
its targets.

We selected different human tumor cell lines and
found a reduced ability to form colonies after DSB
in some of them suggesting a reduced ability to
deal with this insult. This result is somewhat
surprising, considering that NHEJ is the
predominant DSB repair system in cyclin
mammalian cells.®**#*#*¢ The reduced viability in
mammalian cells after DSBs is not consistent with
the phenotype of increased NHEJ found in yeast,
suggesting a different balance between NHEJ
and HDR mechanisms for dealing with DSBs.
Based on this evidence, we propose a conserved
function of KU80 proteins in the regulation of DSB
repair.

Structural and functional considerations

In this article, we present evidence supporting
the inhibitory role of Yku80 phosphorylation by
the CDK Pho85 on the NHEJ. Serine 623 is the
Yku80 residue targeted by the CDK. This residue
is at the C-terminal domain of the protein, a
domain that has been reported to establish
physical contact with Dnl4,°° the DNA ligase
required for the NHEJ.'® A simple and tempting
possibility is that the phosphorylation could pro-
duce conformational changes, hampering the inter-
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Figure 6. Working model. At the end of G; the CDK phosphorylates Yku80 at Ser623 contributing to the
inactivation of NHEJ and favoring the activation of the error free HDR in G,. Consequently, the NHEJ activity in the
non-phosphorylatable yku86°°2** mutant remains active throughout the entire cell cycle hampering the HDR repair

system.

action with the DNA ligase and consequently
inhibiting NHEJ in particular phases of the cell
cycle. It is relevant to mention that the cyclin
Pcl1, activator of Pho85 and used for the in vitro
kinase assay, is only present in late G4 and during
the S-phase®®; suggesting that Yku80 could be
inactivated during the G, to S-phase transition to
permit HDR mechanisms to take place. This idea
is supported by the fact that Yku80 phosphorylation
is cell cycle regulated as indicated by the results
presented in this work.

In the specific case of human KU80, the C-
terminal domain is also essential for NHEJ; it has
been shown to be responsible for the DNA-PKcs

recruitment to the DNA end complex.'®'” Although
initially, DNA-PKcs activity was thought essential
for NHEJ,"®" it has been recently uncovered that
these proteins have repair-independent functions
that protect irradiated cells from mitotic slippage.’®?
We cannot rule out that this mechanism might also
be an important step for the recruitment of the
DNA-PKcs during gamma irradiation insults. The
proteins interacting with the C-terminal domain of
the yeast Yku80 and the human Ku80 are different,
but in both cases, those elements are essential for
NHEJ suggesting that the CDK phosphorylation
could be a convergent evolutionary system to reg-
ulate NHEJ.
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Materials and methods

Yeast strains, growth conditions and tagging

All strains used are shown in Table 1. Yeast were
grown in water shakers at 30 °C under vigorous
agitation (200 rpm) in either YPD medium (1%
yeast extract, 2% peptone, and 2% glucose) or
complete synthetic dextrose (SD) medium (0.67%
yeast nitrogen base, 0.5% NH,SO,, and 2%
glucose) supplemented with auxotrophic
requirements (15 mg/ml of leucine and uracil,
5 mg/ml of histidine, and 10 mg/ml of tryptophan).
For the 5-FOA plates, SD with all the required
amino acids was supplemented with 1 mg/ml 5-
FOA, (Thermo Scientific™) sterilized by filtering,
and added to the medium just before plating. In
all experiments, to reduce experiment’s variability,
the number of cells inoculated for the overnight
cultures was always constant and ranging
between A,gs0 = 0.01-0.05 depending on the
experiment.

Tagging and detentions were performed using
the toolbox system'® and confirmed by PCR and
western blot or fluorescence microscopy.

Plasmids
All plasmids are in Table 2. pRS415-URA3 was
constructed by amplifying the URA3 gene from

Table 1 Yeast strains.

pRS416 with the primers: URA3F4: 5'CGCA
AGCTTTTCAATTCAATTCATCATTTTTTTTITAT
TC3 (Hindlll restriction site underlined) and
URA3R4: 5CGCGGATCCTTAGTTTTGCTGGCC
GCATC3' (BamHI restriction site underlined). The
fragment was introduced into pRS415.

Cell synchrony and flow cytometry analysis

Apha-factor G synchronization. Yeast cells were
grown exponentially in YPD or SD to a density of
approximately 1 x 107 cells/ml and a-factor
(Biomedal) was added to a final concentration of
20 Ig/ml. After 100 min, the cells were collected,
washed and released into fresh medium.

Phosphate deprivation Gy synchronization. As
described in 104. Briefly, yeast nitrogen base with-
out phosphate was used (MP Biomedicals) to pre-
pare SD medium without phosphate. Phosphate
deprivation experiments were performed with cells
growing exponentially in SD for 16 h until they
reached an optical density at 600 nm (A;gqo) of
0.3-0.4, the cells were collected by filtration and,
after a quick wash, resuspended at the same cellu-
lar concentration in pre-warmed SD medium lack-
ing the phosphate source. Cells were kept
phosphate deprived for 7 h and released by cen-
trifuging and resuspending in fresh YPD.

For nocodazole synchronization, exponential
growing cells were treated twice with nocodazole

Name Background  Relevant genotype Source
W303-1a W303-1a MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 111
BY4741 BY4741 MATa his3A 1 leu2-A-200 met15-A-0 ura3A-0 112
YBS1058 W303-1a yku80::hph This study
YBS1071 W303-1a YKU80-KanMX This study
YBS1066  W303-1a yku80°®2*A-KanMX This study
YBS1061 BY4741 YKU80-KanMX This study
YBS1062  BY4741 yku80°°%3*-KanMX This study
YBS1057 BY4741 yku80::hph This study
UCC3505  YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 ppr1::HIS3 adh4:: 108
URA-TEL DIA5-1
YBS1015 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 ppr1::HIS3 adh4::  This study (derived
URA-TEL DIA5-1 sir2::KanMX from UCC3505)
YBS1073 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 ppr1::HIS3 adh4::  This study (derived
URA-TEL Dia5-1 YKU80-KanMX from UCC3505)
YBS1074 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 hisSA200 leu2A 1 ppr1::HIS3 adh4::  This study (derived
URA-TEL Dia5-1 yku8G°®***-KanMX from UCC3505)
UCC3515 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 hisBA200 leu2A1 hmi::URA3 108
YRC1150  YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A 1 hmi::URA3 pho85::  This study (derived
TRP1 from UCC3515)
YRC1165 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 hmi::URA3 pcli::  This study (derived
KanMX from UCC3515)
YBS1016 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 hmi::=URA3 sir2:: This study (derived
KanMX from UCC3515)
YBS1050  YPH499 MATa ura3-52 lys2-801 ade2-101 tip1A63 his3A200 leu2A1 hml::URA3 This study (derived
YKUB0-6HA-KanMX from UCC3515)
YRC1167 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 ppr1::HIS3 adh4::  This study (derived
URA-TEL DIA5-1 pho85::KanMX from UCC3505)
YRC1160 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A1 ppr1::HIS3 adh4::  This study (derived

(continued on next page)
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Table 1 (continued)

Name Background  Relevant genotype Source
URA-TEL DIA5-1 pelt::KanMX from UCC3505)
YBS1051 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A 1 hml::URA3 This study (derived
yku80-S53A6HA -KanMX from UCC3515)
YBS1059 YPH499 ppr1::HIS3 adh4::URA-TEL Dia5-1 yku80::hph This study (derived
from UCC3505)
YBS1060 YPH499 MATa ura3-52 lys2-801 ade2-101 trp1A63 his3A200 leu2A 1 hmi::URA3 yku80::  This study (derived
hph from UCC3515)
YEB126 BY4741 YKUBO-TAP-KanMX This study
YEB77 BY4741 yku8G> A TAP This study
YBS1039  BY4741 ykuB0352A TAP-KanMX This study
YEB122 BY4741 YKU8BO-TAP-KanMX pho85::LEU2 This study
YEB94 BY4741 YKUBO-TAP-KanMX pcl1:LEU2 This study
YRC1029 W303-1a YKU80-eGFP-HIS3 This study
YRC1031 W303-1a yku80%234-eGFP-HIS3 This study
YRC1120 BY4741 YKUB0-KanMX rad52::hph This study
YRC1124  BY4741 ykuBG>S23A-KanMX rad52::hph This study
JKM179 matx HO hml:ADE1 hmr::ADE1 ade1-100 leu2-3, 112 trp::hisG lys5 ura3-52 82
ade3::GAL::HO arg5, 6::MATa-inc:HPH1
YRC1131 matx HO hml:ADE1 hmr::ADE1 ade1-100 leu2-3, 112 trp::hisG lys5 ura3-52 This study (derived
ade3::GAL::HO arg5,6:MATa-inc::HPH1 YKUB0-KanMX from JKM179)
YRC1132 matx HO hmi::ADE1 hmr::ADE1 ade1-100 leu2-3, 112 tip::hisG lys5 ura3-52 This study (derived
ade3::GAL::HO arg5, 6:MATa-inc::HPH1 yku80-353*-KanMx from JKM179)
YRC1133 matx HO hml:ADE1 hmr::ADE1 ade1-100 leu2-3, 112 trp::hisG lys5 ura3-52 This study (derived
ade3::GAL::HO arg5,6:MATa-inc::HPH1 yku80::KanMX from JKM179)
YJK17 MATx hoA hmiA::ADE1 hmra::ADE1 ade1-100 leu2-3,112 trp::hisG lys5 ura3- 82
52 ade3::GAL::HO arg5,6:MATa-inc::HPH1
YRC1128 MATx hoA hmiA::ADE1 hmrA::ADE1 ade1-100 leu2-3,112 trp::hisG lys5 ura3-  This study (derived
52 ade3::GAL::HO arg5,6::MATa-inc::HPH1 YKU80-KanMX from YJK17)
YRC1177 MATz hoA hmiA::ADE1 hmrA::ADE1 ade1-100 leu2-3,112 trp::hisG lys5 ura3-  This study (derived
52 ade3:GAL::HO arg5,6::MATa-inc::HPH1 yku80°%*A-KanMX from YJK17)
YRC1178 MATx hoA hmiA::ADE1 hmrA::ADE1 ade-100 leu2-3,112 trp::hisG lys5 ura3-  This study (derived
52 ade3:GAL:HO arg5,6:MATa-inc:HPH1 yku80°%2%A-KanMX from YJK17)
YRC1172 MATx hoA hmiA::ADE1 hmrA::ADE1 ade1-100 leu2-3,112 trp::hisG lys5 ura3-  This study (derived
52 ade3::GAL::HO arg5,6::MATa-inc:HPH1 yku80::KanMX from YJK17)
YW1276 MAT»inc ade2::HOSD(+1)::STE3-MET15 his3A1 leu2A met15A ura3A 80
YRC1047 MAT«+inc ade2::HOSD(+1)::STE3-MET15 his3A1 leu2A met15A ura3A YKU80-  This study (derived
KanMX from YW1276)
YRC1048 MATxinc ade2::HOSD(+1)::STE3-MET15 his3A1 leu2A met15A ura3A YKU80-  This study (derived
KanMX from YW1276)
YRC1051 MATxinc ade2::HOSD(+1)::STE3-MET15 his3A1 leu2A met15A ura3A yku80::  This study (derived
KanMX from YW1276)
YRC1061 MATinc ade2::HOSD(+1):STE3-MET15 his3A1 leu2A met15A ura3A This study (derived
yku80>®23A-KanMX from YW1276)
YRC1063 MATeinc ade2::HOSD(+1):STE3-MET15 his3A1 leu2A met15A ura3A This study (derived
yku80>23A-KanMX from YW1276)
YRC1147 MATxinc ade2::HOSD(+1)::STE3-MET15 his3A1 leu2A met15A ura3A pcl1:: This study (derived

LEU2

from YW1276)

Table 2 Plasmids.

Name Relevant characteristics Source
pJC1043 pRS316 103
pJC2287 Ylplac211 113
pJC1314 pRS415-empty 103
pJC2170 pRS415-URA3 (cloned between Hindlll and BamHl) This study
pJC1491 pRS414 103
pJC2242 pRS414-YKU80 This study
pJC2246 pRS414-ykug03524 This study
pJC1759 pWPI Addgene ref 12254
PWPI KU pWPI-KU80 This study
pWPI KU pWPI-KU8Q 8294 This study

14
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(15 upg/ml final concentration) for 60 min.
Nocodazole was washed by centrifugation and
cells resuspended in fresh growing medium to
resume cell cycle.

The flow cytometry analysis was as in 105. In
short, cells were fixed in 70% ethanol, washed with
50 mM Na-citrate, treated with 0.1 mg/ml RNase A
at 37 °C for 3 h to overnight, stained with 4 pg/ml
propidium iodide, slightly sonicated to disrupt cell
aggregates, and analysed in a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA). 10*
cells were analysed for each time point.

Dot assays

Cells were grown overnight in YPD medium,
diluted to A;ge0 = 0.05 and tenfold sequentially
diluted in fresh YPD. 3 Il were spotted on the
appropriate plates and incubated for 48 h at the
indicated temperature.

Cell extract and immunoblot

For western blot analysis, cells were treated as
described in 106. The primary antibody was anti-
PAP 1:4.000 (Sigma, P1291). The secondary anti-
body was donkey anti-goat-HRP 1:25000 (from
Jackson Laboratories). Immunoblots were devel-
oped using Luminata Forte Western HRP Sub-
strate (Millipore) and images were taken using
GeneSnap (Syngene) and quantified using Image
Studio Lite (Li-Cor).

For Phos-tag experiments, the stacking gel buffer
was 350 mM Bis—Tris (pH 6.8), 0.1% v/v TEMED,
and 0.05% w/v ammonium persulfate (APS);
acrylamide concentration was 4% (w/v). The
resolving gel buffer was 350 mM Bis—Tris (pH
6.8), 100 IM Phos-Tag™, 40 IM Zn (NOs),, 0.05%
v/iv. TEMED, 0.01% w/v APS; acrylamide
concentration was 6% (w/v). The running buffer
consisted of 50 mM Tris-HCI pH = 7.5, 50 mM
MOPS, 0.1% (w/v) SDS and 5 mM NaHSO;
pH = 7.2. Gels were run for 1 h at 100 V for
optimal separation of protein species. The
transfer buffer was 25 mM Tris, 192 mM glycine,
pH 8.3, 20% v/v methanol, 5 mM NaHSO;
pH = 7.2 and 25 mM NaPPi. Proteins were
transferred to PVDF membranes (Immobilon-P;
Millipore) at 20 V and 4 °C overnight.

Protein extraction from human cell lines

Cells were washed with ice-cold phosphate-
buffered saline (PBS) and placed on lysis buffer
(20 mM TRIS, 5 mM EDTA, 1% NP40 (IGEPAL
CA-630), 150 mM NaCl, pH 7.4) supplemented
with Pierce Phosphatase Inhibitor Mini tablets and
Protease Inhibitor tablets from Thermo Fisher
Scientific (refs: 88,667 and 88,266 respectively).
Cell extracts were prepared by vortex following
centrifugation at 14,000 rpm for 20 min at 4 °C.
Finally, the supernatants were collected and

protein concentration was quantified by Bradford
assay (BioRad). A total protein of 30 pg was used
for immunodetection by western blot.

Recombinant protein purification

GST fusion proteins were expressed using
Escherichia coli strain BL21 (DE3) (Stratagene).
Protein expression was induced with 1 mM
isopropyl b-D-thiogalactopyrancside (IPTG) for
3 h at 25 °C. Cells were collected by
centrifugation, resuspended in 600 pul of
phosphate-buffered saline (PBS) with 0.1% Triton
X-100 (PBS-T) and a protease inhibitor mixture
(2 mg/ml of pepstatin, 2 mg/ml of leupeptin, 1 mM
pepstatin leupeptin phenylmethylsulfony! fluoride,
or PMSF, and 1 mM benzamidine), and subjected
to mechanical rupture by sonication. Cell debris
was removed by centrifugation, and the
supernatants were purified using glutathione-
Sepharose chromatography (GE Healthcare), as
described in the manufacturer's protocol. After
incubation with rotation for 2 h at 4 °C, the beads
were collected by centrifugation (1000 rpm for
1 min at 4 °C) and washed three times with PBS-
T. The elution was performed by adding 10 mM
glutathione.

In vitro kinase assay

Kinase assays were performed as previously
described.'?” Briefly, 0.5 pug of Pho85 and 1 pg of
GST-Pcl1 were added to 1 pg of the different
GST-substrates (recombinant proteins expressed
and purified from E. coli. In the case of Pho85,
GST was eliminated by digestion with the protease
pre-Scission from GenScript) to be checked in the
presence of 100 uM ATP in kinase buffer (50 mM
Tris—HCI pH 7.5, 10 mM MgCl,, 2 mM DTT). The
mix was incubated at 30 °C for 30 min. The reaction
was stopped by adding SDS-PAGE sample butfer,
boiled for 5 min and resolved in 8% polyacrylamide
gels. The gels were stained for detecting phospho-
proteins following the protocol provided by the
manufacturer (Pro-Q Diamond phosphoprotein gel
stain kit from Invitrogen).

Southern blot

Genomic DNA from overnight cultures was
isolated using phenol-chloroform. DNA samples
where digested with Xhol, separated in a 1%
agarose gel and transferred to Amersham™
Protran™ NC Nitrocellulose Membranes
(10600001). Membranes were incubated with the
DIG labelled telomere probe: 5-TGTGGGTGTGG
TGTGTGGGTGTGGTG-3.7° The probe was
detected with anti-digoxigenin-AP, Fab fragments
(Roche Applied Science, 11175033910).
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Two-dimensional electrophoresis

Protein extracts were obtained as described
above. A maximum of 50 ng of protein was used.
Proteins were isoelectrically focused in the first
dimension using 11 cm Ready Strips™ IPG (pH
3.0-10.0; Bio Rad) in an Ettan IPGphor Il
(Amershan Biosciences) system following the
indications of the manufacturer. Proteins were
resolved in the second dimension by SDS-PAGE
using 4-15% gradient acrylamide gels. Proteins
were transferred to PVDF  membranes
(Immobilon-P; Millipore) at 20 V and 4 °C
overnight. The western blot was performed as
described above.

Silencing assay

All yeasts strains are derived from UCC3505 and
UCC3515.7% Cell suspensions were adjusted to
A;se0 = 0.05, they were 10-fold serially diluted,
spotted onto YPD or 5-FOA (Thermo Scientific™)
plates and incubated at 30 °C for 3—4 days.

DSB plasmid repair assay

The non-homologous end joining (NHEJ) repair
assay was as in 109. In short, 300-350 ng of
BamHI digested pRS316 and 50-100 ng of uncut
pRS415 (used to normalise the transformation pro-
cess) were transformed into the pertinent strains.
NHEJ efficiency was calculated as the ratio of ura-
cil prototrophic growing colonies to leucine pro-
totrophic growing colonies. The homologous
recombination (HR) repair assay was as in 36. That
is to say, 500 ng EcoRV digested integrative
YlpLac211 and 50-100 ng of uncut pRS415 were
transformed into the pertinent strains. HR efficiency
was calculated as the ratio of uracil prototrophic
growing colonies that have successfully integrated
the URA3 gene (the yeast background to perform
these HDR experiments was BY4741 where the
URA3 has been deleted) to leucine prototrophic
colonies.

Suicide deletion assay to measure NHEJ

All strains used in the suicide deletion system
derived from YW1276 (MATa-inc ade2:
HOSD(+1)::STE3-MET15 his3D1 leu2D met15D
ura3D). The assay was performed as previously
described in 80. In short, cells were grown expo-
nentially in SD supplemented with 120 ug/ml ade-
nine, plated in either 2% glucose or 2% galactose
plates and incubated at 30 °C for 3—4 days. The fre-
quency of DSB repair by NHEJ was measured as
the ratio of colonies formed on the galactose plates
compared to the glucose plates.

HR genomic assay

All strains used in these experiments are derived
from YJK17 (MATa hoD hmiD::ADE1 hmiD::ADE1

16

ade1-100 leu2-3,112 trp::hisG lys5 ura3-52 ade3:
GAL::HO arg5,6::MATa-inc::HPH1).%% That is, cells
were grown overnight in SD 2% raffinose to
Asee0 = 0.6-0.8. Cells were plated on either 2% glu-
cose or 2% galactose SD plates. The frequency of
DSB repair by HR was measured as the ratio of
colonies formed on galactose plates compared to
the glucose plates.

NHEJ fidelity assay

Fidelity in the NHEJ process was measured as
follows, 200-300 ng of Ncol digested pJC2170
plasmid was transformed into the pertinent
strains: pJC2170 plasmid is based on pRS415 in
which URA3 has been cloned between Hindlll
and BamHl restriction sites. The Ncol site is in
the URA3 sequence. Consequently, Leu+
colonies are those able to repair the plasmid, and
Ura+ those that repaired and kept the URA3
intact. Fidelity was measured as the ratio of uracil
prototrophic  colonies to leucine prototrophic
colonies.

Sensitivity to bleomycin

Cells were synchronised in G; as described
above. To specifically induce the double strand
breaks in the G, phase, cells were released from
the a-factor arrest and, after 70 min, 300 pg/ml of
bleomycin (AB142977, Abcam) was added. Cells
were kept with the drug for 30 min, plated in 2%
glucose plates and incubated at 30 °C for 2-3 days.

Colony formation assay

Cells were incubated for 2 h with 0.1 lg/ml of
bleomycin  (Abcam). Afterwards, cells were
trypsinised, counted and seeded in 6-well plates
at a density of: 1200 (A549), 2500 (MCF-7) and
1200 (MDA-MB-231) cells per well. After 2 weeks
of incubation when colonies became visible, they
were fixed with 1 ml of 100% methanol at —20 °C
for 5 min, washed twice with PBS, stained with
0.1% crystal violet for 30 min at room
temperature in the dark, washed 3—4 times with
PBS, and colonies were automatically counted by
using Imaged program. To get a quantitative
measure that includes the difference in growth
between the colonies, the cells from the different
wells were harvested and the crystal violet
staining was measured as absorbance at 570 nm.
The percentage of cell survival was calculated as
the ratio of cells treated with bleomycin versus
the control.

Viral cloning and transduction

The KU80 gene was amplified from A549 cells.
Either KU80™ or Ku80™®*** were cloned into
PWPI lentiviral expression vector (Addgene, ref:
12254,) at the Pmel restriction site. For lentivirus
production, 45 Ig pWPI-KU80 (wt and variants)
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All strains used in these experiments are derived
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the a-factor arrest and, after 70 min, 300 pg/ml of
bleomycin (AB142977, Abcam) was added. Cells
were kept with the drug for 30 min, plated in 2%
glucose plates and incubated at 30 °C for 2-3 days.
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Cells were incubated for 2 h with 0.1 lg/ml of
bleomycin  (Abcam). Afterwards, cells were
trypsinised, counted and seeded in 6-well plates
at a density of: 1200 (A549), 2500 (MCF-7) and
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were fixed with 1 ml of 100% methanol at —20 °C
for 5 min, washed twice with PBS, stained with
0.1% crystal violet for 30 min at room
temperature in the dark, washed 3—4 times with
PBS, and colonies were automatically counted by
using Imaged program. To get a quantitative
measure that includes the difference in growth
between the colonies, the cells from the different
wells were harvested and the crystal violet
staining was measured as absorbance at 570 nm.
The percentage of cell survival was calculated as
the ratio of cells treated with bleomycin versus
the control.

Viral cloning and transduction

The KU80 gene was amplified from A549 cells.
Either KU80™ or Ku80™®*** were cloned into
PWPI lentiviral expression vector (Addgene, ref:
12254,) at the Pmel restriction site. For lentivirus
production, 45 Ig pWPI-KU80 (wt and variants)
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was cotransfected with 12.9 Ig of pMD2.G and
29.1 Ig of psPAX2 into HEK293-T cells using the
calcium phosphate system and plated in 10 cm
plates. The virus-containing supernatant was
collected at 24 h and 48 h post-transfection,
concentrated using the Sartorius VS2042
Vivaspin 20 concentrator and titrated. MDA-MB-
231 and MCF-7 cells were infected with 15 MOI
of lentivirus and A549 cells with 5 MOI of lentivirus.

Statistical analysis

Data were expressed as mean and the standard
error of the mean was included (mean + SEM).
Statistical significance was determined using the
Student’s test. A p value <0.05 was considered
significant.
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Abstract

In eukaryotes, the cell cycle is driven by the actions of several cyclin dependent kinases
(CDKSs) and an array of regulatory proteins called cyclins, due to the cyclical expression pat-
terns of the latter. In yeast, the accepted pattern of cyclin waves is based on qualitative stud-
ies performed by different laboratories using different strain backgrounds, different growing
conditions and media, and different kinds of genetic manipulation. Additionally, only the sub-
set of cyclins regulating Cdc28 was included, while the Pho85 cyclins were excluded. We
describe a comprehensive, quantitative and accurate blueprint of G cyclins in the yeast
Saccharomyces cerevisiae that, in addition to validating previous conclusions, yields new
findings and establishes an accurate G4 cyclin blueprint. For the purposes of this research,
we produced a collection of strains with all G, cyclins identically tagged using the same and
most respectful procedure possible. We report the contribution of each G, cyclin for a broad
array of growing and stress conditions, describe an unknown role for Pcl2 in heat-stress
conditions and demonstrate the importance of maintaining the 3'UTR sequence of cyclins
untouched during the tagging process.

Introduction

The cell cycle-the basis for perpetuating life-can be described as a set of events unfolding in a
cell that result in the generation of two new cells that are virtually identical to the original. Cell
cycle processes are tightly controlled to produce viable cells as nearly identical as possible to
the original. Cell cycle control is mastered by a family of proteins called cyclin dependent
kinases (CDKs), responsible for the phosphorylation of many different substrates directly
involved in processes that successfully multiply cells [1-5]. Despite their structural similarity,
not all CDKs are involved in cell cycle progression [6].

The main focus of this work is not CDKs as such but cyclins, a family of proteins capable of
making specific complexes with the CDKs and in charge of controlling their activity [7-11].
Cyclins are so called because of their oscillatory presence in the cell cycle, due to specific
sequences and regulators in both their promoters and the three prime untranslated regions

PLOS ONE | https://doi.org/10.1371/journal.pone.0218531

June 25, 2019 1/24



®'PLOS |ONE

G cyclin blueprint

Competing interests: The authors have declared
that no competing interests exist.

(3’UTR) (for reviews see [12, 13]) and to post-translational regulation [14]. The diversity and
oscillation of cyclins are thought to be crucial for substrate selection by the CDKs and, conse-
quently, in triggering the orderly succession of events that is essential for faithful cell cycle pro-
gression and cell multiplication [15]. Nevertheless, increasingly available experimental data
indicate a more complex scenario in the orderly regulation of cell cycle events than mere suc-
cession in cyclin expression. A quantitative model has been proposed based on increasing
CDK activity along the cell cycle and using different thresholds in the affinity of the different
cell cycle phase substrates to be phosphorylated [16-18]. Intermediate kinase/phosphatase
ratio models have also been described based on balancing CDK phosphorylation activity and
counteracting phosphatase activity [19].

Cyclins are grouped into families according to different criteria. Based on temporal expres-
sion and action, we can distinguish between G, cyclins [20, 21], S-phase cyclins [22, 23], G,
cyclins and M-phase cyclins [24]. Specific cyclin families modulate the activity of Cdc28, the
main CDK in 8. cerevisiae [21, 25], and other cyclin families are specifically related to the other
CDK involved in cell cycle progression in the G; phase in budding yeast, namely Pho85 [15,
26]. Cdc28 is modulated by two families of cyclins that are also structurally different, namely,
Cln1-Cln3 and Clb1-Clb6, while Pho85 is regulated by Pcl1-Pcl10 and Pho80. Cdc28 cyclins
bear two conserved sequences called the ‘cyclin box’, responsible for cyclin-CDK physical
interaction; in contrast, Pho85 cyclins have only one conserved sequence [26, 27]. Temporal
expression and correlation between expression and cell cycle phases for Cdc28 and Pho85 has
been documented to be as follows: in G;, Cdc28 is modulated by Clnl, CIn2 and Cln3, whereas
Pho85 is activated by Pcll and Pcl2; in the S-phase, Cdc28 is modulated by Clb5 and Clb6 and
Pho85 is (probably) activated by Pcl7; in G;, Cdc28 is modulated by Clb3 and Clb4; and finally,
in the M-phase, Cdc28 is controlled by Clb2 and Clbl while Pho85 is (apparently) controlled
by Pcl9 [19, 28, 29].

The complex scenario of several CDKs and cyclins governing the cell cycle is even more
intricate in the case of mammalian cells [30-32]. A long-standing question is why so many
CDK/cyclin complexes are needed at a particular moment of the cell cycle; in other words, are
they redundant or are they specific? [28, 29].

Regarding cyclin expression, limited quantitative information is available, although it has
been established that CIn3 expression is low compared to that of other Clns; in one study, a set
of tagged Clns with the 3’'UTR intact was produced in an attempt to understand the difference
in Cln3 regulation compared to Clnland CIn2 regulation [33]. Subsequently described was an
analysis of all Cdc28 cyclins in a set of strains where the 3’UTR was deleted [34]. Overall, the
general picture of cyclin demeanour comes from a patchwork of data obtained in different lab-
oratories that have used different strain backgrounds, different growing conditions, different
detection systems and different kinds of genetic manipulation. As for the Pho85 cyclins, only
qualitative data are available regarding the cell cycle phase where these are expressed [26, 28].
To date, therefore, no research has comprehensively quantified and studied all the G, cyclins
(both Clns and Pcls) together.

In an attempt to inject some coherence into the data on the §. cerevisiae G, cyclins, we
designed and produced a set of strains and identically tagged the different cyclins in order to
comparatively analyse their levels of expression. We selected a clean tagging system, respectful
of the 3’UTR sequence and designed to avoid some of the artefacts detected in an earlier phase
of our research (these artefacts, which are not considered in the current G, cyclin expression
model, are discussed further below). We used our set of strains to shed some light on the ques-
tion of the specificity or redundancy of cyclins and CDKs in different environmental condi-
tions and identified a previously unreported role for Pcl2 in cell cycle progression at high
temperatures. Below we describe a tool, in the form of a set of identically tagged strains, for
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studying the G, phase and how cell cycle progression may be affected by environmental stress
conditions or external treatments such as chemotherapeutic drugs.

Results

G, cyclin tagging

In our endeavour to provide the cell cycle community with a unified and comprehensive study
of the pattern of expression of all G; cyclins in S. cerevisiae, we investigated the G, cyclins in
exactly the same growing conditions, using exactly the same tagging strategy and using a single
and widely used S. cerevisiae genetic background, namely, BY4741.

Cyclin amounts have frequently been evaluated by tagging the cyclins at their C-terminus
and inserting a marker for the selection of transformants; this separates the 3'UTR from the
gene and eliminates its putative regulatory function. However, growing evidence points to the
importance of the 3’UTR for gene expression and protein amount regulation in both mamma-
lian cells [35, 36] and yeast [37] (for a recent review see [38]). Therefore, before we tagged all
the cyclins, we evaluated the influence of the 3’'UTR sequence on two different G, cyclins. We
did so by monitoring the amount and timing of Pcll expression in a PCLI-3HA tagged strain
where the 3’UTR sequence was replaced by a selection marker (KanMX) as an inherent feature
of the tagging strategy (as done in the classical strategy). We then compared this to a PCLI-
3HA strain in which the 3’UTR was not altered using a strategy called delitto perfetto [39].
Delitto perfetto permits a DNA sequence to be tampered with while leaving no trace other than
the desired modification (see Materials and Methods). Fig 1A and Fig 1B show that the
amount of Pcl1-3HA was notably higher in the classically tagged strain. Similar results were
obtained when the same approach was applied to CLB5, indicating that integrity of the 3UTR
might be key to cell regulation of the amount of cyclins and may, consequently, be a require-
ment for correct evaluation of the G, cyclin blueprint.

To reduce interference with the amount of the protein as much as possible, we performed
an analysis aimed at determining the most appropriate tag to use. TAP (a large tag) and 3HA
(a small tag) detected the cyclins reasonably well. Although our results indicated that tag size
does have a minor impact on the amount of Clb5, applying Occam’s razor principle for sim-
plicity sake, we nevertheless decided to use the smaller 3HA tag. In the course of our research,
it has been reported [40] that the 3HA module developed by Longtine et al. [41] uses a linker
between the protein to be tagged and the 3HA epitope that greatly affects the stability of the
tagged protein. In our research we used the tool-box system [42], which uses a different linker
that does not affect protein stability [40].

Altering the level of cyclins is usually detrimental to normal cell cycle progression [43]. To
check whether a variation in the amount of cyclins as determined by the presence or absence
of the 3’UTR had any physiological impact, we studied the duplication time of cells bearing
cyclins with or without the 3’UTR. As can be appreciated in Fig 1C, eliminating the PCLI
3’UTR produced a statistically significant increase in duplication time (from 89 to 102 min),
which confirms that the extra amount of Pcll alters cell physiology. Interestingly, an increase
in the amount of CIb5 in the strain CLB5-3HA-A3'UTR did not produce any significant differ-
ence in duplication time (in standard growing conditions at least); this is consistent with the
existence of differential compensatory mechanisms depending on which cyclins are affected.

In view of the above results, we tagged each G cyclin in a separate strain (since tagging sev-
eral cyclins in the same strain could have resulted in the additive effect of small perturbations)
in the most respectful way possible, i.e., maintaining their 3¥UTR intact and using the 3HA tag
from the tool-box module, We also tagged Clb5 and Sic1 using the same strategy and used
them as landmark cairns to assess the biochemical border for G,-S transition.
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Fig 1. The 3°UTR sequence of cyclin genes is important for protein levels. A) Protein amounts for CIb5 (right) and Pcll (left),
Cdc28 and Pho85 cyclins, respectively. The genes of both cyclins were modified to introduce the 3HA tag sequence, either
eliminating or retaining the 3’'UTR sequence. Cells were grown to the exponential phase in YPD (see Materials and Methods),
synchronized in G, with o-factor and released in fresh YPD medium. At specific times, samples were taken and protein amounts
were determined by western blot analysis using Image Studio Lite software. Representative western blot images are depicted.
Although the blots for cyclins with and without 3UTR are presented as separate images, they were realized, analysed and developed
in the same membrane. B) Quantification of the amount of Pcl1-3HA and Clb5-3HA with and without 3'UTR. As in A), the signal
from the western blots was quantified using Image Studio Lite software. Values were standardized using loading control and were
relativized to the maximum expression amounts. Mean+SEM values for three and four independent experiments for Clb5 and Pcll,
respectively, are shown. C) Duplication time of strains bearing PCLI-3HA or CLB5-3HA with or without the 3'UTR sequence. Cells
were grown overnight in YPD at 30°C, diluted to OD = 0.4 in fresh medium and incubated in a water shaker at 30°C. Samples were
taken every 10 min over 420 min. Optical density (wavelength 660 nm) was used as a measure of cell density. Mean+SEM values for
three independent experiments are shown. An asterisk indicates a statistically significant difference (p<0.05).

hitps://doi.org/10.1371/journal.pone.0218531.g001

Monitoring seven G; cyclins

To reliably and efficiently monitor the seven selected proteins, we pooled the tagged strains in
groups (see below). To do this, we first checked whether all the strains grew at the same rate,
by growing them simultaneously in a microtiter plate at 30°C under agitation in a spectropho-
tometer, which permitted us to continuously monitor optical density. No statistically signifi-
cant differences were detected in their duplication times (S1A Fig). Furthermore, to better
validate the pooling strategy, under a microscope, we counted the cells of all the separately
growing strains at different moments of the experiment and also counted the proportion of
budding at 35 min after a-factor release. In all cases all the separately growing strains behaved
very similarly (S1B and S1C Fig). Finally, using western blot we monitored all cyclins from the
separately growing strains, finding that the pattern of expression was very similar to the pat-
tern observed when the strains were pooled (see below and see S1D Fig).

Overnight cultures of cells with the different tagged cyclins were pooled in strictly con-
trolled quantities in three mixes, designed according to the size of the cyclins to ensure correct
detection of all cyclins in the same blot (see Fig 2A). The mixes were grown exponentially for 3
h, synchronized in G, by incubation with o-factor and released synchronously into the cell
cycle. To minimize experimental noise, expression of all G, cyclins was monitored in a single
western blot (see representative images in Fig 2B). The specificity of signals was checked using
a non-tagged strain. Note that, for the two western blot images from independent experiments
included in Fig 2A, we obtained reproducible data on the relative amounts and the appear-
ance-disappearance dynamics of the different G, cyclins. This information can be considered
accurate and reliable, as the cells were grown at the same time, in the same incubator, using
the same polyacrylamide gel for the electrophoresis, using the same transfer conditions and
the same transfer device and using the same antibody solution, developed and exposed in an
identical way. Since a-factor synchronization produces intrinsic artefacts, we repeated the
analysis using elutriation as a very different synchronization method, with the results depicted
in Fig 2C.

In our analysis, we also included the cyclins specific for the Pho85 CDK (Pcll, Pcl2 and
Pcl7). This meant that we could obtain evidence on the relative importance of the Cln and Pel
sets of cyclins, so as to hypothesize regarding the contribution of their respective CDKs
(Cdc28 and Pho85) to G, progression in both normal growing conditions and, more impor-
tantly, in environmentally different growing conditions (explained further below).

A cyclin map for G,/S-phase transition in S. cerevisiae

We quantified at least three independent experiments (in the case of o-factor synchroniza-
tion)-like those depicted in Fig 2B-to produce cyclin blueprints that included both amplitude
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Fig 2. Experimental setup for determining G, cyclin ts. A) Workflow and pooling scheme. Strains were grown overnight in YPD at 30°C in
a water shaker, diluted in fresh medium, mixed in three different sets according to the molecular weight of the tagged proteins, grown in the
exponential phase, synchronized, released in fresh medium and subjected to the designed stress or treatment (see Malterials and Methods). B) Two
representative and independent western blot images (to show reproducibility) used to quantify G, cyclin amounts. Cells were synchronized using o
factor and samples were obtained as described in A), separated by SDS-PAGE and blotted and developed (see Materials and Methods). The different
cyclins are indicated by numbers in the upper image. C) Same procedure as in B), except that cells were synchronized by elutriation, with time 0
corresponding to the moment the cells were retrieved from the elutriation device, after which the cells were incubated under agitation at 30°C.

https://doi.org/10.1371/journal.pone.0218531.9002

(temporal expression) and height (protein expression) of the G; cyclin waves. To simplify visu-
alization, the Cdc28 and Pho85 cyclins (Clns and Pcls, respectively) are shown in different
graphs. We also used CIb5 and Sic1 levels together with the budding index (virtually identical
for all the strains; (see S1C Fig) to establish the precise moment of START, defined as the
moment in which CIb5 and Sicl amounts are identical (see Materials and Methods and Fig 3).
All together, these produced an accurate picture of the G, cyclin universe in a yeast cell (Fig 3).

We found some differences between the two synchronization methods, specifically, the
presence of Pcl2 with a-factor synchronization, as previously reported [26], a slightly delay in
the expression of Clnl compared to Cln2 and an increased level of CIb5 in elutriation. We also
found some similarities: the low level of Cln3 (although higher for elutriation than for o-fac-
tor) and the bulk of Cln1 and 2 expression taking place after START. At this point, we decided
to perform the rest of our experiments using a-factor synchronization method rather than
centrifugal elutriation, which, although it has been used to study cyclin expression on several
occasions [44, 45], is a more complex method for the purposes of the research described in this
article.

Looking at the cyclin pattern resulting from o-factor synchronization, we can first confirm
very low-level and slightly cyclic Cln3 behaviour [33]. Second, Cln1 and Cln2, which are typi-
cally plotted as a single curve (for simplification sake), are present in different amounts, as
already reported for expression from plasmids [46] and for interference with 3’UTR sequences
[47]. Third, our temporal map of Cln expression in relation to START is noticeably different
to the current widely used model, with the maximum level reached in the S-phase (Fig 3A).
Finally, for the first time, Pcl cyclins are included in the G, cyclin picture (Fig 3A).

Cyclin and cyclin family amounts in different conditions and stresses

The amounts of specific cyclins depend on the environmental stress conditions to which cells
are exposed. Some examples are Cln2 in response to osmotic shock [48], Cln1 in response to
glucose [49] and Clnl, Cln2, Cln3 and CIb5 in response to heat shock [50]. However, those
studies feature some of the drawbacks mentioned above, mainly, modification of the 3UTR
and failure to include all the cyclins. To obtain a more accurate description of cyclin behaviour
in stress conditions, we used the strains and setup described above, synchronized the cells
using o-factor and released them under four different stress conditions: heat shock (37°C),
osmotic stress (0.4M NaCl), reductive stress (100 mM N-acetyl cysteine) and oxidative stress
(10 pM menadione). We also tested cyclin levels when cells were growing in different medi-
ums: SD at 30°C and malt-based medium (as a more physiological growth medium for yeast)
at 30°C and at 37°C. The corresponding analyses pointed to variations in the expression pat-
tern of the G; cyclins with respect to standard lab growing conditions (i.e., YPD at 30°C).
Western blots of all the conditions and stresses analysed, along with quantifications and graph-
ical representations of all the G, cyclins in the different conditions, are depicted in S2-55 Figs.
To produce a more comprehensive view of changes, we depicted the contribution of each
G cyclin in single graphs that showed cyclin amounts from o-factor release to START (see Fig
4A for an example). In our experimental setup, Clns and Pcls were expressed at similar levels
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Fig 3. Cyclin waves in S. cerevisiae growing in normal lab conditions (YPD at 30°C). G, cyclin waves as determined in this research. From top to bottom,
the panels show the Cdc28 G, cyclins, the Pho85 G, cyclins and the different molecular markers (CIb5 and Sic1) and morphological markers (budding
percentage and size for elutriation). START, determined as the moment in which Sic1 and Clb5 amounts were identical, is extrapolated as a dashed line to all
the panels. A) Cells were synchronized by centrifugal elutriation (left panels) or o-factor (right panels). Time 0 corresponds to the moment of cell removal
from the elutriation device or o-factor removal, after which cells were incubated under agitation at 30°C. Note that the time elapsed before the cells resumed
the cell cycle was greater after elutriation than after a-factor treatment. B) Since the amount of Cln3-3HA is very low, it is plotted both with the other Clns
and individually so as to clearly represent levels. In the case of a-factor synchronization, at least three independent western blot experiments as in Fig 2B
were quantified, standardized using loading control and relativized to the maximum expression amounts (Cln2). Values are expresed as mean+SEM.

https//doi.org/10.1371/journal.pone.0218531.g003

in most of the tested conditions (Fig 4B), reinforcing the idea that both groups of cyclins are
necessary for correct cell cycle passage through the G, phase. This scenario was generally
maintained, except for heat shock and the malt-based medium: for the cells growing at a high
temperature (37°C) in the malt-based medium, Pho85 cyclin amounts rose to 80% and even
90% (Fig 4B).

Variations in cyclin family components

Another level of complexity is represented in Fig 4C, which shows the contribution of each
cyclin to the overall picture (also see Fig 4A). Noticeable is the prominent presence of Pcl2,
most significantly for the malt-based medium at a high temperature. On the basis of these
results we speculated that pcI2A cells might face difficulties in surpassing START when
released from o-factor arrest at 37°C. The FACS analysis of cell cycle progression revealed this
to be the case: pcl2A cells showed some cell cycle progression difficulties in heat-shock condi-
tions (Fig 5A), but no difficulties in other conditions such as, for instance, osmotic stress. To
evaluate the relevance of the role played by Pcl2 in high temperature conditions, we repeated
the analysis using elutriation as the synchronization method (S6 Fig). Since we did not detect
any notable increase in the level of Pcl2 in these conditions, we conclude that the role of Pcl2
in thermal stress is restricted to a-factor conditions.

Interestingly, the magnitude of the pcl2A cell cycle phenotype depended on the genetic
background. Despite cell cycle impairment, in a spotting assay using the BY4741 background
we were unable to find a growth phenotype that is clearly present in the W303 background
(Fig 5C). Our results corroborate pho85A thermosensitivity, as other studies have also docu-
mented pho85A difficulties in growing at 37°C [51, 52]. Additionally, the inclusion of the dif-
ferent Pcl mutant strains in the dot assay growing analysis suggests that the thermosensitivity
of pho85A might be determined by the regulation exerted by Pcl2, since Pcl2 deletion is the
only deletion leading to thermosensitivity (Fig 5C), at least in the W303 background. Focusing
on the pcl2A thermosensitive phenotype, we detected an interesting trait in the appearance of a
significant proportion of pcl2A cells showing a ‘mickey mouse’ phenotype consisting of dou-
ble-budded cells (Fig 5D) appearing after incubation for 5 h at 37°C. This phenotype was not
present when Pcll, another cyclin from the Pcl family, was deleted. Note that, despite the
apparent increase in size of the pcl2A cells, we found no statistically significant differences
when volumes were calculated using the Scepter cell counter (Millipore) or when cell diameter
was directly measured under the microscope (Fig 5E).

We present the correlation between the change in Pcl2 amounts and particular physiologi-
cal consequences as a proof of principle for the potential usefulness of our set of tagged strains,
whether to unveil the physiological relevance of cyclins in specific environmental settings or to
analyse cell cycle progression in different types of treatments (including chemotherapeutic
drugs). However, Pcl2 is not the only cyclin that changes; important differences can also be
appreciated in many other cyclins-e.g., Cln2 and Cln1, which clearly increase in response to
reductive stress or in the SD medium (Fig 4B). These notable changes in expression will be
analysed in detail in future research.
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Fig 4. Cyclin amounts in different conditions and stresses. Strains were grown and processed as described in Fig 2B.
Western blots were quantified, values were standardized using loading control, relativized to the maximum expression
amounts and plotted as in Figs 1B and 3B. A) Cyclin amounts in particular environmental or stress conditions were
obtained by calculating the area under the curve from o-factor release to START. B) Pcl and Cln amounts were
calculated as for A). Conditions are ordered according to increasing amounts of Pcl. C) Same procedure as in A) but
with the different members of the two cyclin families separated. Conditions are ordered according to increasing
amounts of Pcl. Values are expressed as means of at least three independent experiments.

https://doi.org/10.1371/journal pone.0218531.9004
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Fig 5. Cell cycle progression and thermosensitivity of pcl2A cells. A) FACS analysis of wild-type and pcl2A cells from the BY4741 background.
Cells were grown exponentially at 30°C in YPD, synchronized in G, with o-factor and released in fresh YPD medium at 30°C or 37°C. B)
Quantification of cells with 2n DNA content from A). C) Spot assay. W303 background cells were grown in YPD or a malt-based medium to the
exponential phase and diluted to an optical density of 0.05 (wavelength 660 nm). Spotted on plates were 5 il of tenfold sequential dilution for
incubation at the indicated temperature. D) Nomarski images of the strains after 5 h at 37°C. Arrows indicate cells showing a ‘mickey mouse’
phenotype and the bar represents 10 um. The ‘mickey mouse’ cells were quantified (mean=SEM) for three different experiments. E) Relative cell
volume (mean+SEM), based on measurement of some 30 cells from each of the three independent experiments.

https//doi.org/10.1371/journal.pone.0218531.g005

Discussion

Several studies have been carried out to produce a view of gene expression and the proteome
of yeast cells, for instance, a gene expression assay depending on the cell cycle [53]. However,
despite the great value of that study, since it was designed to provide data on variations in the
amount of mRNA in all genes (including G, cyclins) relative to initial expression, it tells us
very little about the level of expression of a particular protein relative to other proteins. For
this reason, while it is useful for assessing the temporal framework of cyclin expression, it
yields little information regarding relative amounts of the G, cyclins.

In addition to transcriptomic analysis, efforts have been invested in analysing the proteome
of yeast cells under many different conditions [54-56] and also in proteome variations
throughout the cell cycle [57]. Unfortunately, however, the dynamic range of proteome
approaches greatly limits the detection of low abundance proteins [58] like cyclins. Another
systematic study of Cdc28 cyclins used a collection of strains in which 3'UTR was deleted [34].
However, we have not been able to find data in the literature regarding the relative amounts of
the different G, cyclins in S. cerevisiae throughout the cell cycle. A direct consequence is that,
to date, no quantitative picture of the G; cyclin waves including Pcls has been available.

3’UTR sequence in cyclins

Apart from the issues mentioned above, the current Cln wave model is seriously affected by
technical artefacts; not only was it produced in different labs using different tags, it is also
affected by the tags used and the genetic modifications inherent to the tagging procedure. The
effect of using different tags (even though they had little influence in our case) has been
recently pointed out for high-throughput analyses [54-56]. In the course of our research, an
artefact was reported to affect the tagging of proteins [40], specifically, that a dramatic reduc-
tion occurred in the stability of tagged proteins due to the presence of a particular linker
sequence in the 3HA module used for the Longtine system [41], for which it was reported that
the use of a different linker sequence (as in our case) had less impact on the amount of pro-
teins. Tt should be noted that a seminal study on the level of Clns [33] published by the Futcher
laboratory did not use the Longtine tagging system but a genomic tagging approach [59] that
also keeps 3’UTR sequences intact.

Importantly, our results demonstrate a role for 3’UTR sequences in cyclin genes in the
amount of the proteins coded by them. The regulatory role of this gene sequence in stabilizing
the mRNA and, consequently, in regulating protein levels [60, 61]-and also in relation to the
proteins involved in the cell cycle [43]-is well known. We have shown that disrupting the
3'UTR of cyclins appears to have no effect either on expression timing or cyclin destruction,
which may suggest that 3’'UTR disruption affects mRNA stability more than promoter regula-
tion or destruction mechanisms. However, although an interesting topic, it was not our aim to
understand the molecular mechanisms behind cyclin level regulation by the 3’UTR. What is
relevant to our research is the fact that the 3’UTR role points to an important issue in cyclin
analysis. As one example, if the level of CIb5 is altered by affecting the 3’UTR, and this level,
relative to the CDK inhibitor Sicl, is essential to defining S-phase entry, then relocating this
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landmark would appear to be necessary. Changes like this are likely to have a major impact on
modelling studies.

The fact that it has been reported for a G, cyclin that protein increases when the 3’UTR
sequence is eliminated [54] would suggest a more general scenario rather than one confined to
yeast. The deletion of the 3’'UTR in cyclins D, B and CCND1 in mammalian cells leads to sig-
nificant upregulation of the proteins [62-64]. The translational repression of the 3UTR in
cyclin B, among many other genes, has also been demonstrated for Xenopus oocytes [65],
although the opposite has also been reported, namely, a role for the 3UTR in the stabilization
of cyclin E [66].

A quantitative blueprint of G, cyclins

To perform a cell cycle analysis like that performed for this research, the cells must first be syn-
chronized. Several methods for doing this exist, each with their intrinsic strengths and weak-
nesses [67, 68]. Choosing a method therefore results in a limitation inherent to the
experimental design. We chose a-factor synchronization-while accepting the limitation of
synchronizing cells in the late G; phase—for several reasons: first, a-factor arrest is a physiolog-
ical situation for yeast, especially when they are growing in nature, but is not the case for most
of the remaining systems (drugs, temperature sensitive mutants, elutriation, etc); second, since
o-factor arrest has been commonly used for cell cycle studies, a great deal of evidence is avail-
able regarding its use, so a comparison with the existing model should be performed using the
same approach; and finally, o-factor arrest is easy to perform and is highly reproducible. With
the aim of generating a more general view that considers synchronization artefacts, we also
investigated cyclin waves using elutriation synchronization. Some differences with the a-factor
method included the higher amount of Clb5, the delayed expression of Clnl and the already
documented different behaviour of Pcl2 [26] (very elevated at the moment of a-factor release
but reflecting a more typical cyclin wave pattern in elutriation). We also found some similari-
ties in the two methods: the previously documented low level of Cln3, the shifted expression
peak of CIn1 and CIn2 with respect to START and the very low levels of Pcll and Pcl7. In sum,
our comparison of data from different synchronization methods suggest that cyclin wave stud-
ies need to be interpreted with care and should bear in mind the synchronization method.

Another important assumption on which our research is based is that we used the biochem-
ical definition of START: the moment in which relative amounts of Clb5 and Sic1 are the same
[69, 70]. Our evidence indicate that this definition is in good agreement with the budding
index, a morphological parameter for assessing START [71, 72]. Note that this definition also
reflects a subcellular definition of START as the exit from the nucleus of the main START
repressor Whi5, which is strictly necessary for the Cln1 and Cln2 positive feedback loop and S-
phase entry [73].

Taking into account the above facts (or limitations), our results nevertheless demonstrate,
first, that most Cln1 and CIn2 are actually produced significantly beyond START and well into
the S-phase. This is not entirely surprising, given their morphogenetic role in the polarized
growth taking place over a significant period of time within the S-phase [74-76]. Second, we
detected substantially differing expression for Cln1 and Cln2 than proposed elsewhere for sys-
tems where the 3’UTR was respected [33] or not [46, 47]. Bearing in mind the similarity of the
SBF boxes in the promoters of both genes and, consequently, their fairly similar levels of
mRNA4, it is tempting to speculate that the molecular nature of their differential regulation
may depend on the protein sequences, as already suggested elsewhere [14]. Finally, it is inter-
esting to note that our analysis corroborates the very low levels of CIn3—in comparison with
the rest of the cyclins—reported vears ago [33, 77].
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Pcls: The overlooked cyclins

The Pho85 CDK is not considered essential in standard lab growing conditions, which may
explain why its cyclins have never been represented in cyclin blueprints. Nevertheless, the fact
that the presence of several families of CDKs controlling passage through G has been con-
served through evolution to mammals [78] would point to the importance of these CDKs. One
of our goals was to account for the corresponding knowledge gap by producing a full map of
the G, cyclins that included Pcls and, in this way, to throw some light on the problem of the
redundancy of the different CDK/cyclin complexes [29]. Analysis of the Pcls led to the findings
discussed below.

First, in the release from o-factor arrest, the relative amount of Pcls is surprisingly high,
bearing in mind that Pcls are regulators of a ‘non-essential’ CDK. In practically all tested con-
ditions, Pcls accounted for over 50% of total cyclins (taking into account the definition of
START used by us). This could be interpreted in terms of an understated role for Pho85-Pcls
in the biology of yeast cells. The role of master cell cycle regulator has deservedly been attrib-
uted to Cdc28 (Cdkl in mammals), with a secondary, redundant or supporting role attributed
to Pho85 as the other CDK involved in cell cycle progression. Nevertheless, according to a
basic cell economy principle, the high level of expression of the Pho85 cyclins would point to a
more active role for Pho85, at least when cells are released from «-factor arrest (a situation
which, as mentioned before, is absolutely physiological for yeast in a natural environment).
Second, contributions in terms of amounts of Clns and Pcls are clearly dependent on environ-
mental conditions, and interestingly, Pcls seem to be very important in general terms, since
they are always noticeably present; even more importantly, Pcls clearly take the lead in high
temperature or heat-shock conditions.

Does this mean, therefore, that the two CDKs are more specific than redundant? That the
absence of one cannot be fully compensated for by the presence of the other? And, regarding a
different layer of regulation, do subtleties in cell cycle control result from the interaction of
each CDK with different cyclins?

In addition to providing an accurate blueprint of the G, cyclins, therefore, we also pondered
the fundamental question of why eukaryotic cells have or need more than one CDK to control
cell cycle progression and also more than one cyclin to control each CDK. We propose two
possible explanations. One is that cell cycle machinery may incorporate a certain degree of
redundancy in order to gain robustness. The other is that the different apparently redundant
elements may have specific functions-related to the broad array of eventualities that all cells
must cope with during their life-that are only apparent when cells are growing in particular
conditions (whether in terms of stress or specific nutrients). The results reported here support
the second possibility.

Pcl2 and thermal control

Qur analysis suggests specific roles for certain cyclins depending on the environmental condi-
tions to which cells are exposed. The most striking finding was the increase in Pcl2 during
both heat shock and permanent growing at a high temperature, especially when the cells grew
in a more ‘natural’ condition (in a malt-based medium). As predicted by the increased amount
of Pcl2, pcl2A cells had problems progressing through START and the S-phase in the malt-
based medium and at 37°C (that is, the conditions in which this cyclin is highly expressed).
While this effect was only slightly evident in the BY4741 background, when the same analysis
was done in the W303 background, the phenotype of absent Pcl2 was striking, not only in cell
cycle progression but also in thermosensitivity terms, as revealed by the dot assay. In view of
this observation, we performed the dot assay for other, less widely used genetic backgrounds,
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such as YPH499 [79] and 1700, derived from 1783 [80] and, again, we detected partial
thermosensitivity.

While we have no clear explanation for the enhanced thermosensitivity, we venture that it
may depend on differences in the relative level of expression of the cyclins in the different
backgrounds. Leaving aside background differences, microscopic inspection of the pcl2A cells
revealed a ‘mickey mouse’ phenotype based on double-budded cells. This phenotype has been
described in the absence of the GPI-anchored wall protein Gasl [81]. Expression of Gasl,
which is essential for normal cell wall synthesis, is regulated during the G, phase [82, 83]. The
null mutant shows a thermosensitive phenotype and reduced viability at 37°C [84-86]. Alto-
gether, it is possible to speculate that regulation of Gasl in G; by Pcl2 in thermal stress condi-
tions cannot be supplanted by any other G, cyclin. Finally, we detected no increment in Pcl2
when we used elutriation; nevertheless, we were able to find phenotypes in pci2A cells for heat
shock in conditions where o-factor was not present, indicating a role for Pcl2 in thermal stress
independently of the synchronization method used.

We found other remarkable variations in the amount of cyclins in different stress condi-
tions. One was the increase in Clnl and Cln2 in response to osmotic or reductive stress.
Although we attempted to determine whether those increases were reflected in the appearance
of a phenotype when the cyclins were deleted, we found no differences in either dot assays or
growing kinetics. This result leads us to suggest the following. First, another cyclin could take
over the work of Clnl and Cln2 in dealing with these stresses, given that CIn3 alone is able to
drive cell cycle progression showing only a minor G, delay [33]. Second, since the variation we
detected in the tested conditions was not sufficient to produce a phenotype, a more sensitive
analysis is needed to reveal the importance of Cln1 and CIn2 responses to osmotic and reduc-
tive stress. Finally, although consistent in the different replications of the experiment, the vari-
ations in CIn1 and Cln2 in the tested conditions were not reflected biologically,

A new tool for assessing G,

G allows cells time to check internal and external environments and to ensure that conditions
are appropriate and preparations are complete before major cellular processes are undertaken
in the 8- and M-phases. G, is important for cells to decide their fate: to enter in quiescence, to
sporulate, to wait for better nutrient conditions, to check their size, or to acquire confidence
about successful transit through cell division and not perform this process blindly. In metazo-
ans, misregulated G, can lead to developmental problems and disease [87]. Yeast cells repre-
sent a good model for testing drugs or treatments affecting cell cycle progression in G,. Our
set of strains can be used both as a tool for accurately assessing G, cell cycle progression and as
a testing bench for gaining biochemical insights into the mechanisms by which a compound
could affect the expression patterns of cyclins and, consequently, cell cycle progression.

To sum up, we produced a set of strains tagged in the most respectful way possible so as to
produce a quantitative and accurate picture of the G, cyclins for a broad array of environmen-
tal conditions. We propose using this set of strains to monitor G, cell cycle progression and to
study the molecular mechanisms sustaining cell cycle effects, the use of drugs, treatments,
compounds, stresses, etc. All the strains are fully available upon request.

Materials and methods
Yeast strains

Yeast background (except when otherwise mentioned) was always BY4741 [38]. A list of all the
strains used in this work is provided in Table 1. For tagging, we followed a system based on
delitto perfetto [39]. Briefly, for a protein to be tagged, we first deleted the complete open
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Table 1. Yeast strains.

Name Background Genotype Source
BY4741 BY4741 MATa his3A1 leuA200 met15A0 ura3A0 [88]
Y]J1024 ‘W303-1a MATa leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 [89]
YPC502 YPH499 MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-A [79]

1700 1700 MATa leu2-3,112 ura3-52 trpl-1 hisd canl” This study
YEB27 W303-1a PCLiI-3HA This study
YEBS6 W303-1a PCLi-3HA-KanMX4 This study
YEBS53 BY4741 CLB5-3HA-KanMX4 This study
YEB11 BY4741 sicl:URA3-kanMX4-3HA This study
YEB112 BY4741 PCL1-3HA This study
YEB113 BY4741 PCL2-3HA This study
YEB114 BY4741 PCL7-3HA This study
YEB116 BY4741 CLNI-3HA This study
YEB117 BY4741 CLN2-3HA This study
YEB118 BY4741 CLN3-3HA This study
YEB119 BY4741 CLB5-3HA This study
YEB120 BY4741 SICI-3HA This study
YEB182 BY4741 CLB5-TAP This study
YEB181 BY4741 pel2:URA3 This study
YEB189 W303-1a clnl:URA3-KanMX4 cln2:URA3 This study
YEB184 W303-1a pei2::URA3 This study
YEB32 W303-1a pell::URA3-hyg This study
YEB30 W303-1a pel7:URA3-KanMX4 This study
YNR60 W303-1a pho85:KanMX4 This study

https://doi.org/10.1371/journal.pone.0218531.1001

reading frame (ORF) and replaced it with a URA3-KanMX4-3HA double marker and tag. We
then transformed the deleted cells using a DNA fragment containing the eliminated ORF and
fused the fragment to the previously introduced tag (3HA) sequence using 40 nucleotide flank-
ing tails so as to allow the recombination (integration) process to take place. To eliminate the
possibility of different recombination events—due to the presence of the three times repeated
sequence of the HA tag potentially leading to proteins tagged with different numbers of HA
repetitions-we modified the 3HA DNA sequence but maintained the amino acid sequence.
The 3HA sequence was as follows (underlined are the bases changed to ensure the desired inte-
gration): 5" TCAGCACTGAGCAGCGTAGTCTGGGACGTCATACGGATAGGATCCTGCGTAA
TCTGGGACGTCATACGGATAGCCCGCATAGTCAGGRACATCGTATGGGTAS' . Tagging, fur-
thermore, was always checked by tag sequencing. Knock-ins were grown in plates containing
1mg/ml of the antimetabolite 5-fluoroorotic acid (5-FOA; Sigma) and were confirmed by rep-
lica plating in plates containing geneticine 0.4 mg/ml (Gibco). Selected were colonies able to
grow in 5-FOA and not in geneticine.

Classical tagging to obtain the strains PCLI-3HA-A3'UTR and CLB5-3HA-A3'UTR was per-
formed using the tool-box system [42] (a variation of a method developed previously [90, 91]),
in which the original 3'UTR of the gene to be tagged is interrupted (and consequently inacti-
vated) by the tagging (3HA in our case), the 3'UTR from ADH]I and the selection marker.

Growth conditions

The growing media used were yeast extract-peptone-dextrose (YPD: 1% yeast extract, 2% peptone
and 2% dextrose) and complete synthetic (SD) medium (0.67% yeast nitrogen base, 0.5%
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NH,SO,, 2% glucose, supplemented with amino acids for auxotrophic requirements). For solid
media, 2% of agar-agar (w/v) was added and melted during the autoclave process. For the malt-
based medium plates, 1 g of malt medium from Bulldog Brews was dissolved in 7.69 ml of distilled
water. For the 5-FOA plates, SD with all the required amino acids was supplemented with 5-FOA
1 mg/ml, sterilized by filtering, and added to the medium just before plating. Cells were always
grown, except when otherwise specified, at 30°C under vigorous agitation (200 rpm} in water
shakers. To reduce experimental variability, the overnight yeast cultures were always inoculated in
strictly controlled conditions: the cells to be inoculated were obtained from a fresh colony and the
number of cells to be inoculated was always constant (ODggp = 0.01).

Cell synchrony, flow cytometry analysis and size measure

To synchronize the cells in G, yeast cultures were grown exponentially in YPD or SD at a den-
sity of 1x 107 cells/ml, treated with o-factor (Biomedal) to a final concentration of 20 pg/ml;
after 100 min, the cells were collected, washed and released into fresh medium to resume the
cell cycle in a synchronous manner. Afterwards, aliquots were collected and processed as
described elsewhere [92]. DNA was stained with propidium iodide and analysed in a FACS
Calibur cytometer (Becton Dickinson) as described elsewhere [93].

Centrifugal elutriation was performed as described elsewhere [94], using a Beckman-Coul-
ter J-26XPI centrifuge equipped with a JE-5.0 elutriator rotor. Briefly, one litre of cells was
incubated in YPD under continuous agitation at 30°C during 16 h, to arrival at an optical den-
sity of around 6 (660 nm wavelength). The culture was brought into the elutriator using a peri-
staltic pump and equilibrated at 1900 rpm at 20°C. The G; cells were then obtained from the
elutriator by increasing the pump flow (total elutriation process time was 2 h). Synchrony was
checked in situ by microscopic inspection. The different unbudded fractions were collected
and mixed until the needed number of cells was obtained. Cells were diluted in YPD to an
optical density of 1. Synchrony was checked by FACS analysis. Cells were immediately incu-
bated in an agitated water bath at 30°C and aliquots were taken for western blot analysis.

The size of the elutriated cells was assessed using a Scepter Cell Counter (Millipore) and
strictly following manufacturer indications. Briefly, cells to be measured were diluted in PBS
buffer at a final concentration of around 10° cells/ml.

Cell extract and immunoblot

One ml of the yeast cell culture (1x107 cells) was treated with 10 M trichloroacetic acid (TCA)
to a final concentration of 20% (v/v) for 10 min and centrifuged at full speed for 1 min. The
resulting pellets were dissolved in 100 pl of 0.5% SDS, 42 mM Tris-HCI at pH 6.8. Then 300 ul
of glass beads (Sartorius, BBI-8541701) were added, bead-beaten twice at maximum force for
30 sec and boiled for 5 min. Around 40 pg to 60 pg of protein from each sample was separated
at 90 V (10% polyacrylamide/SDS gel) and transferred to PVDF membranes (Immobilon-P;
Millipore). The primary antibodies used were anti-HA 1:100 (12CA5), anti-PAP 1:4.000
(Sigma, P1291), anti-PSTAIRE 1:5000 (Abcam, ab10345) and anti-G6PDH 1:500 (Sigma,
A9521). The secondary antibodies used were donkey anti-goat-HRP, donkey anti-mouse-HRP
and goat anti-rabbit-HRP 1:25000 (all from Jackson Laboratories). Immunoblots were devel-
oped using Luminata Forte Western HRP Substrate (Millipore) and images were taken using
GeneSnap (Syngene) and quantified using Image Studio Lite (Li-Cor).

Measuring relative amounts of cyclins

To detect all cyclins in the same blot, we mixed different strains in the same test tube. Due to
their different levels of expression we included different quantities as follows: in mix 1, 0.1 OD
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of each strain to a final cell concentration of ODgg, = 0.3 (0.3 ODs); in mix 2, 0.1 OD and 0.2
OD from the strains bearing PCL1-3HA and CLN3-3HA, respectively; and in mix 3, 0.05 OD
from CLNI-3HA, 0.1 OD from PCL7-3HA and 0.15 OD from SICI-3HA. Note that we inocu-
lated the same number of cells for the overnight culture and before mixing the strains, and we
also checked that all cells had grown to the same extent to ensure that culture phase influence
was minimized (see Fig 2A). The different quantities of cells included in the mixes were mathe-
matically corrected after western blot quantification to revert any differences introduced in
mixing.

The sampling and sample processing for separation by SDS-PAGE was as described above
and in Fig 2A and Fig 2B. The bands were quantified using Image Studio Lite (Li-Cor), the
amounts were corrected according to mixing (see immediately above), normalized according
to load control, and relativized to the maximum signal in the blot. Using this data, we pro-
duced plots representing the relative amounts of cyclins in relation to time after release.

To produce the bar graphs representing the total amounts of the cyclins, we used the plots
representing relative amounts over time, determined the START point (defined as the moment
when Sicl and Clb5 amounts were identical) and integrated the area under the curve up to
START using GraphPad Prism 5 software. The obtained values represent the amounts of each
cyclin at START.

Growth curves and duplication time

Strains were grown in YPD medium overnight and were diluted to ODgg = 0.01. Culture cell
density at 660 nm wavelength was measured continuously for 24 h under agitation at 30°Cin a
spectrophotometer (Biotek Synergy HT). Once cultures were growing in the exponential
phase, data were plotted and duplication time was calculated.

Dot assays

Strains were grown in YPD medium overnight, diluted to ODggpnm = 0.05 and tenfold sequen-
tially diluted in fresh YPD. Spotted in the appropriate plates were 5 pl of culture for incubation
at the desired temperature for 24 h or 48 h.

Statistical analysis

Data were expressed as meantstandard error of the mean (mean+SEM). Statistical significance
was determined using the Mann-Whitney U test. A p value of less than 0.05 was considered
significant.

Supporting information

$1 Fig. Validation of the pooling strategy. A) The presence of the 3HA tag (obtained by
delitto perfetto, then keeping the 3’UTR intact) does not significantly alter duplication time in
any of the strains used. Cells were grown overnight in YPD at 30°C, diluted to OD = 0.1 in
fresh medium and incubated at 30°C in a thermostated spectrophotometer under constant agi-
tation. Optical density (wavelength 660nm) constantly measured for 420 min was used as a
measure of cell density. Mean+SEM values for three independent experiments are shown. B)
Number of cells, counted in a Newbauer chamber for four independent experiments, at indi-
cated moments of the experiment (immediately after the O/N culture dilution, before a-factor
addition for synchronization and at the moment of a-factor release). Values are expressed as
mean+SEM for four independent experiments. C) Proportion of cells budding 35 min after o~
factor release, reported as mean+SEM values for four independent experiments. D)
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Comparison of western blot signals obtained from pooled and individually growing strains.
Exponentially growing cultures were synchronized and release and aliquots were taken at the
indicated times. E) Quantification of D). Note that, other than the fact that the amount of pro-
tein could be affected by using different blots, there was no difference in expression time of the
cyclins depending on the pooling strategy.

(PDF)

S2 Fig. Cyclin amounts in different growing media. Representative western blot for the dif-
ferent mixes of cells growing in different culture media (YPD, SD and malt). Experiments
were performed as described in Fig 2A and Fig 2B. Mean+SEM values quantify at least three
independent experiments.

(PDF)

$3 Fig, Cyclin amounts in different growing media in heat-shock or high temperature con-
ditions. Same procedure as for 52 Fig. In heat-shock conditions, cells were grown at 30°C and
then moved to 37°C on o-factor release. In heat-stress conditions, cells were exponentially
grown at 37°C and temperature was kept constant after o-factor release. A representative west-
ern blot is depicted. The graphs show mean+SEM values for at least three independent experi-
ments.

(PDF)

S4 Fig. Cyclin amounts in different stress conditions. Same procedure as for 52 Fig. Cells were
subjected to different stresses on a-factor release: osmotic stress (0.4 M NaCl), reductive stress
(100 mM N-acetyl cysteine), and oxidative stress (10 uM menadione). A representative western
blot is depicted. The graphs show mean+SEM values for at least three independent experiments.
(PDF)

S5 Fig. Cyclin amounts after change to growing medium. Same procedure as for S2 Fig.
Cells were grown in YPD and released from o-factor arrest into an SD medium. A representa-
tive western blot is depicted. The graphs show mean+SEM values quantifying at least three
independent experiments.

(PDF)

S6 Fig. Cyclin amount after elutriation in normal lab conditions and upon heat shock. The
noted strains were grown as described in methods section. Cells were synchronized by centrif-
ugal elutriation. Time 0 corresponds to the moment of obtaining the cells form the elutriation
device. After this moment, cells were incubated under agitation at 30°C (upper panel) or 37°C
(lower panel). We took aliquots at the indicated times and processed them for western blot
analysis as in the rest of the o-factor experiments,

(PDF)
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Deciphering the molecular mechanisms that connect cell cycle progression and nucleocytoplasmic transport is of
particular interest: this intertwined relationship, once understood, may provide useful insight on the diseases
resulting from the malfunction of these processes. In the present study we report on findings that indicate a
biochemical connection between the cell cycle regulator CDK Pho#i5 and Ran-GTPase Gspl, an essential nu-
cleocytoplasmic transport component. When Gepl cannot be phosphorylated by PhoB5, the cell cycle progres-
sion is impaired. Accordingly, a nonphosphaorylarable version of Gepl abnormally localizes to the nucleus, which
impairs the nuclear transport of molecules, including key components of cell cycle progression. Furthermore, our
results suggest that the physical interaction of Gspl and the Kap95 karyopherin, essential to the release of
nuclear cargoes, is altered. Altogether, the present findings point to the involvement of a biochemical me-
chanism in the interlocked regulation of the cell cycle and nuclear transport.

1. Introduction

In all eukaryotic cells, the nucleocytoplasmic transport of proteins
greater than ~40kDa is an energy-dependent process requiring the
participation of a very complex group of proteins governed by Ran-
GTPase (Nachury and Weis, 1999), which cycles between GTP-bound
and GDP-bound states (Pemberton and Paschal, 2005). Besides Ran-
GTPase, the nucleocytoplasmic traffic is supported by a family of pro-
teins generally known as karyopherins (Radu et al.. 1995) that includes
importins (a and B) (Gorlich et al., 1994) and exportins (Stade et al.,
1997), as well as many adaptors and helping proteins (Chook and
Blobel, 2001; Chook and Suel, 2011; Conti and Izaurralde, 2001; Conti
et al, 2006; Gorlich and Kutay, 1999, Madrid and Weis, 2006;
Mosammaparast and Pemberton, 2004; Pemberton and Paschal, 2005;
Stewart, 2007) as briefly described below.

In the import process, the importin-f-family of proteins—Kap95
being the most relevant, although others are found in Saccharomyces
cerevisine—specifically recognizes and binds itself to nuclear localiza-
tion signals (MLSs) present in the cargoes to be imported (Kalderon
ct al., 1984; Lange et al., 2007). Helped by importin-a (Srpl in 5. cer-
evisiae), importin-fi proteins carry NLS-containing proteins through the
nuclear pore complex into the nucleus. Once in the nucleus, they bind

with Ran-GTPase (Gspl in S. cerevisice) in GTP form and destabilize the
importin-carge complex, releasing the cargo inte the nucleus
(Pemberton and Paschal, 2005; Stewart, 2007). In the export process,
the exportin (Xpol in S. cerevisioe) forming a complex with the Ran-
GTPase in its GTP form, binds to the nuclear export signal (NES) present
in the cargoes to be exported (Chook and Suel, 2011), and this process
is aided by adaptor proteins (Yrb2 in 5. cerevisioge). The complex goes
through the nuclear pore complex into the cytoplasm, where Ran-G-
TPase changes into its GDP form to allow for cargo release (Weis,
2003), a process that is also helped by other proteins such as Yrbl (Ola
and Nishimoto, 2000) and Mogl (Oki and Nishimoto, 1998).

As mentioned above, the keystone in nucleocytoplasmic transport
relays on the GTP/GDP cycle of the Ran-GTPase, a cycle that is cata-
lysed by the nuclear GEF (GTP Exchanging Factor) Prp20 (also known
as Srm1) in S. cerevisine (Akhtar et al., 2001; Vijayraghavan et al., 1989)
and the cytoplasmic GAP (GTPase Activating Protein) Rnal in 5. cere-
visize (Becker ot al., 1995). In 5. cerevisine, Ran-GTPase Gspl is an es-
sential protein with a paralog, Gsp2 which is very little expressed
(Belhumeur et al., 1993). The overexpression of Gspl has a pleiotropic
phenotype: abnormal cell cycle progression in Gy (Stevenson et al,
2001), altered chromosome stability (Ouspenski et al., 1999), decreased
telomeric silencing (Clement et al., 2006), and decreased vegetative
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Table 1
Yeast strains used in this study.
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Strain Background Genatype Source
W30Zk1a W303-1a MATa leu2-3,112 trpl-1 canl-100 urad~]l ade2-l his3«11,15 {Thomas and Rothiiein, 1989)
Y1091 W303-1a GEPLowi-KanMX, gsp2A-LELZ This Shsdy
Y092 W303-1a gsplaS181 A-KanMX, gsp2A-LEUZ This Shsdy
YEB145 W303-1a GEPLowi-KanMX, WHIS L=GFP-HIS3 This Shsdy
YEB146 W303=1a gsplaS181 A-KanMX, WHIS=eGFP-HISS This Shsdy
YEB147 W3l3-1a GEPLowt-KanMX, MEF1.eGFP-HIS3 This Study
YEE148 W303-1a £5pl-51E1A-KanMX, MEP1-=GFP-HIS3 This Srudy
YAI1081 W3D3-1a GEPLowt-KanMX, MIG1-eGFP-HISS This Stusdy
YAI1082 W303-1a gepl-S181 A-KanMX, MIG1-eGFP-HISY This Srudy
Y1117 W3l3-1a KAT pADH-yeGFP GSPLawt-KanMX This Stusdy
Y1118 W303-1a NAT pADH-yeGFP pepl-S181A KanMX This Srudy
YEBL59 W303-1a GEPL-wi-KanMX, gspZA:LEUZ, PHOE5-=GFP This Study
YEB1G0 W303-1a gepl-S181A- KanMX, gepZA-1EU2, PHOSS-2GFF This Srudy

growth (Sopko et al., 2006).

From a structural point of view, several components of the transport
machinery have been well characterized, including crystal structures of
the Ran-GTPase, karyopherins, and other components of the complex,
information that is essential to understanding the steric changes that
allow the assembling and disassembling of different import and export
complexes (Forwood et al., 2010; Lee et al., 2005; Stewart, 2007}

The transport of molecules to and from the nucleus has been shown
to correlate with cell cycle progression machinery. Cell eycle repressors,
such as Whi5, are excluded from the nucleus at the appropriate time
point (Costanzo et al., 2004; Taberner et al., 20049), checkpoint protein
localization is regulated (Kobayashi and Matsuura, 2013), and cell cycle
activators are introduced so that the cycle may proceed (e.g. Mbpl,
Swid, and Sw6) (Koch et al., 1993). Phosphorylation of consensus sites
around NLS signals have been shown to modulate the activity of the
NLS in question. CDK-dependent phosphorylation of NLS confers cell
cycle-dependent nucleocytoplasmic shuttling of proteins such as Swis,
Swib, and Mcm3 (Kosugi et al., 2009). Taken together, these findings
provide evidence that cell cycle machinery has a certain level of control
over the nucleocytoplasmic traffic of molecules.

Cell cycle machinery is mastered by a family of cyclin-dependent
kinases (CDKs) (Murse and Bissett, 1981; Nurse, 1990; Reed et al., 1985;
Reed and Wittenberg, 1990) (for a more recent review see (Malumbres,
2014)), enzymes that contain a serine/threonine-specific catalytic core
and carry out activity that is modulated by their interaction with os-
cillatory regulatory subunits known as cyclins (Evans et al., 1983; Pines
and Hunt, 1987; Standart et al., 1987; Swenson et al., 1986). Several
models have been proposed to explain how CDEs control the cell cycle
{Coudreuse and Nurse, 2010; Stern and Nurse, 1996; Swaffer et al.,
2016), but the most accepted is based on the different substrate spe-
cificities of the CDK, which are determined by the cyelin the CDK in-
teracts with (Andrews and Measday, 1998; Jimenez et al., 201 3a). It is
also important to note that these proteins fine-tune a multitude of
biological pathways through phosphorylation (Hydbring et al., 2016).

The yeast 5. cerevisioe has 2 CDKs that control cell evele events: the
essential CDK Cdc28, which is believed to be responsible for the major
processes in cell cycle progression, and the relatively superfluous CDK
Pho85, which has been described as playing essential roles under spe-
cific environmental conditions (Jimenez et al., 2013a) and fine-tuning
many different processes during the normal cell cycle (Huang et al,
2007). To understand the nuances of cell cycle regulation, our group
has focused on the role of Pho85 in cellular processes that, in one way
or another, must correlate with eell cycle progression.

Pho85 essentially plays 2 types of roles depending on the family of
cyclins that are attached to it (Huang et al | 2007). When attached to
Pho80 family cyclins, Pho85 controls phosphate metabolism (Lee et al.,
2008) and as a consequence cell cycle (Truman et al., 2012; Menoyo
et al, 2013; Jimenez et al, 2013b). When it binds cyclins from the
Pcll,2 family, meanwhile, it is involved in cell eycle control (Espinoza

169

et al., 1994; Huang et al., 2007; Schneider et al., 1994).

In the present work, we report on findings related to the relationship
between cell cycle control and nucleocytoplasmic transport. We will
show that Pho85-Pell, but not Pho85-Pho80, is able to phosphorylate,
at least in vitro, Ran-GTPase Gspl at Serl81. The nonphosphorylatable
gspl mutant shows a reduced nuclear intensity, as do some of the no-
clear cargoes, and the interaction with the karyopherin Kap95 appears
to be clearly impaired. Phenotypically, cells bearing the nonpho-
sphorylatable version of gspl show impaired cell cycle progression,
which eompromises its behaviour in culture.

2. Materials and methods
21. Yeast strains and growth conditions

Yeast cells were grown in either rich yeast peptone dextrose (YPD)
medium (1% yeast extract, 2% peptone, and 2% glucose) or complete
synthetic dextrose (SD) medium (0.67% wveast nitrogen base and 2%
glucose) containing the auxotrophic amino add requirements (76 mg/1
except for leucine and adenine, which are present at 380 mg/1 and
150 mg/1, respectively).

The veast strains and plasmids used in the present study are listed in
Tables 1 and 2, respectively. All gene modifications in yeast were
achieved by homologous recombination at the chromosomal loci using
the toolbox system (Janke et al, 2004), with the exception of
esp2:LEUZ, in which the YDp plasmid system was used (Berben et al,
1991). All constructed strains were verified by PCR, and the tagged
strains were additionally confirmed by Western blot analysis.

2.2 Genomic site-directed mutation of GSP1
We designed a PCR-based system for genomic site-directed mutation

Table 2
Plasmids used in this study.

Kame Relevant characteristics Source

plC1159 pGEXEPl-empty This Study

pIC1168 pGENGP1-FHO8S {Cloned in BomHI) This Study

pIC1177 pGEXEP1-PCL] (Cloned in BamHI) This Study

pIC1406 pGEX6P1=GSP] (Cloned between BamHI This Study
and EcoRI)

pIC1407 pGEXEP1-gzpl-51B1A (Cloned between This Study
BomHl and EcoRI)

pIC1974 pRSETA-KAPYS (Cloned between BamHl This Sty
and EroRI)

pIC2007 pRSETA-YRE] (Cloned between BamHI This Study
and EroI)

pFTO43 pESA16-NLS-AGFP (Fernander-Cid et al

2012b)
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Table 3

Microbinlogical Research 206 (2018) 168=176

Oligonucleotides wsed for the genomic site-di

of GSP1 ined are the In upper case, se-

quence corresponding 1o the GEP] locus. In lower case, KanbX gene from pYMI4 toolbox plasmid.

Name Sequence 5%37

Flwt CAGAAAATTGGECTGETAACCCACAATTAGAATTTGTTGCTICTCCAGETT

FlA CAGAAAATT GGCTCETAACCCACAATTAGAATT TG TTGCTGCTOCAGCTT

Rl corggrRpEpacEazpraaprt TTAGACAAGOCAAATACGTT

F2 AACGTATTTGGCTTGTCTAAagc ZoCIC R ICCOCECCRES

R2 GUTTGCTTTGG TATGCCTT TAACGCAAGTTGAAGGAGA CGaaact gralgrcggogiiag

of serine 181 to alanine (S181A), system that maintains intact 250 bases
downstream from the ORF of the gene. For a first PCR reaction, two
pairs of oligonucleotides were designed (Table 3); two forward primers
(named F1 wt and F1A) containing the wild-type or the 5§181A mutation
of the G5P1 gene, and a reversal oligonucleotide (R1) designed 250 bp
downstream the genomic sequence of GSPI gene (in order to respect the
gene termination signals) and including an additional tail of 15 nu-
cleotides hybridizing to the 5° end of the KanMX gene in the pYM14
plasmid from the toolbox (Janke et al., 2004). PCR reactions, using as
template genomic DNA from W303 strain and combining the different
forward primers (producing wild-type or mutant version) and the re-
verse oligonucleotide, were performed to obtain DNA fragments cor-
responding to the 3" end part of GSP1 gene containing or not the desired
mutation.

To add the KanMX selection marker to the cassette, we first amplify
the KanMX gene bearing the appropriate hanging tails as follows: we
performed a PCR using a F2 forward primer (hybridizing 250 base-pair
downstream the 3" end of GSP1 gene) and including a 3tail hybridizing
to the S'end of the KanMK sequence included in pYM14 from toolbox
(Janke et al., 2004) and a R2 reversal primer including a sequence
hybridizing 300 bp downstream the GSFP1 gene and a sequence for the
3 end part of the KanMK sequence included in pYM14.

Finally, to produce the recombination cassette we performed a PCR
reaction using F1 (wt or A) and R2 primers. As template, we used an
equimolecular mix of the GSPI PCR fragment generated as described
above (wild-type and mutant) and the KanMX PCR fragment.

The wild-type and 5181A mutation cassettes were transformed in
wild-type W303 strain. The GSF1 locus was totally sequenced in all the
strains to assure that not mutations further than the desired one was
included during the PCR reactions.

2.3, Recombinant protein purification

For expression of glutathione S-transferase (GST) or 6xHIS fusion
proteins, the Escherichin coli strain BL21 (DE3) (Stratagene) was trans-
formed with the corresponding plasmids. Protein expression was in-
duced with 1 mM isopropyl f-o-thiogalactopyranoside (IPTG) for 5 h at
25 °C. Cells were collected by centrifugation, resuspended in 10 ml of
cold extraction buffer A (50 mM Tris, pH: 8, 15mM EDTA, 15mM
EGTA, and 0.1% Triton X-100) containing protease inhibitors (2 mg/ml
of pepstatin, 2 mg/ml of leupeptin, 1 mM pepstatin leupeptin phe-
nylmethylsulfonyl fluoride, or PMSF, and 1 mM benzamidine), phos-
phatase inhibitors (10 mM sodium orthovanadate, 25 mM f-glycer-
ophosphate, 1mM sodium pyrophosphate, and 10mM  sodium
fluoride), and 2 mM DTT. Cells were ruptured by sonication on ice,
lysates were removed by centrifugation (1000 rpm for 1 min at 4 °C),
and the supernatants were purified using glutathione-sepharose column
chromatography for GST-fused proteins and nickel-chelating resin (Ni-
NTA) for 6xHIS-fused proteins as described in each manufacturer’s in-
structions. After incubation for 1 h at 4 "C with rotation, the beads were
collected by centrifugation (1000 rpm for 1 min at 4°C) and washed
with buffer A 3 times. The elution was performed by adding 10 mM
glutathione or 250 mM imidazole.
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2.4. In vitro kinase assays

Kinase assays were performed mainly as previously described
(Hernandez-Ortega et al., 2012). GST-PhoB5, GST-Pcll, GST-Pho80,
GST-Gspl, and G5T-gspl-5181A were purified from bacteria. Phos-
phorylated proteins were detected using the Pro-Q Diamond phospho-
protein gel stain kit (Invitrogen).

2.5. Cell extracts and immunoblot analysis

Proteins were isolated from yeast strains by treating cell culture
samples with trichloroacetic acid at a final concentration of 20% for
1 h. Next, pellets were dissolved in PAGE-SDS sample buffer (100 pl of
50% 5DS, 42 mM Tns-HCI at pH 6.8), lysed using glass beads, and
boiled for 5min. Anti-glucose-6-phosphate dehydrogenase antibody
(anti-G6PDH; Sigma) was used at 1:500, anti-Clb5 polyclonal antibody
(Santa Cruz, sc-6704) was used at 1:100, and anti-Gspl polyclonal
antibody (Abnova Ref: PAB12340) was used at 1:1000. The secondary
antibodies used were donkey anti-goat-HRP 1:2000 and goat anti-
rabbit-HRP 1:25000 (both from Jackson laboratories). Immunoblots
were developed using Luminata Forte Western HRP  Substrate
(Millipore) and images were taken with a GeneSnap (Syngene) and
quantified with Image Studio Lite (Li-Cor).

2.6. Co-immunoprecipitation assays

Exponential-phase yeast cells were harvested (500ml at 0.8
ODenonm) and resuspended in 5 ml of cold extraction buffer A (50 mM
Tris, pHS, 15 mM EDTA, 15 mM EGTA, 0.1% Triton X-100) containing
protease  inhibitors  (Zpg/ml  of pepstatin, leupeptin, phe-
nylmethylsulfonyl fluoride (PMSF), and benzamidine) and phosphatase
inhibitors (10 mM sodium orthovanadate and 250 mM f-glyceropho-
sphate). Cells were ruptured by vortexing with glass beads, and the
resulting extract was centrifuged at 4°C for 15 min at 13,000 rpm.
Three-mg samples of crude extract were incubated overnight at 4 °C
with 25 ul of GFP-Trap (ChromoTek). After washing with extraction
buffer, the proteins bound to the beads were resuspended in 30 pl of
SDS-PAGE sample buffer, heated at 95 °C for 5 min, and loaded onto
SDS-PAGE gels.

2.7. Cell synchronization and cytometry analysis

To synchronize the cells, yeast cultures were grown exponentially in
YPD at a density of 1 x 107 cells/ml For G, arrest, cells were treated
with a-factor (Biomedal) to a final concentration 20 pg/ml; after 2 h,
cells were collected, washed twice with fresh YPD, and released to re-
sume the cell cycle. Next, samples were collected and processed as
previously described (Haase and Beed, 2002). DNA was stained with
propidium indide and analysed in a FACS Calibur cytometer (Becton
Dickinson) as detailed in {(Yaakov et al., 2009).

2.8. Fluorescence microscopy

Strains tagged with ¢GFP or yeGFP were grown overnight with 5D
complete medium plus adenine to a final concentration of 120 pg/ml to
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avoid autofluorescence. Cells were diluted in the same medium to
OD¢sgen = 0.4 and allowed to grow to a mid-log phase for approxi-
mately 2h at 30 °C; next, cells were centrifuged at 1500 rpm for 1 min
and resuspended in the appropriate volume of medium to produce the
optimal cell concentration for the observation. Five pl of cells were
placed onto a slide and mounted with a coverslip. The intensity of the
GFP signal was measured using NIS-Elements software as follows: a
circular area in the nucleus was selected and the intensity was mea-
sured, and the same area was measured in different nuclei. The same
was carried out to measure cytoplasmic fluorescence; in this case, areas
with low intensity were ruled out to avoid areas or organelles where the
proteins were excluded.

2.9, Protein binding assay

All full-length proteins used were purified from bacteria as stated
above, except for Gspl or gspl-5181A, which were left attached to the
Sepharose beads. After 4 washes with buffer A, Gspl and gspI-5181A
were washed with 1 ml of buffer 1 (PBS containing 10 mM EDTA, 1 mM
PMSF, and 1 mM DTT) twice and left rotating at 4 °C for 1 h. Next,
beads were washed twice with 1ml of buffer 2 (PBS containing
10 mM Mg*? 1 mM PMSF, 1 mM DTT, and 1 mM GTP). Fifty pg of
RanGTP were added with 70 pg of importin-fi or Xpol and ¥rbl, based
on the binding assay, with buffer 2 in the same eppendorf tube at a final
volume of 30 ul. The mixture was incubated for 1h at 30 °C and the
beads were centrifuged at 1500 rpm and washed 3 times with buffer 2.
The beads were resuspended with 5 pl of PAGE-SDS sample buffer
concentrated 5 times and heated at 95 *C for 5 min, loaded onto SDS-
PAGE gels, and stained with Bio-Safe Coomassie stain.

2.10. Statistical analysis

Data were expressed as mean value * standard error of the mean
(SEM). Statistical significance was determined using the Mann-Whitney
U test. A p value of less than 0.05 was considered statistically sig-
nificant.

3. Results

3.1. The biochemical relationship between Gspl and Pho85

To investigate the molecular mechanisms that account for the ne-
cessary coordination between the cell cycle and nucleocytoplasmic
transport, we reviewed the literature in search for clues about such a
relationship and found that in a genome-wide search for phosphoryla-
tion events in 5. cerevisioe, Gspl had been proposed as a substrate for
the CDK Pho85 (Ptacek et al, 2005). This led us to the question of
whether nucleocytoplasmic transport might be regulated by the avail-
ability of phosphate and/for the cell cycle, processes that involve PhoS5.
This prompted us to ask what activity is responsible for Gspl phos-
phorylation, either Pho85-Pho80 suggesting that the availability of
phosphate could regulate nucleocytoplasmic transport, or, alter-
natively, Pho85-Pcll, which would suggest a regulation by cell cycle.
Our first approach involved producing all the proteins in a bacterial
system and performing in vitro kinase assays using both kinase com-
plexes to address whether nutrients (through PhoB0) or cell cycle
(through Pell) were responsible for the phosphorylation process that
had been previously described (Ptacek et al., 2005). Our result shows
that Pho85-Pcll, and not PhoB5-Pho80, is responsible for in vitro
phosphorylation of Gspl, suggesting that the cell cycle regulates nu-
dleocytoplasmic transport through the CDK Pho85 (Fig. 1A and B).
Gspl bears a single S/PT (Serl181) that is site-specific for CDK phos-
phorylation; we directly mutated it to Ala and, according to the result
shown in Fig. 1A, in vitro phosphorylation disappears, thus demon-
strating that Ser181 is the residue targeted by Pho85-Pell in Gspl.

To obtain in vivo evidence about Pho85-Pell /Gspl regulation, we
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co-immuno-precipitation assays in which Pho85-eGFF was
pulled down and Gspl presence was determined by an anti-Gspl-spe-
cific antibody. The transient nature of the kinase-substrate physical
interaction is well known, and this could be the reason for very low co-
precipitation of Gspl and Pho85 (Fig. 1C). However, since kinases in-
teract more strongly when their substrates cannot be phosphorylated
(Belozerov et al, 2014), we decided to pull down Pho85 in a strain
carrying the nonphosphorylatable version of Gspl. In this experiment,
‘we obtained a clear increase in the pulled-down amount of gspl-S181A
(Fig_ C), indicating that Gspl and Pho85 in vivo interact in 5. cerevisime.

3.2, The involvement of Gspl in the cell cycle

The next question we asked was directed toward understanding the
role of Gspl in the cell cycle, which was prompted by our biochemical
experiments. Since Pho85-Pcll is known to play several roles in Gy
progression and Gy/S transition (Huang et al., 2007; Jimenez et al,
2013a), we decided to synchronize cells bearing a genomic gspl-5181A
mutation (see Materials and Methods) at late G, by incubating them
with alpha-factor. We performed this analysis, and those that followed,
in a yeast strain deleted for the orthologue GSP2 to avoid unexpected
interference by the presence of this very similar although non-expres-
sing orthologue. The release of these cells into the cell cycle showed a
faster entrance into the S-phase in the mutant strain, which began
4045 min after release in the nonphosphorylatable gspl cells, while in
the wild-type cells the replication began 45-50 min after release, as
shown by FACS analysis (Fig. 2A). This impairment in the progression
of the cell cycle, while relatively small, was consistent and statistically
significant. Fig. 2B shows the quantification of 4 independent experi-
ments.

To confirm that the nonphosphorylatable gspl mutant affects cell
cyele progression, we analysed the appearance of the cyclin Clb5, which
has been described as a biochemical marker for the G,/5-phase tran-
sition (Skowyra et al., 1997), by Western blot using specific antibodies.
In Fig. 2C we present a representative time course of Clbh5 after alpha-
factor synchronization and release and the quantification of 4 different
‘Western blot experiments (Fiz. 2D), which provides biochemical evi-
dence to support the faster cell cycle progression we found by mea-
suring DNA content by FACS analysis.

To further confirm our cell cycle impairment findings, and to avoid
artefacts from the alpha-factor treatment of the cells, we decided to
analyse the growth of nonphosphorylatable gepl cells in long-term ex-
periments. We placed exponentially growing cells on a microtiter plate
and incubated them with constant shaking and controlled temperature
in a spectrophotometer to continuously measure the optical density of
the culture and thus measure growth. The resulting data, seen in
Fig. ZE, is coherent with the faster progression during the G,/S-phase
transition we observed, showing that gspI-A181S grows slightly faster
and therefore arrives faster to the stationary phase than wild-type
strains when both are grown in a liquid culture with constant mon-
itoring of the culture cell density. Interestingly, when monitored for
longer periods under these conditions (24 h), the wild-type culture
reached a final concentration of 3.7 % 107 cells/ml, while the mutant
concentration was consistently lower at 3.3 x 107 cells/ml

3.3 The subcellular localization of nonphosphorylotable gspl

Gspl travels from the cytoplasm to the nucleus and vice versa to
assist in the transit of different cargo molecules. To confirm the effect of
the 5181A mutation in nucleocytoplasmic transport, we investigated
the subcellular localization of Gspland gsp1-5181A. The importance of
the C terminal part of Gspl in the functionality of the protein had
previously been described (Lee et al., 2005; Nilsson et al, 2001). This
was confirmed when we were unable to obtain a viable cell with a C-
terminus GFP-tagged Gspl (not shown). However, the N terminus
tagging of Gspl permitted us to follow the in vive localization and
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dynamics of Gspl. We took exponentially growing cells and analysed
the subcellular localization of yeGFP-Gspl by fluorescence microscopy
in both wild-type and 5181A mutant cells. In both cases, we obtained a
signal that was coherent with nuclear localization. By means of in vivo
video-microscopy assays in alpha-factor-synchronised cells, we did not
find any apparent differences in the dynamics of Gspl and gspl-5181A
(data not shown). But a careful quantification of the GFP intensity
signal revealed a lower nuclear amount of gspl-S181A than in the wild-
type strain (Fig. 3A) and a higher intensity of the mutant in the cyto-
plasm (Fig. 3B). It is important to note that according to Western blot
analysis, the amount of both proteins, (wild-type and 5181A) is roughly
the same (Fig. 3C).

3.4. Localization of cargo proteins in the nonphosphorylatable gspl mutant

To determine whether gspl-5181A functionality is affected, we
analysed the intensity of the nuclear localization of some well-described
cargoes in which nuclear localization depends on Gspl. To this end, we
tagged WHIS, MBP1, MIG1 at their genomic loci with eGFP and used a
plasmid bearing an NLS (Nuclear Localization Signal) tagged with 4
GFP copies (Fernandez-Cid et al., 2012a). In all cases, we could detect a
different intensity in the GFP-tagged proteins when comparing the
nonphosphorylatable mutant of Gspl and the wild-type strain (Fig. 3D]),
thus revealing impaired nuclear localization of the cargo and suggesting
either difficulties in the cargo entrance or a more efficient cargo export.

3.5. The physical interaction of Gspl with the karyopherin Kap95

The experiments described above suggested that the interaction
capabilities of Gspl wild-type and the nonphosphorylatable mutant
may be different and responsible for the altered cargo localization
shown in Fig. 4. For this reason, we decided to analyse the in vitro
binding ability of the gspl-S181A mutant to the karyopherin Kap95,
which is needed for the nuclear import of cargoes, as well as its binding
ability to ¥Yrbl, one of the proteins involved in the export traffic of
cargoes to the cytoplasm. To perform these experiments, all the proteins
were produced in E. coli bearing the tags needed for attachment to
agarose beads, (see Materials and Methods and Fig. 4 legend). Our
binding experiments showed a drastic reduction in the ability of non-
phosphorylatable gspl to bind with Kap95, while we detected a very
similar level of interaction with Yrbl. These results are shown in
Fiz. 4A and B.
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Fig. 1. Gspl hinchemically interacts with Phof5 Pell .
A) and B, in vitro kinase assays. Recombinant Pho85 and GST-Pdl or
GET-Pho80 purified from bacteria was incubated with GST-Gspl, either
with the wildstype or the indicated mutation versions (see Materials and
Methods). The arrows indicate the specific proteins. Coomassie staining of
the membrane is presented as a load control B) Coimmunoprecipitation
amay. YUI117 (pADH.weGFRGSPI), YIII118 (pADHweGFP.gpls
S1B1A], and a non-tagged strain, all in the exponential growing phase,
underwent protein extraction. The extracts were pull-down using GFP-
Trap beads. Whale cell extracts (WCE) show the quantity of Gspl and
Pho85 used in the assay and P shows the immuno-precipitated smples.
The proteins trapped in the GFP-beads after extensive washing were re-
suspended in SDS-PAGE sample buffer. boiled, and electrophoretically
separated. Gspl was detected by using anti-Gspl-specific polyclonal an-
tibodies.

Bhaspho-
peptide

Coomassie

4. Discussion

The development of separate compartments for gene expression and
protein synthesis in eukaryotic cells, while an evolutionary advantage,
has the disadvantage of requiring a tightly controlled system to move
molecules in and out of these compartments. However, this aspect gives
also room to new possibilities for the regulation of the main cell pro-
cesses, including signal transduction, gene expression, and cell cycle
progression, among many others. The present work adds another piece
to the puzzle of the cell cycle and nucleocytoplasmic transport and their
intertwined regulation by identifying a biochemical relationship, very
probably involving phosphorylation, between a CDK in charge of cell
cycle control (Pho85-Pell) and the master regulator of in-and-out nu-
clear transport, Ran-GTPase Gspl.

4.1. Cell cycle control on transport and vice versa

Our biochemical results suggest that cell cycle machinery controls
the nucleocytoplasmic apparatus, and when this control is disturbed it
produces an alteration in the amount of at least some of the cargoes.
Impairment of the amount of cargoes in the nucleus may be explained
by a reduced nuclear amount of Ran-GTPase or impaired interaction
with the karyopherin-f (importin-f) Kap95. Our binding assays support
the latter; gsp1-S181A was shown to barely bind to Kap95. Although we
do not know the extent of this effect in a physiclogical context, phe-
notypic analysis of the nonphosphorylatable gspl mutant showed a
defect in cell cycle progression, suggesting that nucleocytoplasmic
transport has some control over the cell cycle. The 2 possibilities are not
mutually exclusive and may suggest a close interaction between the 2
processes. It is important to note that cell cycle machinery affects
traffic, including traffic of cell cycle regulators such as the transcription
factors Swid and Sweb, and the repressor Whis.

4.2, The cell cycle is faster in nonphosphorylatable gpl

All phenotypic analysis carried out in our study clearly demon-
strates that gspI1-5181A mutant cells proceed faster through Gi/S-phase.
Two possibilities could explain this: on one hand, impaired transport
may tamper with a checkpoint mechanism in charge of the quality
control of G,/5-phase processes, including START, while on the other
hand, the altered localization of cell cycle repressors such as Whi5 al-
lows for an unscheduled entry into S-phase. In both cases, one might
expect that this faster cycling would produce viability problems in the
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Fig. 2. Cell cycle progression and the culture behaviour of gspl-51B1A mutant cells.

A} Cell cycle progression of Y1091 (wild-type) and YIJ1092 (gep1-S181A), both in a gsp2a background. Wildstype and gpl mutant cells were synchronized in G, using alpha-factor and
released in YPD medium at 30 "C. Samples were taken at the indicated times and processed to measure DNA content by FACS analysis. The proportion of 2n cells is indicated in the
relevant time point. B) Quantification of 2n DNA content cells. The amount of 2o cells for each time point was calcalated wsing WinMIM free software. The quantification of 4 independent
experiments is shown (mean = SEM). €) Clb5 protein amount in YAJ1091 {wild-type) and YIJ1092 (gepl-5181AL Cells were treated as in A). Aliquots were taken at the indicated times
and proteins were extracted for PAGE-SDE and immunoblotting using specific anti-CIbS antibodies. [) The quantification of 4 independent experiments, like that of C), is shown
{mean = SEM). Protein amount was normalized wsing GEPDH and standardized to the amount of protein in the wild-type strain at time 0. E) !’.R.Flﬂ':ll (wild=type) and YIF1092 {gpl-
S181A) strains were grown in YPD medium overnight, diluted 1o ODesoem = 0.01, and followed for 24 b at 30 °C and when agitated in a o 1y

culture cell density. The mean result of 3 independent experiments is shown. Note that the large number of time points makes error bar representation impossible.
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Fig. 3. Subcellular localization of gpl-5181A and different cargoes.

A and B} Y1117 (pADH-yeGFP-GSPT) and YII1118 (pAIN .yeGFPgspl-5181A) strains were grown in SD at 30°C. After 3 h of growth in the exponential phase, the muclear and
cytoplasmic GFP signal intensity was measured using the NIS-Elements software. The quantification of more than 100 cells obtained from 3 independent experiments is shown
{mean + SEM). The asterisk indicates a statistically significant difference (p < 0.05). C) Cell extracts from Y1117 (pADH-yeGFP-GSP], Y1118 (pADH-yeGFP-gpl-S181A), and a
nostag strain were grown as described i A), with the exception that YPD was used. After 3 h of exponential growih, the protsin ion was | by i blotting. I}
Nudear intensity of the indicated proteins in YJIF1091 (GSP] wilds-type) and Y7092 (gsp 151 B1A) strains. Cells were treated and analysed as in A). Al beast 100 cells from 3 independent
experiments were quantified (mean = SEM]). In all cases the GFP tagging nasm'lbrgcmuc{sz T 1) locus m=pll.lncr|l|=N'l..5mw!m:llYJ.lI091 (GEP] wild=type) and ¥YJI10592
(g 1-5181A) were transformed with the pFTO42 plasmid bearing a NLS-4GFP The: ks Endi a 11} ifi difference (p < 0,05, 0,01, and 0.001%

long term. Indeed, we detected a repetitive and consistent reduction in of galactose metabolism genes in the presence of glucose (Fernandez-
cellular density during the stationary phase in the nonphosphorylatable Cid et al., 201 2a; Fernandez-Cid et al., 2012b).

mutant that may have been a reflection of cell cycle impairment. Other

explanations are possible, like for example metabolic difficulties during 4.3 Ser181: an important residue for Gspl/Kap95 interaction

the stationary phase. It is worth mentioning that nucleocytoplasmic

transport is essential for the proper movement of energy metabolism Our binding results point to the residue Serl81 as a participant in
regulators such as Migl and Mig2, which are involved in the repression the modulation of the interaction between Gspl and the importin f
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Fig. 4. In vitro binding assays of Gspl and gspl-S1E1A with Kap95 and Yrbl.

A) GET-Gepl, GST-gzpl-5181A proteins, and GxHIS-Kap35 purified from bacteria. The
GST tag proteins were kept attached to ghatathione agarose beads and incubated for 1 hat
30 "C with Kap95 before washing 3 times. The attached proteins were eluted by adding
PAGE-SDS sample baffer and boiling for 5 min. The proteins were electrophoretically
separated and stained using Coomassie. Gspl (lower panel) is shown as a loading control.
The input amount of Kap®5 is shown in B) {left panel), which used the same approach as
in A} but involved GxHIS-Yrbl and GxHIS-Npol (Xpel was included in the assay because
it is important in the Gspl-Yrb]l complex formation)l. Gspl (lower panel) is presented as a
loading control.

Kap95. Mimicking mammalian Ran/Kap95 interaction, the yeast Gspl
could produce the key salt bridge interactions between Arg29 and
Asn154, or the hydrogen bonding interaction between Lys37 and 152,
with the C-terminal domain of Kap95. The presence of a serine residue
in position 181 of Gspl could produce another hydrogen bond, not yet
described, that may be playing an important interactive role together
with Kap95. In this context, the Stewart group (Lee et al, 2005;
Stewart, 2007) has described mutations Lys37Asp/Lys152Asp or
Gln69Lys, finding them not sufficient to displace Kap95 from Gspl.
Therefore, Gspl Ser181 may be responsible for the previously predicted
additional hydrogen bond interaction which, when phosphorylated,
increases the disassociation rate of the complex. Such a role would
represent a putative cornerstone in the regulation of Gspl-Kap95 in-
teraction, and thus in nuclear in-and-out cargo traffic. The evidence
obtained from our in vitro binding experiments is limited, however, and
could lead to overestimating physiological conditions. Further research
must be carried out to confirm this hypothesis. In future, binding ex-
periments should be performed in conjunction with the already known
mutations of Gspl involved in Kap95 interaction in order to determine
what residues are essential to this synergy.

Serl81 is not conserved in the human Ran-GTPase, although the
homology between Gspl and Ran is very high (83% at amino acid
level); we might argue that this is due to the complexity of the CDK
family in mammalian cells, which is vast when compared to yeast
(Malumbres, 2014). This suggests different regulation mechanisms in
different types of organisms. Interestingly, however, the same Serl181
residue is conserved in another mammalian small GTPase, (JRab30,
which is involved in the intracellular membrane trafficking (Kelly et al.,
2012). This opens up the question of whether this function may also be
controlled by cell cyde machinery in metazoans.

The present study is not the first report describing the role of the
karyopherin Kap95 in cell cycle progression; Kap95 has been shown to
be involved in the nuclear localization of the cell-cycle-related tran-
scription factors Swi4 and Swib (Taberner and Igual, 2010).
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4.4. A model for PhoB5-Gspl interaction

Our collected data suggest that the CDK Phof5-Pell involved in the
cell cyele binchemically regulates the Ran GTPase Gspl. According to
our results, this phosphorylation may serve as the fine-tuning me-
chanism necessary for the correct nuclear localization of Gspl as well as
several other cargoes involved in cell cycde progression, an effect that is
mediated by interaction with the importin-f Kap95. We propose that
alterations in the o ic transport of cell cyde regulators
may be responsible for the cell cycle impairment we observed in cells
that do not have this regulation system. In other words, to phosphor-
ylate Gspl during G1/5-phase transition, it is important for the cells to
have sufficient time to obtain appropriate levels of cell cycle regulators
in the appropriate subcellular location. While it is true that the effect of
this mutation in laboratory conditions is subtle, research carried out in
physiclogical situations will lead to a clearer picture of its role.
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