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Summary

Schizosaccharomyces pomBasein kinase 1 (Hhpl) is a dual-specific kinase phosphorylating
serine and threonine residues as well as tyrosine side ct&ingombeHhpl kinase is
homologous t&Gaccharomyces cerevisibker25, Drosophiladouble-time (dbt), and mammalian
Casein kinase 1-epsilon (C#l CK1 enzymes regulate the circadian clock, Wnt (wingless)
signalling, cell death, cell cycle progression and DNA repavldne group of enzymes is able
to execute so many functions is still poorly understood, espebediguse of the large number
of isoforms and splice varinants in mammalian cells. This stuely the fission yeast as a model
to research the roles of CK1 in the response to broken DNA rephdatks.S.pombeHhpl is
closely related to human CKhand was previously implicated in DNA repair. A combination of
genetic, biochemical and cell biological technologies reveatexval role of Hhpl kinase in the
regulation of the DNA structure-specific endonuclease Mus81-Emeln WA replication
forks break in the presence of the topoisomerase 1 inhibitor campo(€XT), Mus81-Emel
acts on the broken chromosomes. Hhpl is predicted to phosphorylategubegony subunit
Emel jointly with the cell cycle regulator Cdc2 and the DNA dgeneheckpoint kinase Chkl1.
Genetic tests showed that all three kinases act in the s&MeeSponse pathway. The re-
creation of CK1 mutations of the circadian clobk§1.R180C, hhp1l.P49&)dhhp1.M82) and

of CK1 mutations found in human breast cancbigpl.L51Q in S.pombeHhpl revealed that
different kinase activity levels are crucial for the regolatof DNA repair and cell cycle
progression. While a limited drop in Hhpl kinase activity, for examplevidening its ATP
binding site (methionine-84 to glycine), considerably delays tltefrexn a G2 arrest in the
presence of damaged replication forks (CPT), it does not sigmifycimpair DNA repair and
cell survival. Only a dramatic drop in kinase activity, for exapy replacing the active site
residue lysine-40 with an arginine side chain, affects DNpaireand cell survival. How
different kinase activity levels can have distinct biologmatiputs is discussed in the context of
how CK1 recognises primed and acidic phosphorylation motifs.

Taken together, the outcomes of this work imply that the complex phenotyg&d mutations

in the circadian clock or in cancer cells are caused by mutatibich impact differently on its

kinases activity.
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Chapter 1: Introduction and Project Aims

1. Introduction

This project aims to use the model organ&shizosaccharomyces pontbeunderstand how
mutations in CHe promote cancer formation, neurological disorder and cell cyieranalities.
Mutations of conserved amino acids, which were found in human andiflwitkbe created in
S.pombeHhpl, and their effects on cell cycle regulation and the DNA danesp®mse will be
studied.

1.1. Background

CkI is a highly conserved serine/threonine kinase found in all eukargells (4). CKI
enzymes have important roles in regulation of several cellutarepses such as, cell division
and cell differentiation in mammald, 384, 560) CKI activities may be affected via various
factors like extracellular stimulants, different subcellular loasitis, distinct interaction partners
and autophosphorylatiofi). CKI play an important role in the circadian clock in mammals (e.g.
mouse and Syrian hamstét)), also inDrosophilaand yeast (e.ggaccharomyces cerevisiaad
Schizosaccharomyces pomlié, 5). Interestingly, there is a suggested link between the cell
division cycle and the circadian clock in cancer groy@h and cancer and neurodegenerative

diseases may result from mutations<OK/ genegq1, 384, 560

1.1.2. The CH isoforms

The isoforms of CKkinases are well characterized in different species inclutimdission
yeastSchizosaccharomyces pomhé, 13)the budding yeastaccharomyces cerevisiée 13),
the fruitfly Drosophila(1) and mammalgl). There are seven mammalian CiKoforms: CHa,
CKIB, CKIy1, CKIy2, CKIy3, CKIé and CKe. Some of them have splices variants. For example:
CKIe has three splices products EK, CKle2, CKle3, and CHa has also three splice variants
CKloL, CKIaS, and CHalLS (1, 8, 14) The different CHo isoforms have different activities,
different subcellular localisations and biochemical properties384). Schizosaccharomyces
pombecell contains fiveCK/ genes:Hhpl, Hhp2, CK-1, CK/-2 andCK/-3 (90). CKI (1-3) are
linked to vesicular trafficking and cytokinesis, wheré#gpl and Hhp2 are involved in cell

cycle progression and DNA rep&ir30). Saccharomyces cerevisibas foulCK/ genesHrr25,
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CKI1, CKI[-2 andCK/-3 (12, 15) MammalianCKI isoforms function in Wnt signalling, circadian
rhythms, DNA repair and transcripti@f, 7, 11 384).

1.1.3. Substrates and Key Regulatory Proteins

CKI substrates are characterized by the canonical consensus se§UEN®)-X1-X2-S/T.
Unlike most other kinases, @kenzymes are constitutively active and are normally regulated
a priming kinase which phosphorylates the N-terminal serine oorime residue Higure:
1.1.4.1; Figure: 1.1.4.2; Figure: 1.1.4.3; Figure: 1.).4vithin the consensus sequendes,
126).This requirement of a priming phosphorylation by another kinasecteSEKI activity to a
hierarchical phosphorylation cascade Marin et al. (128)and Gravet al. (123)showed that
acidic amino acids can substitute for the N-terminal phosphorylatient €3). Notably, non-
canonical motifs like the sequence SLS (serine-leucine-sexngg be identified by CKwhen
accombined with a complex of acidic amino acid residues on thern@ral side of the
phosphoacceptor site. Phosphorylation of non-canonical motifs in the humamgEAT
and p-catenin by CK, is between 15 and 25 fold less efficient than motifs that aneegrby a
phospho-amino acid21). CKI phosphorylate substartes may not depend on the consensus
sequence and may phosphorylate substartes dependent on the teutanyesbf the substrate
(1, 116). While CKI enzymes normally phosphorylate only serine and threonine residues,
XenopuLKla, S.pombeéHhplandS.cerevisia¢irr25 do also phosphorylate tyrosine residnes
vitro andin vivo (12). Table 1.1.3yives an overview of know8K/ substrate$384).
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Functional groups

CK1 substrates

Cytoskeleton-

associated proteins,
adhesion factors, an
scaffolding proteins

Myosin, troponin, ankyrin, spektrin 3, filamin, wulin, neurofilamentaryproteing
dynein , a-/p-tubulin, microtubule-associatedprotein(MAP)1A, MAR stathmin, tau
d keratin17, desmolein, annexin Il, centauningp42IP4), neuralcell-adhesionmolecy
(NCAM), E-cadherin, RhoB, myelinbasicprotein (MBPkinesin-likeprotein10A
(KLP10A), lectinL-29, galectin-3, endbindingl(EB1),Sid4, connexin-43
metastasissuppressorl(MTSS1), and Hsp79 and Hsp90

Receptors

B-Subunit of the insulin-receptor, TNFa-receptor,soarin M3-receptor, Ste2mi{
factor-receptor), Ste3paffactor-receptor), platelet derived growth factd®?DGF)
receptor, retinoid X receptor (RXR), low densitpdprotein-related receptor prote
(LRP) 6, type | interferon receptor (IFNAR1), esfem recepton (ERa), amplified in
breast cancer1(AIB1), calmodulin (CaM), and Ror2

Membrane
transporters

Erythrocytes anion transporter, uracil perme&asc¢haromycescerevisja¢ranslocase
of the outer mitochondrial membrane22 (Tom22), a¥kb63-hENaC

DNA-/RNA-
associated proteins

Non-histone chromatin proteins, RNA polymerase ¢l dh topoisomerasedi, Star-

binding protein of 43kDa (TDP-43), DEAD-box RNA fese DDX3, Ubiquitin-
like,with PHD,and RING finger domains1(UHRF1)

Ribosome-related
proteins

15 kDa, 20 kDa, 35 kDa, L4, L8, L13, ribosomal gintS6 (rpS6), and ENP1/BYS
and LTV1

Transcription and
splice factors

p53, cyclic AMP responsive element modulator (CREMWIi6, nuclear factor o
activated T-cells (NFAT), serine/arginine-rich (Sitpteins, T-cellfactor (Tcf)3, brai
and muscle Arnt-like protein(BMAL) 1, cryptochroni€CRY), B-catenin, armadillo

interruptus (Ci), forkhead box G1(FoxG1), SNAILfaazin (TAZ), yes-associate
protein (YAP), proliferator-activated receptoco-activator &t (PGC-Tn), Drosophila
Myc (d-Myc), cyclic AMP response element-binding omin (CREB), SrelN
(yeaststerol regulatoryel ement-binding proteinmbting), and NFkB (nuclearfactg
“kappa-light-chain-enhancer”of activatedB-cellspsnit p65

poly(A) polymerase (Star-PAP), Rec8, DNA methyksterase (Dnmtl), TAR DNA}

SMAD 1-3 and 5, osmotic response element-bindingteim(OREBP), cubitus

in

o ¢ = i

=

Translation factors

Initiation factors (IF) 4B, 4E

Viral proteins

Simian virus 40 large T-antigen (¥WZ-Ag), hepatitis C virus non-structural 5
(NS5A), human cytomegalovirus ppUL44, Poa semilabemdeivirus triple gene bloc
1 (TGB1), Kaposi sarcoma-associated herpesvirendgt associated nuclear antig
(LANA), and yellow fever virus methyl-transferase

A

~

Kinases and
phosphatases

Cyclin-dependent kinase 5 (Cdk5), protein kinagg°KC), protein kinase D2 (PKD2
cell division cycle 25 (Cdc25), and PH domain amdicine rich repeat protei
phosphatase 1 (PHLPP1)

>

Inhibitors and
modulators

Inhibitor 2 of PPA 1, dopamine and cAMP regulatgdbsphoprotein of 32 kD
(DARPP-32), disheveled, mammalian period circagiastein (MPER), adenomato
polyposis coli (APC), Bid, protein kinase C poteatdid myosin phosphatase inhibitor
17 kDa (CPI-17), nm23-H1, 14-3-3 proteins, MDM2, M®, FREQUENCY (FRQ),
WHITE COLLAR-1 (WC-1), CARD containing MAGUK protei(CARMAL)/caspase
recruitment domain (CARD11), SLR1, endogenous nwiohibitor 2 (Emi2), Chkl1-
activating domain (CKAD) of claspin, PER2, prote8) Rap guanine nucleotid
exchange factor 2 (RAPGEF2), and Sprouty2 (SPRY?2)

IS
of

Enzymes
(miscellaneous)

Acetyl-CoA carboxylase, glycogen synthase, yeastoprotease Ssy5, and neu
precursor cell expressed developmentally down-edgdlprotein 4 (Nedd4)

ral

Vesicle- and
trafficking-associated
proteins

SV2, B3A- andB3B-subunit oftheAP-3 complex, snapin, and cerantidesfer protein
(CERT)

Receptor-associated
proteins

Fas-associated death domain (FADD), receptor ictiagaprotein 1 (RIP1)

Factors of neuro-

degenerative disease

Presenilin-2, tau3-secretase, parkin, amdsynuclein
BS

Metastatic tumor

Metastatic tumor antigen 1, short form (MTA1s)

antigens

Table 1.1.3: Known CKsubstrateg 384)
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1.1.4. CKI Expression and Activity Regulation

Active CK isoforms are monomeric kinases and were identified in margreiift tissues and
organismg97). Activation or modulation of CKisoforms is influenced by several factors, such
as the level of insulin in cells, treatment wytirradiation and viral transformatidii4, 96).The
activity of CKlo declines in nervous cells and red blood cells (erythrocytes) when
phosphatidylinositol-4, 5-biphosphate (PIP2) concentrations increasenrethbrang108, 109,
110). Kinase-substrate interactions may be influenced by the sulaceltalisation and
compartmentalisatioril). In yeast, activation of CKcan be regulated by their subcellular
position which brings the kinase and substrate together. For exé&dnmecvisiadCKI localises
to the plasma membrane to which the kinase binds via a lipid aff&chbd).Vancuraet al. (10)
showed thatS.cervisiaedeletion mutant in the nuclear kinake25 is complemented by the
membrane-associated CKsoform when the isoprenyl-lipid anchor to the plasma membsane
removed. Conversly, deletion mutants of the membrane bourdig&orm are complemented
by substitution of the nuclear localisation signal (NLS) of the25ikinaseby an isoprenylation
site(10, 113)
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Figure: 1.1.4.1: Amino acid sequence and domains &fhpl in S.pombe (source:
http://www.pombase.org/spombe/result/SPBC3H7.15e Thutated amino acids are highlighted. Domains:
kinase domain (11laa-279aa); ATP binding site (4G@ea); HIPYR = microtuble binding domain; TKKQKY =
nuclear localisation domain.
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Kinase Domaln

Regulatory Domalin

Figure: 1.1.4.2: Crystal
structure ofS.pombeCkil
(CK1) kinase. The ATP
molecule in the active site
and one manganese and
one sulfate ion are shown.
The kinase domain (1laa-
279aa) is shown in red, the
C-terminal regulatory
domain is shown in blue.
Please note that the C-
terminal 148aa are missing
from the structure. (PDB
ID: 1CSN, Source:
Polvview3D
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|
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Figure: 1.1.4.3: Structure of human ©BK1). An N-terminal domain of 5-amino acid is folled by the kinase
domain (5aa-295aa). The C-terminal domain stadsfamino acid 317 to 415. NLS = nuclear localisatio
domain.
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Figure: 1.1.4.4: Structure of human GKThe N-terminal domain has 11 amino acids andliswWwed by the
kinase domain (1laa-24l1aa) with the ATP binding alontocated between 17aa and 40aa. The C-terminal
domain starts from amino acid 241 to 365. NLS =ewarclocalisation domain.

Another important regulatory mechanism is the inhibitory autophosphorylatiCKI isoforms

that affects their activity. The subcellular localisation of bar@KIs relies on its kinsae activity
(120) and its inhibition by autophosphorylatiofiure: 1.1.4.B3in its C-terminal domairi114,
117, 123, 124and also in its kinase domajhl5). The C-terminal domains of humanIGk ¢
andy3 are large and may work as pseudosubstrates inhibiting the kinase &tfivity.22, 123,
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124).Interestingly, Carmett al. (114)and Cegielska&t al. (116)observed an increase in kinase

activity upon truncation of the C-terminal domain which supports thetldgathe C-terminal

domain blocks the activity of the N-terminal kinase domain. GietwehVirshup(115) stated

that in vivo dephosphorylation of the autophosphorylation sites may happen by rcellula

phosphatases resulting in the activation of EK$wiateket al. (119) managed to enhance the

activity of human CHe in the Wnt-signaling pathway by reducing EKautophosphorylation,

which is normally observed in neostriatal neurons when the mesphatrglutamate receptors

are activated. In this case, dephosphorylation of €K} phosphatase PP2B activates the

enzyme (20). As shown inFigure 1.1.4.4 S.pombeHhpl is most closely related to human

CK1e/5, as CKb carries an insertion of 28 amino acids in its kinase domain. \WHele\-

terminal kinase domains are highly related (Hhpl: 11laa-279aa;: QKda-241aa; CKl 5aa-
295aa) Figure 1.1.4.3; Figure 1.1.4.34; Figure 1.1)Athe homology is much reduced in the C-

terminal regulatory domains.
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Figure: L.1.4.5; Algnhment 0s.pombainpL wWith numan CKI-alpna, dema and epsion. (6eUPRALINE
sequence alignment tool; availableftp://zeus.few.vu.nl/jobs/0fa74434fdb50c270e6fdec103c18c5c/;

accessed 13 October 2015). Human £€KIP_689407.1, CKl: P48730.2, CKd:: NP_001020276.1, and

SPHhpl: CAA20311.1.
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1.1.5.S. pombe Hhpl and S. cerevisiae Hrr25

The gene products dfhpl andhhp2 encode the fission yeaSthizosaccharomyces pombe
homologus of CHKke and CK, respectively. Both proteins are closely related to Hrr25 kimase i
the budding yeassaccharomyces cerevisiéss). Like the human CK1 enzymes, all yeast CK1s
are protein serine/threonine kinases, but unlike the human kinases,lsbeghasphorylate
tyrosine residuesl?). Moreover, both Hhpl and Hrr25 kinases are involved in the response to
genotoxic damagel102) and S. pombeHhpl is suggested to have a role in DNd&pair
especially when chromosomes break upon ionising radiation or when DNwtis/lated(15,

91, 92, 94, 96)The biological roles of Hhpl in DNA repair and cell cycle retyoraare still
enigmatic. The role of Hhp2 is currently unknown, but genetic stuidiiksate that the kinase
acts as a back-up enzyme for Hhpl. While deletion ofhimg2 gene on its own has no
phenotype, théahpl.hhp2double mutant is more DNA damage sensitive tharhtiEl single
deletion(15).

The alignment shown iRigure 1.1.5.1reveals the greatest degree of divergence between
S.pombeHhpl and Hhp2 in the C-terminal regulatory domain. Interestisgiye of the highly
conserved amino acids like D24 in Hhpl, which is present in humamC8kl-6 and CKle
(Figure 1.1.4.»is replaced by an uncharged glutamine (Q25) in Hhp2. This inplashere

are differences in the kinase activity of both Hhp enzymes in fission yeast.

Figure: 1.1.5.1: Alignment d&.pombedhpl and Hhp2. (source: PRALINE sequence alignment
tool; available at: http://zeus.few.vu.nl/jobs/{29@d96971c208165d210b3c5caGiwcessed 13
October 2015). SPHhpl: CAA20311.1, and SPHhp2: G&BB.1.
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S.cerevisiaegHrr25 plays a second role in the response to DNA damage by upgtiagujene
expression by phosphorylating the transcription factor Swiu(e: 1.1.5.2. Swi6 is known as
a cell cycle regulated transcription factor, which works tovatgi gene expression in the G1
phase of cell cycl€9). It serves as a transcription factor by communicating witfeidiht DNA
binding partnersSwi6 forms the SBF complex when interacting with Swi4. This compdex i
activated in G1 by the Cdc28 (CDK1) cell cycle regulator to prengene expression after its
binding toMCB DNA motives in gene promotofé37) MCB elements were discovered in many
promotors of cell cycle regulated genes I&dc9andPoll and Rnr genes, and also in genes
required for DNA repai€dc9, Poll1 Rnrl, RAD5landRad54.

HU MMS Figure: 1.1.5.2: DNA
repair pathway. Role of
Hrr25 kinase and Swi4-

Swi6 (SBF) in
P ap transcriptional response
» ry to DNA damage. Hrr25
f \ phosphorylate Swi6 in

the response to DNA
damage. A  Hrr25-
independent  pathway
could act through Swi4.
Both pathways active
SBF to promote
Repair Genes transcription of repair

geneg9).

Hrr25 Hrr25-independent pathway

CKI kinases are also involved in microtuble related processes lita@ismand vesicle
transport. For example, Gkactivity in vertebrates regulates the position of the mitgpindle
and localises to the centrosoni@4). S.cerevisiaeHrr25 plays important roles in meiosis
regulating monopolar spindle attachment and sister chromatid sepatati, 138, 139)
Location of CHK to the centrosome and spindle microtuble may be authorized by
phosphorylation catalyzed by the cell cycle regulator Cdc2 (CDKdgski activity of these
components together may initiate a sequential or hierarchicsdm®f phosphorylation events

required for spindle assembly and chromosomal separation.
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1.1.6. CKI kinase as Autonomous Timers

1.1.6.1. The Circadian Clock

"Circadian” has a Latin word. It is built of two padisca means around, ardiemmeans day
(31). The human circadian clock operates in a period of approximately 24 (i@urs3, 61)
Circadian rhythms are observed in plants, animals, fungi and badi@gacircadian clock is
triggered by light which reaches the brain via the optic nerveorfgst the main outputs are the
cell cycle, activity patterns (sleep/wake) and DNA repaireDelation of the clock affects the
cell division cycle in diseases like cancer, delayed sleep @yaskome (DSPS) and familiar
advanced sleep phase syndrome (FASPS) 68, 72).The circadian clock contains three
components: a signal transduction pathway integrating external swgialthe rhythm time; a
central oscillator that produces the circadian signal; andymalstransduction pathway that
defines the outputs in several biology processésExperiments conducted witbrosophila,
Neuerospora, Synechococcasd mice (able: 1.1.6.1)led to the discovery of many clock
genes: period (per), timeless (tim), doubletime (dbt), clo@gklk/Jrk) and cycle (cyg in
Drosophila; frequency(frq), White Collarl (wc-1) andWhite Collar 2(wc-2) in Neuerospora,
kaiA, kaiB and kaiC in Synechococcuand perl, per2, per3, tim, Clocknd bmall/mop3in
Mouse(32). Human genes include tiperiod genesghPerl), hPer2 hPer3 andhDec1(33).

These clock genes produce oscillators that lead to a regulatesgription loop which is
regulated by positive and negative post-translational modifications. mam circadian
transcription factors in mammals are CLOCK and BMAL1, whichvat# the transcription
factors PeriodRER13) and CryptochromeJRY 1-2. Period and Cryptochrome act as inhibitors
of BMAL-1 and Clock Figure: 1.1.6.1.(1). BMAL-1 and Clock from a hetero-dimeric
transcription factor that binds #-box sequences in the promoter regionsP&R1-3, CRY1-2
andPEV-ERB; (1, 32)

Organisms Clock genes names

Drosophila per tim dbt | clk/jrk | cyc
Neuerospora frq wc-1 wc-2

Synechococcus | kaiA kaiB kaiC

Mice perl per2 per3 clock | bmall/mop3
Human hPerl hPer2 hPer3 hDecl

Table: 1.1.6.1.1: Clock genes nani&s32, 33)
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This interdependent loop results in the peak of BMAL1-Clock agtiitring the day and Per-
Cry activity during the night. This cycle would stop after one rodintdwouldn’t be CKld/e
kinase which associates with the Period proteins to facilitegeirtactivation of Clock and
BMAL-1 by giving the Period proteins access to the nucleus dk aseby intiating the
degradation of the Period proteingigure: 1.1.6.1.2 The PER-CRY-CHKd/e complex
translocates into the nucleus to block BMAL-1 and Clock. How one kinasehave such
diveres outputs is yet unknown, but may be linked with differences iacttsity levels or
interaction partners.

In mammals, the transcription factor Clock interacts witthibne acetylase p300 which is
required for the activation ®fERandCRYtranscription(54). Modification of PER and CRY by
CKId/e triggers their ubiqgitination and destruction by the proteasame 60) This
phosphorylation was discoveredmosophila(1), where the Doubletime protein (DBT) which
is very similar to CKi& in mammals phosphorylates DmPER proteifi®?). CK1d/e
phosphorylates also PER1-3 in mammials, 56)

In mammals, CKd/e phosphorylation causes a conformation changes in PER masking a
nuclear localisation signal58). CRY proteins bind to PERnd protect the protein from
phosphorylation so that the complexes of CRY-PER-&&&an enter the nucleus5, 56) This
complex inhibits transcription of the genBMAL1 and Clock (Figure: 1.1.6.1.2 In addition,
CK1o/e effects the clock by phosphorylating BMAL1 and CRY direcfly. However, PER2
may able to stimulateanscription oBMAL1 as well and causing another positive feedback loop
(71). Since CKd/e is a clock protein, its mutationsould be linked with diseases. Mutations in
dbtin Drosophilaresult in changes in both, the phosphorylation and stability of thprBtins
as reviewed by Knippschilet al (1) and confirmed by Pricet al. (64). A good example of a
mutation INnCKI is thetau mutation discovered in K of the Syria hamster. This mutation
(R178C) removes a positively charged arginine residue that makestoeittathe negatively
charged ATP in the active site. As a consequence of thisg @ltbphosphorylation changes
reducing its kinase activity. This results in a shorteradi@n rhythm(69). The mutated Ck
(R178C) binds to PER and CRY but the kinase function is not hight enough fghphgdate
PER, and PER becomes more stable and the circadian rhythm irehaemsimes shorter than
normal reducing it to 22 hours instead of 24 hdurss1) The equivalent residue in SpHhpl is
R180(Figure 1.1.6.1.1)
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Figure: 1.1.6.1.1: Model o5.pombeHhpl.
The model is based on the crystal structure of
S.pombeCkil (PDB ID: 1CSN. The model
was produced with the Swiss Model tool
(http://swissmodel.expasy.org/interactive
accessed 03 April 2015). The protein
sequence identity is 57.39% and the covered
sequence ranges from b5aa-294aa. The
position of the arginine residue R180 in
SpHhpl is shown. This residue is equivalent
to the tau mutation R178C in the Syrian
hamster CKI protein.

R180
(RP™178C, tau)

Cytoplasm
Figure: 1.1.6.1.2: A model of the clock Drosophila CKIs regulates the circadian clock. BMAL1-CLOCK
binds to theE-box sequence upstream of the genes PER1-3, CRY1 ant2,C&hd REV-ERBa. In the
cytoplasm CK phosphorylate PER and forms the CK1-Per-Cry corpleich translate to the nucleus to block
the heterodimeric transcription factor CLOCK-BMAL).

Another interesting mutation CKB408N is linked with familiar advanced sleep phase
syndrome (FASPS). It is characterized by a long circadigthmhcaused by a polymorphism of
in the CKle genethat removes the auto-phosphorylation site serine 408 by mutatiteg |
asparagine (S408N). This mutation increases the activity & CK). Another mutation linked
to FASPS in mice is a permutation of serine-662 to glycind@enPer2 protein which interfers
with the binding of mPer2 to mAKdecreasing CKélmediated phosphorylation of mPER3).
The polymorphism of V647G in humdter3also influences CK/e binding and causes delayed
sleep phase syndrome (DSR%)).
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1.1.6.2. Circadian rhythm and the cell cycle

The circadian clock is involved in cell cycle regulation in humansnaied (43). One major
target of the circadian clock is Weel kinase, a negative reguétoell cycle progression
(Figure: 1.1.6.2. )L Weel regulation is known as Serial Coupling, also called thetoaess
model. In this, expression of Weel kinase (cell cycle genedfatie transcription factor c-Myc
(cell growth regulation gene) is regulated by the clock irr@adian manner to modulate onset
of mitosis and DNA replication, respectively. In other words, the lndea is that proteins in one
cycle regulate gene expression in another cycle. By controlkipgession of Weel and c-Myc
(Figure: 1.1.6.2.), the clock changes the threshold for mitotic onset (Weel) and DNA
replication (c-myc)101).

A more direct involvement of the clock is known as direct couplirey ehlled parallel
coupling. Here, the circadian protein Timeless (Tim) (which is hogmls to Swil in fission
yeast) is necessary for both, the circadian clock and agd# cggulation in the response to DNA
replication problemsHjgure: 1.1.6.2.2 In other words, Tim is a direct element of both cycles:
the circadian cycle and the cell cycle. Thus, elimination of Wauld impaire both cycles.
However, the circadian cycle can operate in the absence oéltheycle, as illustrated by the
muscular circadian cycle, the liver circadian cycle and theaheurcadian cycle. A direct role of
clock proteins in cell cycle regulation is limited to someadian factors like Tim, Period and
Cryptochromeg101)

Cell
Cycle
Phases

Circadian
Clock
Cyvcle

Figure: 1.1.6.2.1: Serial Coupling between circadiaythm and the cell cycle: Synchronization ofl cgtle and
circadian clock may happened via co-operation anWegl and c-Myc. Reactions and expression of pretei
one cycle may control genes expression in anotyae.cin other words, the circadian clock may cohthe cell
cycle steps by regulating Weel kinase and thedrgnt®n factor c-myc. The effects of both cyclédse cell cycle
and the circadian clock on each other are depeodele strength of the coupling between both cydés).
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Circadian
Clock
Cycle

G
= —@

Figure: 1.1.6.2.2: Direct Coupling between the ailian rhythm and the cell cycle. Timeless (Tim)tdbates to
both cycles at the same time by forming two digcpbtein complexes with Per and Cry2, and ATR-AHRhd
Chk1, respectively. ATR kinase binds to singlesstled DNA via its subunit ATRIP where ATR phosphatgk
Chk1 kinase to mediate repair and to arrest ceallecgrogression in the context of the DNA damageckpoint
(101)

1.1.6.3. Role of Circadian Proteins in the Direct Regulation of the Cell Cycle

Cell cycle controls response to DNA damage in all organismspincgss known as DNA
damage checkpoints. DNA damage stimulates these cellulas stgsonse pathways and can
cause cell cycle arrest, apoptosis and DNA repair. DNA darnsagetected by ATR and ATM
kinases, and the inhibitory cell cycle signal is conveyed by Ch#1Cik?2 kinase, respectively.
While ATM binds to broken chromosomes, ATR detects single-stranded ZRAG6, 132,
499)

Interestingly, some circadian proteins such as Perl, Tsnafes Per2 influence this DNA
damage response. Perl works as a tumour suppressor and regulitekind$e Eigure:
1.1.6.3.) directly in the context of the detection of broken chromosam&s). Overexpression
of Perl in cancer increases apoptosis caused by ionizing eadrtich induces DNA double-
strand breaks. Inhibition of Perl has the opposite effect reducing apopboszing radiation
may result in nuclear translocation of Perl coinciding with the immuctf c-Myc expression
and repression of the CDK inhibitor p21 (Wafl/Cipd)32) In summary, Perl performs a
second important role as regulator of ATM kinase in the contextagitasis induced by broken
chromosomes, a key function to suppress tumour formé&iion

In a similar way, Timeless interacts with ATR kinasey(re: 1.1.6.3)Lto modulate the
response to DNA replication problenig3). Like Perl, Per2 acts as tumour suppressor as
indicated by the observation tHaér2 mutant mice develog-radiation induced lymphomas in a
high ratio compared with wild type controls resulting from diglaimpairment of p53-mediated

apoptosis. Disruption of the circadian clock itself does not impact on DNA repair aikd DN
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damage checkpoints highlighting the fact that only some seleictediian proteins adopted this
function (66).

\. IO darmase

I Cell R cle S rrest

Cell Cy ocle A rresth

Cell T cle A rrest
Figure: 1.1.6.3.1ATM/Chk2/Perl and ATR/Chk1/Tim1l activities. An inéetion between circadian clock and cell
cycle proteins. Perl and Tim1l are both requireddiivate the DNA damage checkpoint kinases ATR-Cink$
phase and ATM-Chk2 in G299).

1.1.6.4. Clock Genes and Aberrant Expression in Cancer

The circadian clock gen&Kle, Perl, Per2, Per3, Cryl, Cry2, Clocand Bmall are all
involved in cancer development. Deregulationctidck gene expression is found in various
cancer types133, 134).Many breast cancer cells expresdeer genes abnormally due to
changes in the methylation patterns at Btee gene promoters. This resulted in the use of the
Per3 gene as a biomarker for diagnosis of breast cancer in pre-nusabpaomen(66).
Expression oPerl andPer2 may be decreased in sporadic breast tumors compared to normal
breast tissué105), demonstrating the tumor suppressive nature of FREE2 activity can be
promoted in the presence of its normal clock parer2. Additionally, Per2 expression in
cancer cell lines is associated with a significant deereathe expression of Cyclin D1 and an
up-regulation of the tumor-suppressor P533).

Proliferation in ovarian cancer cells has been found to follow arpaifepeaks and troughs
that is out of phase with the circadian rhythm compared to noissakf{93). Expression levels
of Perl, Per2, Cry2, Clock, and GKinh ovarian cancers are lower than expression levels in
normal ovaries. In normal tissues Cryl expression is higher then Per3 and Bmalépand a
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expression levels of Perl are lower than Cryl in non-tumour tissumepaced to cases of
endometrial carcinoma (EQpB4). Perl expression decreases in endometrial carcinoma (EC)
possibly caused by DNA methylation of the promoter or other fmatdrich lower Perl gene
expression thereby disrupting the circadian rhythm or the DNA gammasponse helping
endometrial cancer cells to surviye34) Perl is also down-regulated in human prostate cancer
(136). The beneficial role of low Period protein levels is furttieistrated by the observation
that over-expression of Perl in prostate cancer cells leadowdhgmhibition and apoptosis
(136), and by the finding that expression of Perl, Per2, Per3, Cryl, &gBmall is strongly

reduced in the chronic phase and blast crisis of chronic myeloid leukemia (CRAL)

1.1.7. CKl, the Tumor-suppressor p53 and the Oncogenadm?2

Ckl of the subtypes$ and e are also involved in cancer formation. Both I6kand ¢
phosphorylate the important tumour suppressorip®&ro andin vivo (100). Since it is difficult
to distinguish between both kinases many papers refer 16/€when discussing the role of
these kinases. AR/e phosphorylates murine p53 at serine 4, 6 and 9, and human p53 at serine 6,
9 and 15 and threonine 186, 97, 98) Phosphorylation of the N-terminal serine 15 and
threonine 18 by CKmay result in the inhibitation of the interaction of p53 with MDMSg,
partner protein required for the down-redulation and destruction of p53. THIE/eC
phosphorylation is expected to stabilise the transcription factor gi8cfing organisms from
damaged and potentially dangerous cglis, 98, 99) Knippschild et al(96) stated that CK/e
phosphorylation of p53 is a feedback loop under stress situations. Consigterhisvidea,
CKIo/e phosphorylates MDM2 at serine 240, 242, 246 and 383 in the C-terminal doimain
CKI is maybe suggested to play partly a role in aberrant matiba of cells, because of dual
roles of the oncogermadm?2and CK-mediated modification of the tumor-suppressor p53 in the
context of the role of CKI in Wnt signalling€. inhibition of B-catenin). The tumor-suppressor
activities of CKI are linked with the induction of apoptosis and wii# stabilisation of the
microtubule network and centrosome functions. IYOKas also implicated in the development of
kidney cancer(1). While, Friersonet al (76) identified a role of CKd in adenoid cystic
carcinomas (ACC) in the salivary gland, and Maseidal (77) recognized an impact of QK
activity on Acute Myelogenous Leukemia (AML). In mice, immunoteéy for CKIS was
confirmed in cells of hyperplastic B follicles and advanced Bigmphomas in p53-deficient
cells(75), and CKJ activity was detected in choriocarcinonias560) CKId ande
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immunoreactivily were found in breast carcinomas in many nunkitlke cytoplasm of ductal
and acinar epithelial cells in the malignant tissti&). Moreover, CHKe has high

immunoreactivity in invasive tumors of the breast tisst.

1.1.8. The role of CH in Cell Physiology

CHK isoforms have a role in many cell processes such as theycke and mitosis in
eukaryotes. For example, Hrr25 (GKe) in S.cerevisiaalirectly regulates mitosis and meiosis
(86). The other two CKI isoforms i8.cervisiae, SEKI and ScCHl, have roles in bud formation
(cell division) and cytokinesi§32, 83) Mammalian CKa is involved in spindle dynamics and
chromosome segregatigfi4, 85) while CKIS is active at the spindle apparatus and the mitotic
centrosomes$79). CKIé phosphorylates tubulin, and the microtubule-associated proteins MAP4,
MAP1A, Tau, and Stathmin in response to genotoxic stress that couwldl mesgenomic
instability (79). Human CHKé/e may regulate some centrosome functions, because it interacts
with the centrosomal scaffold protein AKAP45%/). Taken together, Cl§/e are important to
prevent uneven chromosome distribution in mitosis which could result uplandy frequently
observed in cancer cells. The latter may also explain wh¥s/€Kipregultes the tumour
suppressor p53 which can remove such cells by inducing apopsissl) Interestingly,
SpHhp1l contains a potential microtuble binding domain (HIPYR) betwetidine-167 (H167)
and arginine-171 (R171) located in a loop above the ATP bindingFsgere 1.1.4.1; Figure
1.8.1)

Figure: 1.1.8.1: Model oS.pombe
Hhpl. The model is based on the
crystal structure ofS.pombeCkil
(PDB ID: 1CSN). The model was
produced with the Swiss Model
tool
(http://swissmodel.expasy.org/inter
active; accessed 03 April 2015).
The protein sequence identity is
57.39% to the model template
CK16 and the covered sequence
ranges from b5aa-294aa. The
position of microtuble binding
domain 167-HIPYR-171 in
SpHhp1l is shown. Arginine R171
is highlighted.
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1.1.9. Reaction and Action of CH in Apoptosis

Beyaertet al. (70) stated that CKisoforms retard apoptosis by several pathways which
includes phosphorylation of receptor for p75 tumor necrosis factor alptfar). In this context,
CKI, especiallyCKIa, may prevent cell death by interfering with tumor necrositofaelated
apoptosis including ligand (TRAIL) induced apoptosis.ICGhediated phosphorylation of the
DISC complex, which forms at the cytoplasmic side of the d Mf€eptor, may block activation
of the caspase cells death resparse. CKI a, 6, ande play also a role in the regulation of Fas-
mediated apoptosis. Fas-mediated apoptosis is caused by casptsatiBracl). The induction
of apoptosis through this pathway depends on caspase-8 mediated eleftlag proapoptotic
Bcl2 family member Bid at aspartate-59, which is negativefluénced by CKI dependent
phosphorylation in direct neighbourhood to the cleavage(4iie In the case of mouse Bid,
modification of serine-61 by a priming kinase stimulates phosphmnylaf serine-64 and
serine-66 by CKthereby blocking cleavage of mBid, 39)

CKla interferes with cell death mediated by the REIRss of retinoic acid receptors. The
nuclear retinoic acid (RXR) receptors are able to build heterogimi¢h NGF1-B, insulin- like
growth factor binding protein 3 (IGFBP) affidcatenin, which all play an important role in
regulating cell survival. Upon an apoptotic stimuli through 9-cis retiaoid and its derivatives,
NGF1-B is released from the complex which then relocatestthandria where it induces the
release of cytochrome C and apoptdsis, 37, 42, 44, 47, 73CKlo represses apoptosis by
phosphorylating RXR without affecting RXR regulated gene trgptsan. Both proteins RXR
and NGF1-B were discovered in interchromatin granule clustdrishwed to the idea that the
phosphorylated RXR—-Clglcomplex might be responsible for the relocalisation to the chiomat

which would block apoptosis as RXR cannot move to the mitochofidial’s)

1.1.10. CK and the Wnt Pathway

In both vertebrates and invertebrates the wingless (Wnt) smgnhgdathway performs
important roles in development, for example, in forming the dorsal & growth of tissues
and the proliferation and differentiation of cells (e.g. neurd$ celammary cells and embryonic
stem cells) 7, 17, 18) In fact, mutations in the Wnt-signaling components contributartcer
in patients suffering from skin, liver, breast, brain, and colon tumaurs 19).

The Wnt signaling pathway begins when the secreted wnt pragemmdibinds to the frizzled
receptors at the plasma membranrigre: 1.1.10.).(22). This signal actives the frizzled
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receptor and causes phosphorylation of the protein dishevelled((Byl}2) At the heart of this
signalling pathway is the Axin protein complex. Axin is a scaffmiotein to which the kinases
CK1 and Glycogen Synthase Kinas@-(&SK-3) bind to phosphorylate the transcription factor
B-catenin(1, 20) Another member of this complex is the protein Adenomatous Polygosis
(APC) which is lost in approximately 90% of colon cancer cgsed 8, 22) Phosphorylation of
B-cateninby CKI and GSK3 reveals a recognition motif ¢f-transducin repeats which are a
target of ubiquitin ligases that trigger the destruction of the phodphedh-catenin thereby
preventing Wnt signallingl, 20) These events take place in the absence of the wnt ligand to
ensure that cells do not divide. Once the wnt ligand engagés tingt frizzled receptor,
phosphorylation of-catenin by GSK-B and CKI stops which stabilis@scatenin and activates
a nuclear transcriptional responségire: 1.1.10.)L(23).

CKIl is predicted to phosphorylaiecatenin at serine 4%24). Knippschildet al (1) reviewed
that CKI is a negative regulator of Wnt signaling, becatseay phosphoryat@-catenin at
serine 45, and this action could initiate G8KBediated phosphorylation @tcatenin at serine
33, serine 37 and threonine @D). Loss of CKI activity would therefore prevent degradation of
B-catenin in the absence of wnt signalling, a key event in cancer fornjation

Althought CHK is known as a negative regulator of wnt signalling, recesearch has
revealed that CKfamily members have also positive roles in this pathway5) Axin, Dvl and
APC may also be a AKsubstrate resulting in a positive effect on Wnt signaling?6) The
precise functions of Dvl are however still unknown 27) CKle-mediated phosphorylation of
the Dvl causes disintegration of the Dvl, axin, GBK&mplex by recruitning Frat to the
complex Figure: 1.1.10.L (28). The phosphatase PP2A might activate [€kKvhen Wnt
signalling decreases by reducing phosphorylation of the C-termimddibitory
autophosphorylation sites of @K(30).

Another mechanism by which @& could act as a positive regulator of Wnt signalling is
through the phosphorylation of Tcf3. GKand Tcf3act synergistically, and phosphorylated
Tcf3 binds top-catenin thereby inhibiting its phosphorylation and degradation. In addition,
CKIe could act as molecular switch between two pathways: the canditadigniling pathway
and the planar cell polarity/JNK pathway. The latter regulates, dhganization of the
cytoskeleton and Dvl is involved in both pathways. Interestingly, ovaresgpn of Dvl and
inhibition of CKle may stimulate the JNK pathway).
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p-catenin 0

Figure: 1.1.10.1: Mechanism of CKn the wingless (wnt) pathway. In the absence aft¥dignalling, CKH and
GSK33 (glycogen synthase kinasg)Jdoth phosphorylatg-catenin at its N-terminus. This reveals fR@RCP (-
transducin repeat containing protein) domairg-afatenin. This allows the binding §fTRCP which leads to the
ubiquitination and destruction d¥-catenin. In the presence of the Wnt ligand, whidhds to the Fzl receptor
(Frizzled receptors), the Dvl (dishevelled) protirphosphorylated. The phosphorylation of Dvl dealit to bind
to axin and to block the phosphorylationfe¢atenin by GSKB and CKE (1).

1.1.11: CKI and the Response to DNA damage

As mentioned earlier iGhapter SCKI enzymes may regulate the DNA damage response via
their role in the circadian clock. Especially in the case &fr&5, SpHhpl and SpHhp2 there is
evidence that CKI enzymes play a direct role in the DNA damegmonsé169, 171, 172)As
shown inFigure 1.1.11.1S.pombecells contain the paraloge kinases of ATM (Tell), and ATR
(Rad3), but in contrast to mammalian cells, Tell (ATM) plays @niyinor role in the DNA
damage response. The reason for this is the rapid conversion of doabled DNA breaks
into single-stranded DNA which activates Rad3 (ATR) kinds®). In S-phase, Rad3 activates
Cds1 (Chk2) kinase to signal replication stress, whereas in G2-ghdSeactivates Chk1 kinase
(Figure 1.1.11.1(169, 171, 172, 179)

In G2, Chkl1 phosphorylation at serine 345 by Rad3 kinase requires the loadiregRad9-
Radl-Husl ring onto the ssDNA-dsDNA junction by the Rad17-RFC compldkelpresence
of the scaffold proteins Rad4 (TopBP1) and Crb2 (53BP1), Rad3 phosphorylates Chk1l at S345
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which results in a G2-M delay as Chk1 enforces the inhibitory phosphoryfatiCdc2 kinase at
tyrosine 15 by stimulating Weel kinase and by removing Cdc25 phosphatasthe nucleus
(169, 171, 172, 224, 395, 483, 484)

S G2

/ DSBS ssDNA
— — - —e .4‘;’;:::

9-1-1

\ ~ MRN Ra -1-
D W
<

* / RFC

Mrcl | Crb2

G2-M Arrest

Figure: 1.1.11.1: The DNA Damage Respons&.jpmombeTell (ATM) kinase is recruited to DNA double-sica
breaks (DSBS) by the Rad50-Mrel11-NBS1 (MRN) compiexactivate Chkl kinase which associates with the
scaffold protein Crb2 (53BP1). Since DSBS are rgpmbnverted into single-stranded DNA (ssDNA), whic
activates Rad3 (ATR) kinase, Tell plays only a mirwde in fission yeast. Rad3 is recruited to ssDb)ARad26
(ATRIP) where it phosphorylates Cdsl (Chk2) kinases and Chkl kinase in G2. Cdsl binds to stall®AD
replication forks via the scaffold protein Mrcl.|Tenay modulate activation of Cdsl by phosphorggtMrcl.
Activation of Cdsl and Chkl prolongs the inhibitgriyosphorylation on Cdc2 at tyrosine 15 (Y15) whidbcks
entry into mitosis. Chkl activates Weel kinase mmoves Cdc25 phosphatase from the nucleus. Thigtairece
Y15 phosphorylation. Activation of Chk1 requireg tresence of the Rad9-Rad1-Husl (9-1-1) ring wisi¢baded

by Rad17-RFC, and the presence of a second scaffotdin Rad4 (TopBPXL69, 171, 172)

In S phase, Rad3 activates Cds1 (Chk2) to stabilise and protect PNzatien forks, and to
block cell cycle progression. Cdsl is recruited to stalled agit forks by the scaffold protein
MRC1 (237) Zhou and Elledgel69) stated that Cdsl kinase has about 70% simikar
ScRad53, and that Cdsl kinase is required for cell survival causedtroglucing the
ribonucleotide reductase inhibitor hydroxyurea (HU). When replicatioks faoreak, Rad3
switches from Cdsl to Chkl to signal DNA dam&ggét, 272) As activation of Chkl,
phosphorylation of Cdsl requires the presence of the 9-1-1 ringllatl dtarks. Unlike Ck2
which is involved in the response to DNA dam&ge?), there is so far only limited evidence of
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a role of CKI enzymes. Ii$.cerevisiaeand inS.pombgHrr25 and Hhpl are required for the
repair of DNA breaks102, 169, 171)Similar evidence is not yet available in higher eukaryotic
cells. The role of Hhpl in DNA break repair could be linked witlagsociation with the Rad50
protein(497).

The MRE11-RAD50-NBS1 (MRN) complex plays important roles at a DidAble-
stranded break as it recruits via its Nbs1 subunit Tell (ARiNgse(173, 332, 502and helps to
convert the break into ssDNA to activate Rad3 (ATR) kinase vidnigd1 exonuclease subunit.
Hence the association between Hhpl and Rad50 could affect thesgaimh DNA damage
activities of the MRN compleX162) Given that the MRN complex acts in homologous
recombination (HR) and Non-Homologous End Joining (NHEJ) it is pesshét Hhpl
influences the choice of the repair pathways to mend broken chromosbmes.the Cdc2-
cyclin B kinase complex promotes HR and blocks NHEJ in(ZZ2, 501),and because Hhpl
associates with Cdc2 and cyclin B (Cdc13j2, 497,) CKI could also affect the repair response

indirectly via the main cell cycle regulator Cdc2-cyclin B.

1.2. Aims of this Study

Currently the study of CK1 enzymes in mammalian cells is ¢oatetl by the large number
of isoforms and by the limited availability of specific reats. The overarching aim of this work
is to utilize the model eukaryot8.pombeto understand the consequences of mutations in
conserved amino acids or domains of EKHhpl) on DNA repair, mitosis and cell cycle
regulation.

Previous work in the group revealed a novel function of Hhpl kinase in pomsesto DNA
replication stress caused by replication of methylated teegp(atethylmethanesulfonate, MMS)
or when replication forks collide with Topoisomerase 1 proteins immzellilby the anti-cancer
drug camptothecin (CPT). Genetic data suggest that Hhpl acts dmawmstf the DNA
replication protection complex consisting of Swil (Timeless) thatels which the DNA
replication fork Figure: 1.2.3, and the scaffold protein MRC1 (Clasplin) which activates a
DNA damage response specifically in S-phdsegure: 1.1.11.1; Figure: 1.2.2Caspari,
unpublished)Given the close link between the circadian clock, the DNA damage checkpoint and
cell cycle regulationChapter 5) regeneration of the circadigau mutation in Hhpl (R180C)
which results in a changed auto-phosphorylation pattérnpwas also included.
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Figure: 1.2.1: Alignment of5.pombeHhpl, S.cerevisiaeHrr25 and human Ckl The conserved residues
involved in kinase activity, circadian clock furanis and disease development are indicated (numékersto
the human protein). (source: PRALINE sequence aigm  tool; available at:
http://zeus.few.vu.nl/jobs/ad211873028694a24fd1286h&7064/ accessed 13 October 2015). Human €KI
NP_689407.1, SPHhpl: CAA20311.1, and SCHrr25: CANS71.

K40R L51Q P49s MB821
ATP Binding Breast Cancer Doubletime short Doubletime long

Figure: 1.2.2: Model oS.pombeHhpl with the mutation sites indicated. The maodebased on CKI (PDB ID:
3SVO) (500) with 70.43% identity ranging from 4aa-297aa whidvers the complete kinase domain but only the
beginning of the C-terminal domain. The model wasenagated with Swiss Model
(http://swissmodel.expasy.org/interactive; accesBedpril 2015). The numbers refer to the aminagmsition in
S.pombe Hhp1l kinase.
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Unpublished work revealed th&tpombeells expressing thiau mutation are partly sensitive to
the topoisomerase 1 poison CPT and have an extended G2 arrest in résploisggpe of DNA
damaggWilliams and Caspari, unpublished)

In addition to the previously generated mutation in the ATP binding(k#6R) and the
circadian clock mutatiotau (R180C) Figure: 1.2.2, the following mutations will be re-created
in Hhpl Eigure: 1.2.3. A replacement of leucine-38 by glutamine in human CKresgdently
found in aggressive breast cancer$2% of 42 screened breast cancer patients), 142) but
the biological consequences of this mutation are currently unknown (HRHIQ). The
Drosophila mutations doubletime short(P47S; Hhpl.P49S) andoubletime long(M8Ol;
Hhpl1.M82l) lengthen or shorten the circadian clock in the fruit flgpeetively. Both decrease
the kinase activityn vitro. Interestingly P49 in Hhpl is replaced by a serine residuehpilH
(Figure: 1.2.2. Serine 183 is a potential phosphorylation site of the DNA damegmonse
kinase Chkl which was identified during this studayed and Caspari, unpublishetn
addition to thesepoint mutations, the highly conserved microtuble and nuclear localisation
(TKKQKY-227) domains(Figure: 1.2.2 will be deleted in frame, and the conserved tyrosine
residues within both domains, which may act as phosporylation sites (MbhpRF; Y227F),
will be replaced by a phenylalanine residue. The resultingmhstrains will be tested if)
DNA damage sensitivity assay$,) cell cycle assays andi) their phosphoryaltion status will

be tested using isoelectric focusing.
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(1):- I Swil-dependent fork stablh-zfity

Replisome

Replisome
Rad3 phosphorylated
Cdsl to protect _
replication fork

P 4
(2):- Preservation of forK=and replisome

(3):- | Removal of lesion

(4):- Resumption of replicatior

\ Replisome

Figure: 1.2.3: Implication of Swil in response &plication fork arrest. Swil is implicated in thesponse to
fork arrest during S-phasg18). Recruitment of Swil that travels with the repfioca fork is important to
activate Cds1 kinase in response to DNA replicat@sions. This activation requires also the scdffmlotein
Mrcl (Clasplin). Swil and Mrcl act jointly withéhDNA damage checkpoint kinase a Rad3-Rad26 and the

PCNA-like ring complex Rad9-Rad1-Hug%9, 118)
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Chapter 2: Materials and Methods

2. Materials and Methods
2.1. Materials

2.1.1. Media
2.1.1.1.S.pombe media:

2.1.1.1.1. YEA (Yeast extract Agar)
0.5% wl/v yeast extract
3.0% wl/v glucose
0.01% w/v adenine
H.O

2% wi/v agar

2.1.1.1.2. YEA broth medium
0.5% wl/v yeast extract
3.0% wl/v glucose
0.01% w/v adenine
H,O

2.1.1.1.3. YEA+ 5-FOA
0.5% wl/v yeast extract
3% w/v glucose
0.01% w/v adenine phosphate
2% w/v Agar
dH,O
after autoclaving add in amount of 1mg/ml 5-fluororotic acid

2.1.1.1.4. G418 ((Geneticin) aminoglycoside antibiotic)
0.5% wl/v yeast extract
3% w/v glucose
0.01% w/v adenine phosphate
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2% wi/v agar
dH0O
after autoclaving add in amount of 75-g0ml G418

2.1.1.1.5. YEA+CPT (camptothecin)
0.5% wi/v yeast extract
3% w/v glucose
0.01% w/v adenine phosphate
2% wi/v agar
dH,O
after autoclaving add camptothecin (CPT) from a 10mM stock soliniotMSO to the

required final concentration

2.1.1.1.6. YEA+MMS (methyl methanesulfonate)

0.5% wi/v yeast extract

3% w/v glucose

0.01% w/v adenine phosphate

2% wi/v agar

dHO
after autoclaving add MMS from a 99% stock solution (SIGMA 129925heoréquired final
solutions of 0.005% or 0.01% MMS

2.1.1.1.7. Minimal Media minus Leucine or Adenine or Uracil (MM-L or A or U)

3% w/v glucose

2% w/v agar

dH0O (1litre)

Yeast nitrogen base 6.7g (dissolve into 40 mi@lHspin at 3000rpm for three minutes and
then filter sterilize onto the recipe)

Adenine 7.5mg/ml 30x 33.2 ml/L

Uracil 3.5mg/ml 15x 66.6 ml/L

Leucine 7.5mg/ml 30x 33.2 ml/L
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2.1.1.1.8. EMM (Edinburgh minimal medium)
3.0% wl/v glucose
0.67% w/v yeast nitrogen base
0.5% w/v NH4CI
225mg/L of supplement: adenine / histidine /uracil / leucine
pH = 5.5 adjusted with KOH
H,O
2% w/v agar

2.1.1.1.9. ME (Malt extract)
3% w/v Bacto-malt extract
225mg/L of supplement: adenine / histidine /uracil / leucine
dH0
pH 5.5 adjusted with NaOH.

2% w/v agar

2.1.1.2 E. coli media
2.1.1.2.1. LB Medium (Luria-Bertani broth)
1% wlv tryptone
0.5% wl/v yeast extract
1% w/v NaCl
dHO (to 1Liter)

2.1.1.2.2. LB Agar Medium
10g/L tryptone
59 /L yeast extract
10g/L NacCl
20g/L agar
dHO (to 1Liter)

2.1.1.2.3. LB Agar Medium+ ampicillin
10g/L tryptone
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5g/L yeast extract

10g/L NacCl

20g/L agar

dHO (to 1Liter), after autoclaving add ampicillin (100 mg/ml)

2.1.2. Buffers and others
2.1.2.1. 10X DNA loading dye
0.025g xylene cyanol
0.025 g bromophenol blue
1.25ml of 10% SDS
12.5ml glycerol
6.25ml dHO

2.1.2.2. 4% Paraformaldehyde (10ml volume)
0.4g Paraformaldehyde
2ul 10M NaOH
dH0

2.1.2.3. 10X PBS buffer (phosphate- buffered saline) 4 litre volume (pH 7.2)
360g NaCl
43.6g Na2HPO
12.8g NaH2PEHPQ,
dH20

2.1.2.4. 10X SDS buffer (4 litre volume)
5769 Glycine
40g SDS
1219 Tris-HCI
dH0O

2.1.2.5. 10X Transfer buffer (4 litre volume)
1249 Tris-base
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569 Glycine
dHO

2.1.2.6. 50X TAE buffer (Tris-Acetate-EDTA) (1 litre volume)

2429 Tris base

47.1ml glacial acetic acid
37.2g NgEDTA. 2H,0
dH0

2.1.2.7. 10 X TBE buffer (for agarose gel electrophoresis) (1 litre volume)

108g Tris base (890mM)
55gBoric acid (890mM)
40ml EDTA pH8 (20mM)
dHO

2.1.2.8. 1X TE buffer (Tris-EDTA)
10mM Tris-HCI pH7.5
1mM EDTA pH8

2.1.2.9. 100% TCA (Trichloroacetic Acid)
500g TCA
350ml dHO

2.1.2.10. 10mM dNTPs
10ul dATP 100mM stock solution
10ul dCTP 100mM stock solution
10ul dGTP 100mM stock solution
10ul dTTP 100mM stock solution
60ul dHO

2.1.2.11. Lithiumacetat buffer
100mM lithiumacetate
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10mM Tris pH6.5
1ImM EDTA pH8

2.1.2.13. 30X Adenine (7.5 mg/ml) (250 ml volume)
1.9g adenine
dHO

2.1.2.14. 15X Uracil (3.5 mg/ml) (250 ml volume)
0.9g uracil
dH0O

2.1.2.15. 30X Leucine (7.5 mg/ml) (250 ml volume)
1.99g leucine
dH0

2.1.2.16. DNA extraction buffer (genomic DNA)
2% wi/v triton 100x
1% w/v SDS
100mM NacCl
10mM Tris-HCI pH8
1mM EDTA

2.1.2.17. 1X SDS running buffer (1 Litre volume)

50 ml 10x SDS buffer (dissolve 30g of Tris base, 1449 of glycine, andfl®9S in 1L of
water. The pH of the buffer should be 8.3)

dHO (tol Liter)

2.1.2.18. 1X transfer buffer (5 Litre volume)
100ml 10x Transfer buffer
750ml Methanol
dHO
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2.1.2.19. 1X PBS + 0.05 % Tween 20

200ml 10x PBS pH7.2 (80g NaCl, 2g Kcl, 14.4g R Q,, 2.4g KH2PO4 in 800ml water,
adjust pH to 7.2, adjust volume to 1L with additional distilled water)

ImL Tween 20

dHO (to 2000ml)

2.1.2.20. 40% Polyethylglycol (PEG) (100ml volume)
40g PEG 4000

100ml Yeast Transformation Buffer

2.1.2.21. 1M Lithium acetate (250ml volume)
25.505g Lithium acetate
dH0

2.1.2.22. 0.5M EDTA pH 8 (1 Litre volume)
186.1g NgEDTA.2H,O
dH0

Note: use 10M NaOH to adjust the pH

2.1.2.23. 1M Tris HCI pH 6.8/8.8
1M Tris Base 121.1gdjust pH with concentrated hydrochloric acid
add Ho up to 1000 ml

2.1.2.24. Buffer H
50mM HEPES, pH =8.0
150mM NacCl
0.1% w/v NP40
10% wi/v glycerol
5mM EDTA
60mM B-glycerophosphate
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2.1.2.25. Protease inhibitors for soluble protein extract

50mM NaF

1mM Na3VvO4

5mM N-ethylmethylamine

1mM PMSF

1 Protease Inhibitor Cocktail Tablet (Roche, cat no 11836 153 001) per 10ml of
buffer H

2.1.2.26. Transfer buffer for Western blotting
25mM Tris base
190mM glycine
15% methanol
pH around 8.3
Note: For proteins larger than 80kD, it was recommended that SDS was includeathat a fi

concentration of 0.1% and concentration of methanol was reduced to 10%.

2.1.2.27. Blocking membrane buffer (milk buffer)
3 - 5% milk powder or BSA in PBST buffer.
1x PBS
0.05% Tween 20

2.1.2.28. Running buffer for SDS-PAGE (Tris-glycine buffer)
25mM Tris base
190mM glycine
0.1% w/v SDS
pH around 8.3

2.1.2.29. 1X Soc medium (1Litre volume)
209 yrypton
5@ yeast extract
0.5g NaCl
dHO
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Note:- aliquot in 50ml and autoclave

2.1.2.305M NaCl (500ml volume)
1469 NaCl
dH0

2.1.2.31. 20% SDS
40g SDS
dHO (in 500 ml)

2.1.2.32. Yeast Tranformation buffer pH 68
100mM lithium acetate
10mM Tris-HCI pH6.8
1mM EDTA pH8

Note: Acetitic Acetate can be used to adjust the pH

2.1.2.33. 40% Polyethyleneglycol
100mM lithium acetate
10mM Tris-HCI pH6.8
1ImM EDTA pH8

2.1.2.34. 1M HEPES (1Litre volume)
238.3g HEPES
dHO

2.1.2.35. 4X SDS sample buffer
40% wl/v glycerol
240 mM Tris-HCI pH6.8
8% w/v SDS
0.04% w/v bromophenol blue

5% wi/vp-mercaptoethanol
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2.1.2.36. Ponceau Stain
0.1% w/v ponceau
5% wi/v acetic acid

2.1.3. Agarose gel
1% w/v agarose
1x TAE buffer/or 1x TBE buffer
heat in microwave until agarose is completely dissolved
0.5ug/ml ethidium bromide

2.1.4. SDS polyacrylamide gel
2.1.4.1. Resolving gel/bottom gel (total of 10 ml)

Reagent Gel percentage
8% 10% 12% 15%
H,0 8.5ml 7.5ml | 6.5mlf 5ml
1M TrisHCL pH8.8 7.5ml 7.5ml| 7.5m] 7.5ml
20% SDS 1501 | 150ul | 150ul | 150ul
40% Acrylamide/Bis 4ml 5mi éml | 7.5ml
Solutin, 37.5:1
10% APS 10@1 | 100ul | 100ul | 100ul
TEMED 2Qul 20ul | 20ul | 20ul

Table: 2.1.4.1.1: Recipe for the resolving aamyide gels

2.1.4.2. Stacking gel/top gel

Components Gel percentage 4%
H,O 7.5ml
1M TrisHCL pH6.8 1.5ml
20% SDS 50!
40% Acrylamide/Bis iml
Solutin, 37.5:1
10% APS 100l
TEMED 1qul

Table: 2.1.4.2.1: Recipe for the stacking aenytie gel

57| Page



New roles ofCKI/e in DNA Replication Stress

2015

2.1.5.E.cali strain used in this study

The E.coli strain used to amplify plasmids was TOP10. GenotypeicraD(mrr-hsdRMS-

mcrBC) f80lacZDM15 DlacX74 deoR recAl araD139 D(ara-leu)7697 galK rpsf) &tdA1

nupG.

2.1.6. Plasmids used

Plasmids names

References

pAWS Plasmid

Watson Adam, Garcia Valerie, Bone Nell,

exchange in Schizosaccharomyces porisne,(407): 63-74.

Carr Agtorand Armstrong Johri.

(2008). Gene tagging and gene replacement usingmi@oase-mediated casse

[te

Plasmid pREP41.eu2+

Prudden John, Evans Joanne, Hussey Sharon, Degas, BD'Neill Peter, Thacke
John and Humphrey Tim. (2003). Pathway utilizatiorresponse to a site-specif
DNA double-strand break in fission yeabhe EMBO Journal(22): 1419-1430.

=

ic

Table: 2.1.6.1: Plasmids used in this study

2.1.7. List of antibodies used in this study

Antibody Company Catalog Description Concentration
Number
MYC tag Covance MMS-150R Mouse monoclonal 0a0
MYC tag Santa Cruz SC40 Mouse monoclonal 1:1000
HA tag Covance MMS-101R Mouse monoclonal 1:1000
HA tag Santa Cruz SC7392 Mouse monoclonal 10100
HA tag Santa Cruz sc-7392 Mouse monoclonal 1:1000
Biotechnology
Cdc2 Abcam AB70860 & Mouse monoclonal 1:1000
ab5467
Anti-Rabbit 1IgG Sigma A 6154 Horseradish Peroxidasel:5000
conjugated Affinity Pure
Goat
Anti-Rabbit 1I9G DacoCytomation P 0399 Horseradish Peroxidase; 1:5000

conjugated Swing

polyclonal
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Anti-Mouse 1gG DacoCytomation P 0161 Horseradish roRdase-| 1:5000
conjugated Rabbit
polyclonal

Anti-Mouse 1gG, Light| Jackson 115-035-174 | Horseradish Peroxidase- 1:5000

ChainSpecific ImmunoResearch conjugated Affinity Pure
Goat

Anti-mouse  secondary Jackson 115-035-174 Horseradish Peroxidase::10,000

AB-HRP anti-light chain | ImmunoResearch conjugated

STREP Tag Source Bioscience ABE3837 rabbit 1:1000

Anti-HA Tag Covance MMS 101R Mouse 1:1000

Anti-HA Tag (best for| ABCAM AB9110 Rabbit 1:1000

Chk1-HA)

Anti-mouse HRP| Sigma A4416 Goat 1:10,000

secondary AB

Anti-rabbit HRP| Sigma A6154 Goat 1:10,000

secondary AB

Table: 2.1.7.1: List of Antibodies used in thistady.

2.1.8. S. pombe strains used in this study

Name Genotype

hhpl-HA-wt (1388) h- ade6-M216 leul-32 ura-D18 hhpl::hhpl-HA3-kanMX4

hhpl base strain (1495) h- loxP-hhp1--loxM ade6-M216 leul-32 ura4-D18
hhp1.R180C-C-terminal.deletion (2007) h- hhpl::lexfp1-4298-356-HA-loxM ade6-M216 leul-32 ura4-D18
hhpl1.mM82I h- hhpl::loxP-hhp1-M82I-HA-loxM ade6-MRlkul-32 ura4-D18
hhpl.L51Q h- hhpl::loxP-hhpl-L51Q-HA-loxM ade6-M2&ul-32 ura4-D18
hhpl.S183A h- hhpl::loxP-hhp1l-S183A-HA-loxM aded-8lleul-32 ura4-D18
hhp1.R180C.K40R (1986) h- hhpl::loxP-hhp1l-R180CRHA-IoxM ade6-M216 leul-32 ura4-D18
hhp1.M84G (2008) h- hhpl::loxP-hhp1-M84G-HA-loxMe&-M216 leul-32 ura4-D18
hhp1.M84G.R180C h- hhp1::loxP-hhp1-M84G R180C-HMoade6-M216 leul-32 ura4-D18
hhpl1.P49S h- hhp1::loxP-hhp1-P49S-HA-loxM ade6-6/211-32 ura4-D18
hhpl.NLS.deletion.M84G h- hhp1::loxP-hhpl-Y22/298-356-HA-loxM ade6-M216 leul-32 ura4-D1
hhpl.Y227F.M84G h- hhpl::loxP-hhpl-Y227 M84G-HAVioade6-M216 leul-32 ura4-D18
hhpl.Y169F.M84G h- hhpl::loxP-hhpl-Y169F M84G-HAMoade6-M216 leul-32 ura4-D18
chk1.HA (1682) chk1.HA ura4.D18 ade6.M210leul.32

Acdsl (1043) h- ade6-M210 cdsl::ura4+ ura4-D18

cdc2.1wAsrs2 cdc2.1w srs2::kanMX4 ade6-M216 leul-32 a8

Asrs2 (1405) ade6-M216 srs2::kanMX4 leul-32 ura4-D18
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cdc2.1w cdc2.1w ade6-M216 leul-32 ura4-D18
wild type 804 h- ade6-M216 leul-32 ura4-D18
Asrs2AchkIAhhpl srs2::kanMX4 chkl::urad4+ hhpl::hphMX6 leul+824-D18 ade6-M210

AhhplAchkl (1251)

chkl::ura4+ hhpl::hphMX6 leul-32 uiaa8 ade6-M210

Achkl.hhpl. S183A

chkl::urad+ hhpl:loxP-hhpl-S188%loxM ade6-M216 leul-32 ura4-D1B

Achk1.hhp1.M82I

chkl::urad+ hhpl::loxP-hhpl-M82I-HéxM ade6-M216 leul-32 ura4-D18

Achk1.hhp1.M84G.R180C

chkl::urad+ hhpl:loxP-hhpl-M84G R180C-HA-loxM edM216 leul-32
ura4-D18

crb2-T215A

crb2::ura4+ ade6-M216 leul-32 ura4-D18

Arghl (881)

rghl::kanMX4 leul-32 ura4-D18 ade6-M210

ArghlAhhpl (1048)

hhpl::hphMX6 rghl::kanMX4 leul-324+218 ade6-M210

Atell

tell::leu2 leul-32 ura4-D18 ade6-M210

Atell:LAhhpl

hhpl::hphMX6 tell::leu2 leul—32 ura4-D18 adéB10

Amus 8Ahhpl (1109)

hhpl::ura4+ mus81l::kanMX4 leul-32 uia18 ade6-M210

Hhpl.HAAchkl (2068)

chkl::ura4+ ade6-M216 leul—-32 ura-Ditpl::hhpl-HA3-kanMX

hsk-13121188)

h" hsk1-1312 ura4-D18 leul-32 ade6-M210

hsk-13124hhp1 (1123)

hsk1-1312 hhpl::urad+ leul-32 ura4-Rb@6-M210

AhhplArad3 (2222)

hhpl::hphMX6 rad3::ade6+ leul—32 urB48 ade6-M210

hhpl.K40RAchkl

chkl::ura4+ hhpl::loxP-hhpl-K40R-HA-loxM &dMM216 leul-32 ura4-D18

hhpl.M82lAweel

weel::.urad+ hhpl::loxP-hhpl-M82|-HA-loxM &di216 leul-32 ura4-D18

hhpl.L51QAchkl

chkl::ura4+ hhpl:iloxP-hhpl-L51Q-HA-loxM &d#M216 leul-32 ura4-D18

Hhp1l.K40R-R180@<chk1l

chkl::ura4+ hhpl::loxP-hhpl-R180C K40R-HA-loxM e&dM216 leul-32
ura4-D18

hhp1.M84GAchkl

chkl::urad+ hhpl:loxP-hhpl-M84G-HA-loxM &i#M216 leul-32 ura4-D18

hhp1.M84G.R180@Chk1

chkl::urad+ hhpl:loxP-hhpl-M84G R180C-HA-loxM edM216 leul-32
ura4-D18

hhp1.M82IAChk1

chkl::urad+ hhpl:loxP-hhpl-M821 S183A-HA-loxM efiiM216 leul-32
ura4-D18

hhp1.R180C.C-terminal.deletion

hhpl::loxP-hhpl-R18@98-356-HA-loxM ade6-M216 leul-32 ura4-D18

Aweel (868)

h- weel::ura4+ ade6-M216 leul-32 uradBD

Aweel (869)

h+ weel::ura4+ ade6-M216 leul-32 urati8D

hhp1l.R180C-C-terminal.deletiakchkl

chkl::ura4+ hhpl::loxP-hhp14298-356-HA-loxM ade6-M216 leul-32 ura@-
D18

hhpl.Y169FAchkl

chkl::ura4+ hhpl::loxP-hhpl-Y169F M84G-HA-loxM &dM216 leul-32
ura4-D18

hhp1.K40RAchk1

chkl::urad+ hhpl::loxP-hhpl-K40R-HA-loxM ade216 leul-32 ura4-D18

hhpl.K40R-R180@chk1l

chkl::ura4+ hhpl:loxP-hhpl-K40R R180C-HA-loxM &de216 leul-32
ura4-D18
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crb2.YFP (820)

hleul-32 ura4-D18 crb2yep2HAG6::urad+

chk1.Myc.His (2256)

h" leul-32 ura4-D18 chk1-9myc2HAGHis::ura4+

hhpl.Y169F.M84@&<chk1l

chkl::ura4+ hhpl:loxP-hhpl-M84G Y169F M84G-HA-loxMade6-M216
leul-32 ura4-D18

Ahhpl.urad+Amus7::KAH (1157)

mus7::kanMX4 hhpl::urad+ leul+824-D18 ade6-M210

Amus7::KAH (1128)

mus7::kanMX4 leul-32 ura4-D1&&d1210

cdc2.1w

cdc2.1w ade6-M210 leul-32 ura4-D18 adefBhfad+- ade6-M375

cdc2.1lwAsrs2

h- cdc2.1w srs2::kanMX4 ade6-M210 leul-32 ura4-Cite6-L469-urad+-
ade6-M375

wild-type 804 (804)

h- ade6-M210 leul-32 ura4-D18

Achkl:u (1174)

h- ade6-M210 chkl::ura4+ leul-32 ua#8

cdc2.1w

h- ade6-M210 leu1-32 ura4-D18 cdc2.1w

cdc25.22 (833)

h cdc25.22 ade6-M210 leu1-32 uré8-D

Ahhpl:H (1824)

h- ade6-M210 hhpl::hphMX6 leul-324dE48

Aweel h- ade6-M210 weel::ura4+ leul-32 ura4-D18

hhpl-HA h- ade6-M210 leul-32 ura-D18 hhpl::hhpl-H&BMX4
ku70-GFP-HA h90 ade6-M210 leul-32 lys1-131 ku7@0kGFPHA3-kanMX4
ku80-HA h90 ade6-M210 leu1l-32 ura-D18 ku80::ku8BHHas+
srs2-Myc h- ade6-216 leul—-32 ura-D18 srs2::srsB+HkanMX4
cdcl3-HA h- ade6-216 leul-32 ura-D18 cdc13::cdelEB-urad+
hhpl-GFP (2262) h90 hhpl-GFP-kanMX4 ade6-216 |8Q1#a4-D18

Achkl h90 ade6-M210 chkl::kanMX4 leul-32 ura4-D18

Arad3 h90 ade6-M210 rad3::ade6+ leul-32 ura4-D18

dcrb2:u h90 ade6-M210 crb2::urad+ leul-32 ura4-D18

4 swil:Leu (1692)

h- swil::LEU2 ura4-D18 leul-3@e6-M216

A mrcl:G418R (1499)

h- MRC1::KANMX ura4-D18 leul&k6-M216

A hhpl:wswil:L

h- hhpl::hphMX4 swil::LEU2 ura4-D18 le@2 ade6-M216

Ahhpl:udamrcl:KR

h- hhpl::hphMX4mrcl::kanMX ura4-D181e82 ade6-M216

Ahhp14ku80

h- hhpl::hphMX4ku80::ura4+ ura4-D18 leul-82e6-M216

A hhplweel.50 (1527)

h- hhpl::ura4+ weel.50 ura4-D18K32 ade6-M216

A hhpUcdc2.1w

h- hhpl::urad4+ cdc2.1w ura4-D18 leul&#6-M216

hhp1.R180C (1885)

h- hhp1-R180C ura4-D18 leul&%6avi216

hhp1l.K40R (1886)

h- hhpl-K40R ura4-D18 leul-826aM216

rad4.116

h+ rad4-116, ura4-D18, leul-32, ade6-M210

rad9.HA h- rad9::ura4+, ura4-D18, leul-32, ade6470
hus1.Myc hus1::13myc, ura4-D18, leul-32, ade6-704
rad3.KD (918) rad3-KD, ura4-D18, leul-32, ade6-704
cdsl cdsl:urad+, ura4-D18, leul-32
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rad9.Myc

rad9::13myc ura4-D18, leul-32, ade6-704

cdc25.22

h- ura4.D18leul.32

cdc25.22cdc2.1w

cdc25.22cdc2.1w ura4.D18 ade6.M21082

cdc2.1w (834)

h- ura4-D18 ade6.M210leul.32

cdc2.1w

h+ ura4-D18 ade6.M210leul.32

Achkl:u

Chk1::ura4.D18 ade6.M210leul.32

Achkl Cdc2.1w

Chk1::ura4 cdc2.1w D18 ade6.M210lex11.3

Aku70 (978)

h- ku70::kan MX6 ura4.D18 ade6.M210l8@1

Aku70

h+ ku70::kan MX6 ura4.D18 ade6.M210leul.32

Amus81 (1053)

h+ mus81::kan MX6 ura4.D18leul.32

Table: 2.1.8.1: List ofS. pombestrains used in this study.

2.1.9. Oligonucleotides used in this study

Name Sequence 5'to 3’
Hhpl-B3.1 CGAAGTTATGCATGCATCGCATGCTAACTTGCTCTACTTTICGAACCCC
Rad9.S8.1 GCTATCACACTAGTTAGACTAGTCAGATCTATATTACCCTGTATCCC

Hhp1-forward

ATCTTACAGGTACTGCTTGCTATGCTAGCATCAATAC

Hhpl-reverse

GTATTGATGCTAGCATAGCAAGCAGTACCTGTAAGA

Hhp1-

Microtiuble.Del.forward

GTATCGTGATCACAAAACTCCCTGGCTGCACCTCCCAAGGACAACAAGAATTTACAG
G

Hhpl1-

Microtiuble.Del.reverse

CAGTACCTGTAAGATTCTTGTTCTCCTTCGCAGGTCCAGCCAGGTGAGTTIIGTGATCA
C

Hhp1-Del.NLS.forward

CTGCCTTGGCAGGGATTGAAGGCTACCGANGATTATGGAGAAGAAGATCTCTACGC

Hhpl-Del.NLS.reverse

GCGTAGAGATCTTCTTCTCCATAATCTTCGGTAGCCTTCAATCCCTGCCAAGGCAG

Hhp1-L41Q.forward

GGTGAAGAGGTCGCTATCAAGCAAGAATCAACTGTGCTAAACAC

Hhpl-L41Q.reverse

GTGTTTAGCACGAGTTGATTCTTGCTTGAGEGACCTCTTCACC

Hhp1-P49S.forward

TCAACTCGTGCTAAACACTCTCAATTGGAGTAGAATAC

Hhpl-P49S.reverse

GTATTCATACTCCAATTGAGAGTGTTTAGCASAGTTGA

Hhp1-M82l.forward

TGTGATTACAACGCTATTGTGATGGATTTATTG

Hhp1-M82l.reverse

CAATAAATCCATCACAATAGCGTTGTAATCRA

Hhpl-Y277F.forward

CCACGAAAAAGCAAAAGTTTGAAAAGATTATGGAG

Hhpl-Y277F.reverse

CTCCATAATCTTTTCAAACTTTTGCTTTIOGTGG

Hhp1-Y169F.forward

CACCTGCACATTCCTTTTCGCGAGAACAAGAFRC

Hhp1-Y169F.reverse

GATTCTTGTTCTCGCGAAAAGGAATGTGCGATG

Hhp1-L51Q.forward

GCTAAACACCCTCAACAAGAGTATGAATAC

Hhp1-L51Q.reverse

TCTGTATTCATACTCTTGTTGAGGGTGTTT

Hhp1-S103R.forward

CAATCGAAAGTTTAGATTGAAAACAGTTC

Hhp1-S103R.reverse

CAAAAATTAAACAAGTCTTCC
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Hhp1-S183A.forward CTTACAGGTACTGCACGCTATGCTGCTATC

Hhp1-S183A.reverse AATACCTAAATGAGTATTGATAGCATAGCBGCGTACCTGTAAG
Hhp1-M84G.forward GATTACAACGCTATGGTGGGAGATTTATTG

Hhp1-M84G.reverse GAAGGACCCAATAAATCTCCCACCATAGCG

Hhp1-K40R.forward CTGGTGAAGAGGTCGCTATCCGTCTAGAATCABATCGTGC

Hhp1-K40R.reverse GCACGAGTTGATTCTAGACGGATAGCGACCTTCACCAG

Hhp1-R180C.forward ATCTTAACAGGTACTGCTTGCTATGCTAGCATAATAC

Hhp1-R180C.reverse GTATTGATGCTAGCATAGCAAGCAGTACGTAAGAT

Hhpl-C- CTATATGTTTGATTGGACCTTGAAGAGAAAGGGAGCTCAATATATCAACACACCTAAT
terminal.deletion.forward

Hhpl- C- ATTAGGTCTGTTGATATATTGAGCTCCCTTTCTCTTCAAGGTCCAATCAAACATATAG
terminal.deletion.reverse

Table: 2.1.9.1: List of oligonucleotides f usedhis study.

Note:- Some ofS.pombanutants were made but DNA sequencing had confirmed they are not
right. They are: Hhpl. S103A; Hhpl. L41Q (those two are cancer mut&ttipl.MBD.
deletion; Hhpl.NLS. deletion; Hhpl.Y169F; Hhpl.Y227F; and Hhpl.C-terminal.deletion.

2.2. Methods

2.2.1. Molecular biological and biochemical methods

2.2.1.1. Preparation of genomic DNA fron®. pombe cells

YEA culturesHhp1.HA.wtcells were grown overnight at 8Q. Yeast cells were harvested at
3000 rpm in a Sorvall RT Legend benchtop centrifuge for 3-5 minutes. uffegnatant was
discarded and the pellet was resuspended in 20ml gD dFhe cells were spun again at 3000
rpm for 3-5 minutes and the pellet was resuspended in 1p®,dkhd then transferred to a 2ml
screw-lid tube. Cells were pelleted at 12000rmp for one minuteul ZWIA extraction buffer,
20Qul Phenol:Chloroform:lsoamylalcohol (25:24:1), and 6-7 micro-spoons of silicglass
beads were added to the cell pellet. The mixture was shaken forriDwit2s on a cell disrupter
vortex at maximum speed. The tube was spun at 12000rpm for five mith&esjueous phase
was moved to an eppenorf tube and the genomic DNA was precipitated with 1ml ethanol 99% by
spining the mixture for five minutes at 12000rpm. The supernatant weasrdéd and the DNA
pellet was resuspend in 400TE buffer containing pl RnaseA. The RNA was degraded for a
period of 20-30 min at 3%C. 1ml 99% ethanol and gD4M ammonium acetate was added to

precipitate the DNA. The tube was spun for five minutes at 12000rpm. The supernatant was
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discarded and the tube was placed upside down on a paper tissuesfal sgnutes. The dried
pellet was resuspended in 100-pDOE buffer and an aliquot was analysed on a 1% agarose gel
(Figure: 2.2.1.1.1

10000

2000

1000

b DNA Ladder

N

Ik

250

Figure: 2.2.1.1.1: Image of Hhpl genomic DNA.

2.2.1.2. Polymerase chain reaction (PCR)
The reaction mixtures and cycles for the amplification of rdiffefragments and to generate

fusion PCR products were prepared on ice.

2.2.1.2.1. PCR to generate thighpl mutants
One PCR reaction contains:

2ul genomic DNA

1Qul 5X HF buffer (Finnzymes)

Sul 2mM dNTPs

0.5u Phusiort™ DNA polymerase (Finnzymes)

28ul dH,0
A master mix was made and divided into several tubes and then ltheirigl pairs of primers
were added to make fragment A and fragment B as following:
Tube A:

2.5 Rad9.S8.1 and 2.5 Hhpl-(specific nucleotide mutation)-Forward
Tube B:

2.5 Hhp1.B3.1 and 2,4 Hhpl-(specific nucleotide mutation)-Reverse
The PCR was run for 30 cycles.
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Note:
1):- stock concentration 1M for Rad9.S8.1 and Hhp1.B3.1 primers.
2):- heated lid of PCR machine is 88, 30 cycles: 98C for ten seconds, 5% for thirty

seconds, 72C for one and half minute, and hold at’@

Mutation Figure: 2.2.1.2.1.1. Fusion
PCR. The first PCR reaction
. amplifies twohhpl fragments
Hepl B3I _’P“r“'“"m[ _ which overlap by 25-25bp in
liT T the region of the desired
";}}E‘anm = R«d9381 |mutation. The mutation is
| encoded in the internal
| primers. The two flanking
: primers contain a Sphl
I

(forward) and Spel (reverse)
restriction site. The two

fragments were purified and
mixed with only the flanking

primers present. This results in
the full-length hhpl fragment
which can be clone using the
= Rd3$81 15ph| and Spel sites.

HEpl B3] e

Figure: 2.2.1.2.1.2: Images
of DNA fragments after
purification of DNA, one
fragment has size of about
1000-1200 Kb and related
fragment has size of 1000-
1200 Kb, so when they join
together they suppose to
give DNA size in about
1500Kb  which is the
estimated size for Hhpl with
its HA tag.

2000

1000

IKb DNA Ladder

2.2.1.2.2. Fusion PCR for such Hhp1-specific Mutant

Mix fragment A and fragment B to achieve creation of certain mutant as fojow
ul fragment A
Hul fragment B
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1Qul 5X GC buffer

Sul 2mM dNTPs

0.5u Phusiot™ DNA polymerase (Finnzymes)
20ul dH,0

The mix was placed in a PCR machine under these conditions: hidaite88°C, 15 cycles: 98
°C for thirty seconds, 5% for thirty seconds, 7% for one and half minute, and hold at®0
After the PCR had finished , the following materials were added to each tube:

151 5X GC buffer

1Qud 2mM dNTPs

1ul Phusiod™ DN polymerase (Finnzymes)

15 dH,0

ful Rad9.S8.1

Sul Hhp1.B3.1 (PCR was run again for 35 cycles).

Figure: 221.22.1:
] Addition of the HA tag.
31 TN =TT The primer Rad9.S8.1
a¢== Reverse Primer binds down-stream of
P the haemagglutinin tag
sequence  which s

é == Red9.581 [ common to all integrated

Reverse Primer

HA tags(653). Since the
genomic DNA was
prepared from ahhpl-
e A T P o A s G R HA strain, the PRC
fragment contains the
three HA epitopes.

—

1
L=
=

5 2000
]

- 1000
=
5z

—

250

Figure: 2.2.1.2.2.2. An example ilmage of puriffégh1-HA fusion PCR fragments
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Note: after each PCR step DNA products were purified by uk%gagarose gel in 1x TAE
buffer and GenElut&' Gel Extraction Kit (SIGMA Product Code NA111(Bigure: 2.2.1.2.2)3

Figure: 2.2.1.2.2.3. Size of
the PCR products after gel
purification. ful of each
PCR product was mixed
with 2ul of DNA loading
dye and loaded onto a 1%
agarose gel. The two small
fragments were fused to the
laraer size

2000

1000

1Kb DNA Ladder

2.2.1.3. Elution of DNA fragments from agarose gels

DND fragments (fusion PCR products) were run on a 1% agaroseitheD.5 ug/ml
ethidiumbromide. The DNA bands were cut out under blue light, and sdricom the gel slice
using the GenElufeGel Extraction Kit. Gel extractions were processed accgrdn the
manufacturers’ instructions. The DNA eluted from the columns sta®d at -20C (Figure:
221223

2.2.1.4. Restriction digest
Restriction enzymes and buffers were from New England BioldbB)(Neaction conditions

were processed according to the manufacturer’'s recommendations.

10000 =
D e
= -
2 2
~ — 2000
— 2000 —r
=& =
7 1000
= 1000 i
~
——
£ e
2 =
= 250
250

Figure: 2.2.1.4.1: Examples of digested pAWégments (left panel) and purified fusion PCRduats ( i.e.
hhp1.M84G.Y227F, hhpl.M84G.NLS.deletion, ahg1.M84G.Y169F (right panel)
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Note: the digest of the PCR products and the vector pAW8 were dareliagcto New England
BioLabs (NEB) (https:/www.neb.com/protocols/2012/12/07/optimizing-reistnic

endonuclease-reactions).

2.2.1.4.1. Restriction Digest for the PCR Products (certain Hhpl mutant)
30ul of DNA (fusion PCR product)
1ul Sphl
1ul Spel
Sul NEB 2(10x) buffer
15pl ddH,O
The reaction was incubated for 1-2 hours at@7

Note: Digest protocol with restriction enzymes is in this websi{NEB):
https://www.neb.com/protocols/2014/05/07/double-digest-protocol-with-standaridirest

enzymes

2.2.1.4.2. Restriction Digest for the Vector pAWS8

10ul of DNA (fusion PCR product)

0.5ul Sphi

0.5ul Spe

5ul NEB2(10x) buffer

14pl ddH,O
The digested reaction was incubated for 1-2 hours &€ 37cubator.
After the digest all DNA fragments were loaded onto a 1% agayekand purified in order to
check for the right size of the products and to deactivate thetiest enzymes, which was also
after the digest for 20 min at 70°C.
5ul of each sample was tested on a 1% agarose Gel in 1X TAE buffer.

Note: Restriction Digest Enzyme Sp®NA sequence is provied form the NEB website

(https://www.neb.com/products/r0133-spei) as below:
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' ACTAG T ... 3
3'.... T GATC A ... 5§

Restriction Digest Enzyme SphDNA sequence is provied form the NEB website

(https://www.neb.com/products/r0182-sphl) as below:

5'... G CATG C...7J3
3'.... C GTAC G.... ¥

2.2.1.5. Ligation

Digested inserts and vector (pAWS8 plasmid) were incubated wKhDMNA ligation buffer,
one unit of T4 DNA ligase in a final volume of @0n a 16°C water bath overnight:

Sul pAWS plasmid (digested and purified)

Hul PCR product (digested and purified)

21l (10x) DNA ligase buffer

1ul 10Ul ligase enzyme

7ul ddH,O

The rationale behind the Cre-Lox integration system is explam®datson et. al.(258). The

digested hhpl fragments were cloned into the unique Sphl and Spebfsp@dV8 (Figure:
2.2.1.5.).
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Figure: 2.2.1.5.1: The pAWS
Plasmid. Insertion of the mutated
hhpl between thdoxP (P) and
loxM3 (M3) recognition
— eSS sequences for the Cre
EusioniHnl muTation recombinase. The Cre/lox site-
specific recombination enzyme is
encoded by thesre gene on the
plasmid. It will recognize the
corresponding sites at the
modified hhpl locus in the base
strain and insert the fragment
from the plasmid thereby
removing the ura4+ marker gene
which resides betweeloxP and
loxM3 at the hhpl locus in the
base strain 1495.

Sphl Spel

PAWS Plasmid

The Cre/lox site-specific recombination system is based on the sequerufcspgEombination
between the identidbxP andloxM3 sequences in the base strain and in the pAWS8 plasmid. The
Cre enzyme catalyses the exchange between the identical seqheneleg €xchanging thea4
marker gene in the base strain for the mutated DNA fragme#R\iM8 (Figure: 2.2.1.5.2 Loss

of the activeura4+ gene can be selected on 5-FOA plates as cells containiragtiie ura4
gene convert the prodrug 5-Fluororotic (5-FOA) into a toxic drug (e.g.wkith underwent the

exchange arara4 negative and 5-FOA resistant).

Plasmuid

{9t

Hhpl. Base Strain, 1193

Figure: 2.2.1.5.2: The Cre-Lox cassette exchagpgem. See text for detail@58).
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2.2.1.6. Transformation ofE. coli Top10 Competent Cells

5Qul competent cells were used for one transformation. Cells pieehased from Bioline.
Cells were thawed on ice and mixed by flicking the tulp¢.0b the ligation mixture was added
to the cells, which were then incubated ice for 30 minutes on foer. the heat shock at 42
for 45 seconds, cells were incubated for one minute on ice beforefltBl broth was added.
Cells were then incubated for one hour in 28&haker at 200rpm. Cells were harvested by a 1
min spin at 12,000rpm and the cell pellet was plated on a LB+ampipilite. Plates were
incubated at 37C overnight.

Note:  Transformation is done by following steps in NEB  website:

https://www.neb.com/protocols/1/01/01/transformation-protocol-c2528

2.2.1.7. Preparation of plasmid DNA fromE.coli

Plasmid DNA for cloning was prepared using the GenERi@smid Miniprep Kit according
to the manufacturer’s instructions. Samples f flom the final product were digested again
with Spd and Sphto test the plasmid-(gure: 2.2.1.7 )L

b DNA Ladder

N

[k

Figure: 2.2.1.7.1: Examples of pAW8 plasmids (at820kb) containing hhpl (approximately 1,500bggits.

2.2.1.8. Transformation ofS.pombe Cells

Cells Hhplbase strain 1495) were grown in minimal medium overnight as thesages the
transformation efficiency. Cells were harvested by cergation at 3000 rpm for three minutes.
The supernatant was discarded and the pellets were washed with 20m| sterilgdi#D) and
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centrifuged again. This step was repeated with transformatioerbdifie cell pellet that was
then suspended in 1ml transformation buffer and cells were heaveld@l aliquots of cells
were transferred to an eppendorf tube and the plasmid DNA plusa®ier DNA (1Qug/ml
sonicated & heated [5 min 95°C] salmon sperm DNA) were added. The#esawere incubated
for ten minutes at room temperature before adding28@% PEG. Incubation was continued
for one hour at 36C before 431 DMSO were added. After five minute heat shock at 40@&2
cells were washed in 1ml of sterile water and plated ontsedemgar plates (minimal medium
minus leucine, plus uracil and adenine). In case of counteriealéat ura negative colonies,

the transformed celldgqu2+) were replica plated onto a YEA plate with 5-FOA.

2.2.1.9. Total Cell Extract with Trichloroacetic acid (TCA)

For 1 sample 5xf0cells were harvested, washed in,@8H wash in 1ml 20% (w/v)
trichloroacetic acid (TCA) and re-suspended in 20@f 20% TCA with 6-8 micro-spoon of
silica or glass beads, and proteins were extracted on the fastprep machine.

The protein extract was moved to an eppendorf tube and proteins weteg@k five minutes
at 12,000rmp. The protein pellet was re-susbended inl 8504x SDS sample buffer and 150
Tris-HCI pH8.8. Finally, the sample was heated at 95°C for 5 mimuné<ither stored at -20°C
or used directly for further analy<is30).

2.2.1.10. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) and Western Biagt

SDS-PAGE gels were used to analyze/value protein extraci®in® were run through
acrylamide gel and stoped at certain location which is indicated its size.

In this experiment two types of gels are used in top of each other, thegtgekor focus gel
with sample wells and the separation or resolving gel. The staGah contains normally 4%
acrylamide {able: 2.1.10.). The resolving gelTable: 2.1.10.pseparates proteins according to
their molecular weightTable: 2.1.10.8 Large proteins required a small gel percentdgdle:
2.1.10.3.
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Stacking Gel
Components Gel percentage 4%
H,0 7.5ml
1M TrisHCL pH6.8 1.5ml
20% SDS 50ul
40% Acrylamide iml
10% APS 100ul
TEMED 10ul

Table: 2.1.10.1: Recipe of stacking acrylamide gt focusing stained
protein samples.

Separation Gel

Reagent Gel percentage
8% 10% 12% 15%
H,O 8.5ml 7.5ml 6.5ml 5ml
1M TrisHCL pH8.8 7.5ml 7.5ml 7.5ml 7.5ml
20% SDS 150l 150ul 150ul 150ul
40% Acrylamide 4ml 5mi 6ml 7.5ml
10% APS 1001 100ul 100ul 100ul
TEMED 2qul 20ul 20ul 20ul

Table: 2.1.10.2: Recipe of resolving acrylamidesgiet 10 ml volume for

protein seperations.

Protein Size (kDa) Gel %
410 40 20%

12 to 45 15%
10to 80 12%

1510 100 10%
25t0 20 8%

Table: 2.1.10.3: Protein size range and requireglarnide concentrations.

Gels were run at 100V for 2-2:30 hours. The protein size standamad TihermoScientific

(PageRuler Pre-stained Protein Ladder, cat.n0.26616) was used.

After the run, proteins were transferred in 1x Transfer budfeto nitrocellulose blotting
membrane (Amersham HybondTM-Ecl) for 2hr at 65V or overnight atfd®\2 hours. Free
membrane space was blocked with Blocking buffer (3% Milk buffer: 3g Milk powdefréa),

73| Page



New roles ofCKI/e in DNA Replication Stress| 2015

10ml of 10x PBS, 0.05% Tween-20 and dH20 up to 100ml) for at least 30-45 mahugeEsn
temperature.

Incubation with the primary antibody was performed in blocking budfe4 °C on a rocking
platform overnight. The membranes were sealed with 2ml antibody solution inia Ipdast
Before incubation with the secondary antibody, membranes weteeddlsree times with 1x
washing buffer for 10 minutes. The secondary antibody was applied-faB0O hours at room
temperature in blocking buffer.

Finally, the membranes were washed three times with Dhimgsuffer as previously,
incubated in the Western Lightning® Plus-Enhanced Chemiluminessahstate solution and
exposed to an X-ray film (Exposure film) in a light tight developgiagsette. The membrane was
placed between two plastic sheets and the film was placed on tbe plastic. Films were
developed using the X-ray film processor (MI-5, JENCONS-PLS).

Note: All Western blot steps are explained at this website:

http://www.piercenet.com/method/overview-western-blotting

2.2.1.11. Soluble Protein Extract

For one sample 5x36ells were harvested, washed in,8H and re-suspended in 3@p0of
buffer H with inhibitors and with 6-8 micro-spoons of silica or glasads. Proteins were
extracted on the fastprep machine for 10 min. The protein extexthwoved to an eppendorf
tube and the insoluble material was pelleted for five minute$2800 rmp. The protein

supernatant was moved to a new tube and used for further analysis.

2.2.1.12. Isoelectric Focusing and 2D-PAGE (Two-dimentional electrophoreyi

Between 10-30 of soluble protein extract were mixed to a final volume of l2% in
Destreak™ rehydration solution with 0.2% of the corresponding IPG HpftB-10). Samples
were loaded onto linear Immobiline™ DryStrip gels pH3-10 7cm (GEltHeare) and run
according to the manufacturer's specificatighE3).
Running conditions: Biorad PROTEAN IEF cell; rehydration at 50V1@&rhours, followed by
the rapid focusing program at 10,000Vh.
After the run, the strips were placed in a IPG tray and watth2ynl equilibration buffer | (6M
urea 0.375M Tris-HCI (pH8.8), 2% SDS, 20% glycerol, 2% (w/v) DTT) for 10 minutes at room
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temperature on a rocking platform, and then washed again for 10 mimeesilibration buffer
Il (6M urea, 0.375M Tris-HCI (pH8.8), 2% SDS, 20% glycerol, 2.5% (w/v) lodoacetamide)

Strips were then placed on the top of a 10% resolution acrylamidendedun under normal
conditions (120V/2h}229).

2.2.1.13. Taking Cell Images

Cells were grown in YEA broth overnight to logarithmic phase atC30 5X1@ cells per
sample were harvested and treated as required (g @®PT at 30°C for four hours). Cells
were harvested and fixed in 3089% methanol at room temperature. Cells can be stored at
room temperture over a long period of time in methanol.
Cells were pelleted and washed three times with the stasohdion (DAPI:Calcofluor) as
described in229)

10ul of cells were applied to a poly-L-lysine coated cover slip (@®ong) and covered with a
second cover slip. Images were taken with a Nikon ECLIPSE TE200d«descence
microscope (60x objective with oil62).

Cdc2.1w cell has CPT Cdc2.1w cell has CPT
treatment in Fero time treatment in 4-hour time

Figure: 2.2.1.13.1: Cell Images. Example imagesrifeated (left panel) and CPT treated
cdc2.1w cells (right panel) The camptothecin (C&dncentration was 401.
2.2.1.14. Lactose Gradient Centrifugation
Lactose gradients were performed as described previgiisiywith the following changes.
Cells were grown at 30°C in rich medium to a low cell numb&r 1@ cells/ml, and 5x10cells
were harvested from these cultures. Lactose gradients werdguggttrat 750 rpm for 7 min in a
Sorvall RT Legend bench top centrifuge and small G2 cells were taken from thethepcefi
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cloud. G2 cells were washed in rich medium and resuspended in 1 mimé&dAim. For the
heat-induced G2 arrest, one sample (BQQvas mixed with 50 YEA (30°C) and incubated at
30°C, whereas the second sample was mixed withI50A (40°C) and incubated at 40°C. For
the CPT-induced G2 arrest, one sample (3)@vas mixed with 50d YEA, whereas the second
sample was mixed with 5QDYEA containing 8@M CPT. All samples were incubated at 30°C.
40 pl aliquots were withdrawn in 20 min intervals and added to 200 pl methagiisl. were
pelleted and stained with 30 pul of a Hoechst (1:1000)-calcofluor (1:100jiosol(stocks:
calcoflour 1 mg/ml in 50 mM sodium citrate, 100 mM sodium phosphate pH 6.0; Hdeths
mg/ml in water) prior to scoring under a fluorescence microscqpeaf3ixed and stained cells
were placed on a microscope slide and examined under a fluoresiceoscope. For each
sample, 100 cells were counted and the percentage of the G1/S ppased(sells without sign
of separation) was scoree?9, 230)

Number of tube 7% Lactose 30% Lactose
1 10 0

2 8.75 1.25

3 7.5 25

4 6.25 3.75

5 5 5

6 3.75 6.25

7 2.5 7.5

8 1.25 8.75

9 0 10

Table: 2.2.1.14.1: Preparation of the differenttdae concentrations from a 7% (w/v) and 30% (whocls
solutions in YEA medium. 1ml from each mixture warlayed (blue tip with narrow end cut off) witmlLfrom
the next highest concentration starting with 1n#63&nd finishing with 1ml 7% lactose.

2.2.2. Genetic Methods fofS.pombe
2.2.2.1. The Acute DNA Sensitivity Assay

Cultures were grown in YEA broth at 3D overnight. The cell concentration was determined
and cells were diluted in 10ml of YEA medium to 5%bells/ml. From this dilution 5Q0 of
cells were mixed with 5Q0 of 80uM CPT or 0.01% MMS. An initial aliquot of {dbwas taken
and plated on one YEA plate (zero hour or start time (T=0)). Alijpéas were then incubated in
a 30°C shaker at 200 rpm and furtheru7@aliquots were taken at the indicated time points and
plated on YEA plates. After 3 to 4 days the surviving colonies wetmted (229, 230) If
different MMS doses were tested, six eppendorf tubes were set up and 0, 5, 10, 15, #d&for 25
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1% MMS was added to 5QDcells. Cells were incubated for the indicated time and the MMS
was inactivated by the addition of 50@2% sodium thiosulfate. 7% aliquots were plated from

each sample on one YEA plate.

2.2.2.2. The Chronic DNA Sensitivity Assay and Heat Test

Cultures were grown in YEA broth at 3D overnight. The cell number was determined and
cells were diluted in 1ml of YEA medium to a final concentratbax10/ml. A 10-times serial
dilution was then prepared by diluting 10Q@o 90Qul YEA broth. From each dilution, b of
cells were dropped on YEA plates containing the indicated drug coatens or no drug.
Plates were incubated for 3 to 4 days and images were taigasflfor temperature-sensitive

growth, YEA plates were incubated at 37°C instead of 30°C.

2.2.2.3. Strain Construction

To construction new strains by mating, two strains of the oppoatiag type were mixed in
a drop of sterile water (i) on a mating plate (Malt Extract Plate). The plate wees t
incubated at 25C for 2—-4 days Kigure: 2.2.2.6)L Successful mating was indicated by the
formation of asci, which was confirmed by microscopic exanonatf samples taken from the
mating plate. Spores were isolated from vegitative cellsnbybiating a small amount of cell
material with asciin 500 30% ethanol for 20 to 30 minutes. 10uP0f this solution was than
plated on one YEA plate. After 3-4 days, the colonies formed byuhaveg spores were

further analysed to select the desired double mutant.

Figure: 2.2.2.3.1: Example of mating cell patches ao malt
extract plate after 4 days at 25.
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Chapter 3: The Role of Hhpl Kinase in the Repair of
broken DNA Replication Forks

Chapter summary

The role of the dual-specific kinase Hhpl (CK1) in the respons®&#IBsions is not well
understood. While early work in 1994 suggested a function for the kinase Wwienosomes
break in the presence of methyl-methanesulfonate (MMS), thdacetietails remained so far
unexplained. Lit this chapter summerises genetic and cell exgeriments which place Hhpl
kinase firmly in the regulatory network which controls the activfythe structure-specific
endonuclease Mus81-Emel. When DNA replication forks stall, Cdsl kimaseruited to the
inactive fork by the scaffold protein Mrcl where the kinase inatds/ the Mus81-Emel
endonuclease to protect the fork. When replication forks break in thenpeesd the
topoisomerase 1 inhibitor camptothecin (CPT), this inhibition needs teveesed as Mus81 is
important for the repair. The results of this chapter suggesth@arc1-Cdsl pathway primes
Mus81-Eme1l for its phosphorylation by Hhpl kinase. Hhpl is predicted to phospéadighel
and that this modification is important for the activation of the endease. The deletion of the
hhpl gene is epistatic with loss afdsl mrcl, swil (Swil binds also to the Mrcl-Cdsl
complex),hsk1-1312Hsk1 kinase regulates the Mrc1-Cdsl complew)s81 mus 7(Mus7 acts
in the Mus81 repair pathway) amtikl (Chkl phosphorylates Emel) in the presence of CPT.
The Hhpl kinase may be important for the switch from the Cdsl-depgmo¢sitive mode to
the Chkl-dependent repair mode when cells exit S phase with a dl&enmeplication fork.
The repair activities of the Hhp1-Mus81 pathway are independent oé¢benbination protein
Rad51, the DNA end binding protein Ku70 and the nuclease Ctp1.

The chapter also reveals a role for Hhpl in cell cycle regulaCells without Hhpl delay
exit from a CPT-induced G2 arrest by 100 min to 120 min comparie tshort delay (20 min-
40 min) of wild type cells. The cell cycle activities of Hhplynie distinct from its DNA repair
functions. Cells without Hhp1l are highly CPT and MMS sensitive.

78| Page



New roles ofCKI/e in DNA Replication Stress| 2015

3. Introduction

Previous work revealed sensitivitiesSopombecells deleted fohhplto the alkylating agent
methyl-methanesulfonate (MMS), ionising radiation (IR) and chrerposure to the replication
inhibitor hydroxyurea (HU), but not to UV lightL5). This led to the conclusion that Casein
kinase 1 (Hhpl) is required for the repair of broken chromosomesnfipired however later
that MMS is unlikely to cause DNA double-strand breaks (DSBgctyr as the initial DNA
lesion, methylated adenine and guanine, is excised by bassoaxecepair(503) and that
especially methylated adenine causes DNA replication stfegs. Since UV photoproducts
interfer also with DNA replication505), it is unlikely that4hhpl cells are defective in by-
passing modified bases or in translesion synthesis during S plmessesitivity to chronic HU
exposure, which breaks DNA replication fork6), and to IR points more towards a role of
Hhpl kinase when DNA replication forks break. Such a link between CKDa#dreplication
may also indicate a link between the circadian clock and DNA replication.

For example, in human the risk of breast cancer is increased) demyales who work night
shifts (185), which could be explained by an accumulation of DNA replication limkathtions.
Such a link is supported by the regulation of DNA replication hy metabolic clock in
S.cerevisiaewhere replication does not take place under high oxidative conditi@ns.
Interestingly, the intra-S DNA checkpoint kinase Rad53 (Cdsl, Clk®ssential for this
regulation in budding yeast. Supporting evidence for a role of CKI irrebgonse to DNA
replication stress comes from work Xenopuswhere CHyl phosphorylates a domain in the
scaffold protein Claspin (Mrcl) which activates Chk1 kinase at damagechtapliforks(267).

In higher eukaryotic cells, Chkl kinase protects stalled forks fraakbge508), a role which

is covered by Cdsl kinase Bipombe509). Interestingly, Chkl phosphorylates at GKat
serine 328, 331, 370, and threonine 397 as well as the humad \@kKiants 1 and 2 which
results in a decrease in CKI kinase activitg8). Mammalian Chk1l acts as a priming kinase for
CKlo to prepare Cdc25A phosphatase for degradation upon activation of thedBNage
checkpoint in G1/$269).
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3.1. S.pombe cells without Hhpl are sensitive to DNA Replication ForkDamage caused by
the Topoisomerase 1 Inhibitor Camptothecin

To test whether Hhpl acts on broken DNA replication forks, wpe,t1hhpl andcdsl
cells were incubated with the topoisomerase 1 poison camptothecin (@ich breaks DNA
replication forks’510)either on platesHigure: 3.1.) or of a period of 5 hours-{gure: 3.1.2.
While cells without Cds1, which only acts on intact but stalled foskese CPT resistant, cells
devoid of Hhpl were highly sensitive. This supports the conclusion thap&®irms important
functions when DNA replication forks break. This experiment redealso a slow growth
phenotype ofihhplcells at 37C even in the absence of CPT.

Consistent with the work by Dhillon N, and Hoekstra\3), 4hhp1l cells are sensitive to
methyl-methanesulfonate (MMS) on platésg(re: 3.1.3 and when exposed to 0.05% for five
hours Figure: 3.1.). Interestingly,4cdsl cells were not MMS sensitive at 0.01% MMS on
plates Figure: 3.1.3, but displayed a sensitive when exposed to 0.05% for 5 hbugsré:
3.1.4 which is in line with the limited requirement of Cdsl kinasetlier response to alkylated
basesg511).

CPT 1.5uM CPT 1pM 37°C 30°C

: Itlipl. HA. wt
Alihpl
Acds

Atell

Acdsl. Atell

104 107 105 107

CPT 10pM I
hilipl. HA wi
Ahhpl
Acdsl

Atell

Acdsl. Atell

104 105 105 107 105 105 107 104 107 10° 107 104 10° 105 107

Figure: 3.1.1: Cells without Hhpl kinase are higtdymptothecin (CPT) sensitive. Serial dilutionghs indicated
strains were spotted onto rich medium plates coirtgithe indicated CPT concentrations. Plates \wengbated for
4 days at 30°C. Cells lacking Tell (ATM) kinaselT@ll and Cds1 kinase were also included.

80| Page



New roles ofCKle in DNA Replication Stress| 2015

CPT
1000
=¢=hhpl.HA.wt
=@=Ahhpl
o 100 —A—Acdsl
o~
e —¢Atell
C_;S 10 —#—=AcdslAtel 1
2
-
n 1+
0 2 4 6
Time, h

Figure: 3.1.2: Acute camptothecin (CPT) survivatteThe indicated yeast strain cells were cultured/EA
medium overnight at 38C.Cells were harvested and treated withMOCPT and incubated for five hours at %0
Aliquots of 75ul were collected every hour and pated on one YEepl

MMS 0.01%  MMS 0.005% 37°C 30°C
R o N l/ihpl HA.wt
Ahhpl
Acdsl
Atell

10410° 10° 107 10410° 10° 107 104105 105 107 104105 10° 107
Figure: 3.1.3: Cells without Hhpl kinase are highigthyl-methanesulfonate (MMS) sensitive. Serialtitins

of the indicated strains were spotted onto rich inradplates containing the indicated MMS concentirai
Plates were incubated for 4 days at 30°C. CellkingcTell (ATM) kinase or Tell and Cdsl kinase walso

included.
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MMS
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Time, h

4

=t=hhpl.HA Wt
=@=Ahhpl
Acdsl
—=>e=Atel 1
—#=AcdslAtel 1

Figure: 3.1.4: Acute methyl-methanesulfonate (MM&)vival test. The indicated strains were exposedl®@5%

MMS for three hours. Aliquotes were withdrawn andt@d on rich medium plates every 30 min. Platesewe

incubated for 4 days at 30°C and colonies were temlin

To test the effect of broken replication forks on cell cyclgnassion, wild typehhpl-HA

cells expressing a C-terminally HA (haemagglutinin)-tagged Hipdse from its endogenous

locus and4hhpl cells were synchronised in early G2 by lactose gradientiftgyation and
released into rich medium with or withoutyd CPT. As shown irfigure: 3.1.5.Ahhp1-HA

cells delay only for 20 min entry into the second cycle whencagin forks break. A similar

short delay has been reported Srcerevisiaewhere CPT-induced breaks are repaired in G2

(234). In contrast, cells without Hhpl delayed for 120 min in CPT meditiufe: 3.1.5.5.

The extended G2 delay ghhplcells could be caused by a repair defect when DNA replication
forks collide with the immobilised topoisomerase 1 enzyme in theque\s phase (first peak of
septation) or it could be caused be a delayed re-activation oéltheycle machinery (i.e. Cdc2

kinase).
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A):- Cell Cycle Arrest

% —4=—hhp1l.HA.wt
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B):- Cell Cycle Arrest
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Figure: 3.1.5: Cell cycle foS.pombestrains. A: Hhpl-HA wild type cells were
synchronised in G2 by lactose gradient centrifugetind released into rich medium
with or without 4QuM camptothecin (CPT). The percentage of septatéig, eehich
are a readout for G1/S cells, was scored (%). Bis@athout Hhpl Ahhpl) were
treated in the same waxhhpl cells have an extended G2 delay comparedItb wi
type hhpl.HA.wt cells.

3.2. Hhpl Kinase and Tell (ATM) Kinase act in Parallel Pathways

Since Tell (ATM) kinase responds to unprocessed DNA double-straneleks after its
recruitment by the Rad50-Mrel1l-Nbsl (MRN) compiex2) the requirement of Tell for the
response to CPT-induced DNA breaks was analysdtkeid andAtell4hhplcells. As shown in
Figure: 3.2.1 cells without Tell are only very mildly CPT sensitive sugggsé minor role of
this checkpoint kinase when DNA replication forks break. The increaBa&dsénsitivity of the
Atellahhpldouble mutant compared to tHbhpl single mutant shows that both kinases act in
two parallel repair pathways under these conditions. In line aithinor role of Tell in the
response to broken replication forks, G2-synchronittetll cells arrest for approximately 40
min in CPT mediumKigure: 3.2.%, 20 min longer than wild type cells, but 100 min shorter than

83|Page



New roles ofCKI/e in DNA Replication Stress| 2015

Ahhplcells. Thedtell1hhpldouble mutant displayed an extended G2 arrest in CPT medium (80
min) that was somewhat shorter compared toftiigpl single mutant (120 min~gure: 3.2.3

which could suggest that Tell plays a role in the extended G2 arrdst absence of Hhpl
kinase.

1CPT 0.5CPT 25C 3oec 37°C

hhpl. HA.wt
Ahhpl

Atell

Alhhpl. Atell

104105109107 104109109107 10410109107 j3pf310%10910° 10¢10%10%107

10CPT sCri 2Cri 1.5CI1"1

hilipl. HA.wt
Ahhpl

Atell
Alhpl.Atell

104 10° 105107 104105109107 10¢10° 105107 10+10% 10°107
Figure: 3.2.1: Tell kinase and Hhpl kinase actm parallel pathways in the presence of camptoth@cPT).
Serial dilutions of the indicated strains were ggobtonto rich medium plates containing the indida@PT

concentrations. Plates were incubated for 4 da@®dt. S.pombecells without Hhpl and Tell cannot grow in
CPT medium.

Cell Cycle Arrest

——Atell
== Atel1+CPT

0 40 80 120 160 200 240 280 320
Time in minute

Figure: 3.2.24tell G2 arrest. Cells without Telliell) were synchronised in G2 by
lactose gradient centrifugation and released iicfo medium with or without 4@vi
camptothecin (CPT). The percentage of sepated, edich are a readout for G1/S
cells, was scored (%).
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The expended G2 arrest in the absence of Hhpl kinase strongly impls of CK1 in the
repair of broken DNA replication forks. The conclusion that Tell ahdlHact in two parallel
repair pathways extended as well to MMS as indicated by threaised sensitivity of the
Atellahhpl double mutant Kigure: 3.2.3. This parallel activity extended also to the slow
growth at 37°C offthhplcells which was worsened by the deletionedi.

Cell Cycle Arrest

20

15

0 —o—Atel1Ahhpl
> —8—AtelIAhhp1+CPT

0 40 80 120160200 240280320
Time in minute

Figure: 3.2.3: Atelluhhpl G2 arrest. Cells lacking both Tell and Hhpl
(atellahhpl) were synchronised in G2 by lactose gradient degation and

released into rich medium with or without |# camptothecin (CPT). The
percentage of septated cells, which are a reado@1/S cells, was scored (%).

0.01MNMIS 0.00SMNMIS 30°C 379C

hhpl HA.wt
Ahhpl

Atell
Ahhpl. Atell

104105 106107 10*10°10°10" 10*10%10610° 10%10% 105107

Figure: 3.2.4: testing Tell kinase and Hhpl kinds#1 kinase and Hhpl kinase act in two parall¢hways in
the presence of methyl-methanesulfonate (MMS).aBdiiutions of the indicated strains were spotétb rich
medium plates containing the indicated MMS conedittns. Plates were incubated for 4 days at 30°C.

3.3. Loss of Cdsl Kinase partly reduces the CPT and Heat Semstly, but has no Impact
on the extended G2 Arrest in CPT Medium
Currently there is only indirect evidence linking Tell and Cdsl1 kinaSgoombesince Tell

phosphorylates the scaffold protein Mrcl (Claspin) which recruits Cds1 taldimla
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replication forks (352). Cdsl was considered because its human paralogoue Chk2 acts

downstream of ATM kinase at broken chromosoliés ).

1CPT 0.5CPT 0.25CPT 37*C 30°C
p 00 20 On F hhpl. HA wt
Alhpl
Aedsl
Althpl. Acds]

® @ Y o # &
104105 105 107 10 10° 10° 107 104 105 105 107 104 105 105 107 104 105 104 107

10CPT SCPT 2CPT 1.5CPT 30°C

hhipl. HA.wt
Ahhpl
9 © @ 0O o Acdsl
A Alihipl. Acdsl

10105 10° 107 104105 10° 107 104 10° 106 107 104105 10° 107 104 10° 10° 107
Figure: 3.3.1: Loss of Cdsl reduces the CPT (catimptin) and heat sensitivity of cells without Hhidhase.
Serial dilutions of the indicated strains were ggobtonto rich medium plates containing the indida@PT
concentrations. Plates were incubated for 4 day®dt. The data reveals epistatic genatic assonidtetween
Hhpl and Cdsl1.
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Figure:3.3.2: CPT (camptothecin) acute geneticisahtest. Loss of Cdsl kinase $:pombecells renders
cells less sensitive to CPT-induced DNA damage.
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Unexpectedly, deletion otdsl in 4hhpl cells partially reduced the temperature and CPT
sensitivity Eigure: 3.3.4. The suppression of the CPT sensitivity was limited to concemtsat
of 2uM CPT or less. Loss of Cds1 on its own had no impact on cell suaswapected from its
role at stalled, but not at broken forkg)9). A similar weak reduction in CPT sensitivity was
also evident when the same strains were exposedid @FT for 5 hoursKigure: 3.3.2.

A similar suppression was not observed in the presence of the Diyktain agent MMS
(Figure: 3.3.4, Figure: 3.35

0.01MNMNS  0.005NINS 37 °C 30 °C
- &0 0 o /thpl HA wt
ANhhpl
. @ © & ¢ S Acds 1
A\ Aihpl ANedsl

104105 105 107 104105105107 104 105 105 107 104 105 105 107
Figure: 3.3.4: Loss of Cdsl does not reduce théwyhetethanesulfonate (MMS) of cells without Hhph#se.
Serial dilutions of the indicated strains were smibtonto rich medium plates containing the indidatéMS
concentrations. Plates were incubated for 4 dag94z.

To test whether loss ofls1would also reduce the CPT-induced G2 arresthbiplcells, the
Acdsldhhpl double mutant was synchronised in G2 and released into rich medianandt
without CPT. As shown ifrigure: 3.3.6inactivation of Cdsl1 had no real impact on the extended
G2 arrest as the double mutant arrested for approximated 100Mhtipl( 120 min; Figure:
3.1.5.

Taken together, these observations point towards a role of Cds1 lqsaissam of Hhpl at
low CPT concentrations and under heat stress conditions. Sincefheavaly blocks S-phase
progression without causing DNA breaks.4), it might be possible that DNA replication only
slows down in the presence of low CPT concentrations. Cdsl kinase theul be required to
stabilise the replication forks. When forks break at higher CPTectrations (abovei@ CPT
in plates), Cds1 would no longer be required since Chkl would be adt{Vate. Since CKI
kinase often require a priming kinase, Cds1 might act as suchmgrkimase on a yet unknown
substrate which is later modified by Hhpl when forks stall understessts conditions or at low

CPT concentrations.
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Figure: 3.3.5: Acute methyl-methanesulfonate (MM8jvival tested\hhplAcdsl The indicated strains were
exposed to 0.005% MMS at 30°C for the 3-hour. Adips were withdrawn every 30 min and plated on rich
medium plates. Plates were incubated for 4 dag®dt and colonies were counted. As response to NINg8Bs
hhplandcdslare acting in similar DNA repair pathway.
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Figure: 3.3.6:Acds1Ahhpl cell cycle arrest. Loss of Cdsl does not affee

extended G2 arrest in the absence of Hhpl. Cetlkirlg both Cdsl and Hhpl
(4cdsuhhpl) were synchronised in G2 by lactose gradient degation and

released into rich medium with or without |#@ camptothecin (CPT). The
percentage of septated cells, which are a reado@1/S cells, was scored (%).

3.3.1. Hhpl Kinase acts jointly with Mus81 Endonuclease and the DNRepair Protein
Mus7

Given that Cdsl phosphorylates Mus81 to protect stalled DNA rémhicédrks from
cleavage(509), the endunuclease Mus81 could be a target of Hhpl kifage€: 3.3.2.» To
test this idea, the deletion bifiplwas combined with gene deletionsnmfis81landmus?
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Mus7 is a large protein (1888aa, 217.43 kDa) with unknown function which acty jeittt
Mus81 when DNA is methylated by methyl-methanesulfonate (MNS)). As shown in
Figure: 3.3.1.1deletion of hhplin cells without Mus814hhpldmus8) did not further increase
the high camptothecin (CPT) sensitivity of tWenus81single mutant. Consistent with the
conclusion that Hhpl kinase and Mus81 endonuclease act in the samegpBiise pathway,
deletion of mus7in the 4hhpldmus8ldouble mutant Ahhpldmus8H4musj did not further
increase the CPT sensitivity. This epigenetic relationshipceairmed in an acute survival test
when cells were exposed topd CPT for 5 hoursKigure: 3.3.1.2 The close functional link
between the kinase and the endonuclease extended also to the DhAatimgt drug MMS
(Figure: 3.3.1.R To confirm this important finding, the deletion ldfipl was combined with a
deletion ofmus7(4hhpldmus? and the tests were repeated. As in the case afttheldimus81
strain, thethhpldmus7double mutant was as CPT sensitive asftines7single mutantKigure:
3.3.1.5, Figure: 3.3.1)6 In some experimentsFigure: 3.3.1.1, Figure: 3.3.),5the
AhhpldmusZmus8ltriple mutant was slightly more CPT sensitive especiallyigher CPT
concentrations. While this is not arguing against an epigenetitoreship between the three
proteins, the triple mutant may however be defective in an additrepalir response which
becomes more important at higher CPT concentrations. Inteldgstidehé P et al(515) stated
that 'Mus81-Emel activation prevents gross chromosomal rearrangeimeasells lacking the
BLM-related DNA helicase RghlHowever, according téigure: 3.3.1.7and Figure: 3.3.1.8
Hhpl kinase and Rgh1l are more likely to act in different pathwayeipresence of CPT since
the Arghl Ahhpldouble mutant is more sensitive compared to the corresponding singlats
(Figure: 3.3.1.8

In summary, these results place Hhpl kinase in the Mus81-Mus7 d2iNfage repair
pathway when DNA replication forks break in the presence of the topeiasel inhibitor CPT
or when replication forks encounter a methylated DNA temphMidS). Since Hhpl and Cdsl
are also epistatic=(gure: 3.3.), it is possible that Cdsl acts as a priming kinase for Hbpl t
regulate  Mus81 endonucleasé-igure: 3.3.2.r When DNA replication stalls, Cdsl
phosphorylates Mus81 to remove it from the nuclél®) This inhibition of Mus81 could be
reversed by the subsequent phosphorylation of Mus81 by Hhpl. Since acis@d fbrms a
complex with Emel and because Emel undergoes regulatory phosphorylgtiBasld and
Cdc2 kinase€515), it could well be that Hhpl modifies Emel instead of Mus8duie: 3.3.2.h
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Figure: 3.3.1.1: Mus81, Mus7 and Hhpl act in theesa&PT response pathway. Drop test with the ineétat
strains on YEA plates containing between @i@5and 1QuM camptothecin (CPT). All plates but one were
incubated at 30°C for 4 days. One plate was in@hat 37°C to test for the temperature sensitvitthehhpl
deletion.
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Figure: 3.3.1.2: Mus81, Mus7 and Hhp1l act in threes&€PT (camptothecin) response pathway. Yeashsiedls
were cultured in YEA medium overnight at°3Q. Cells were harvested and treated witpnMOCPT and
incubated for five hours at 3C. Aliqots of 75ul were collected every hour and plated on one Y e
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Figure: 3.3.1.3: MMS (methyl-methanesulfonate) gpst for the indicated strains. Mus81, Mus7 angHahct in
the same MMS response pathway. Drop test withrideated strains on YEA plates containing 0.005%.64.%
methyl mathanesulfonate (MMS). All plates were inated at 30°C for 4 days. Cells without Hhpl kinase
highly methyl-methanesulfonate (MMS) sensitive. i8edilutions of the indicated strains were spottedo rich
medium plates containing the indicated MMS conaians were plated\hhpl cells lacking Mus8A(us8) or
both Mus81 Amus8) and Mus7 Amus7 were also included.
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Figure: 3.3.1.4: Mus81 and Hhp1l act in the same MM8&thyl-methanesulfonate) response pathway. Tdlieadted
strains were exposed for 5 hours to 0.005% MMS enimations at 30°C. Samples were withdrawn evegyfoyur
and plated on YEA plates. Colonies were scored afttays.
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Figure: 3.3.1.5: CPT spot test for Mus7 and HhplisKland Hhpl act in the same CPT response patiway.test
with the indicated strains on YEA plates containtmgtween 0.25M and 1QuM camptothecin (CPT). All plates
except one were incubated at 30°C for 4 days. Qate vas incubated at 37°C to test for the tempegagensitivity
of thehhpldeletion. Thedmus8l4hhpl4mus7triple mutant is slightly more CPT and heat sévesit
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Figure: 3.3.1.6: Mus81, Mus7 and Hhpl act in thees&PT (camptothecin) response pathway. Yeashstedis
were cultured into YEA medium overnight at’3D. Cells were harvested and treated withMG@CPT and incubated
for five hours at 36C. Aligots of 75ul were collected every hour and plated on one Y e
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Figure: 3.3.1.7: Rgh1l DNA helicase acts in a patg@athway to Hhpl. Serial dilutions of the indexstrains were
applied to YEA plates with increasing concentragiof CPT (camptothecin). All plates, except oneseniacubated
at 30°C for 4 days. One plate was incubated at 3@€st for the temperature sensitivity of titgpldeletion. The
Arghldhhplmutant is slightly more CPT and heat sensitive.
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Figure: 3.3.1.8: Rghl1 and Hhp1l act in different GBdmptothecin) response pathways. Yeast cells awdtered in
YEA medium overnight at 30C. Cells were harvested and treated withMOCPT and incubated for five hours at
30°C. Aligots of 75ul were collected every hour and plated on one Y 24ep
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3.3.2. Hhpl Kinase acts jointly with Mrcl

An alternative explanation for the role of Hhpl kinase at damagdidation forks may be
provided by the role of the scaffold protein Mrcl. Mrclbinds directlgtalled forks or D-loop
structures in the chromatin16) and recruits Cdsl to stalled forks37). May be Hhpl kinase
could impact on the Cds1-Mus81 pathway more indirectly by modulatingadtngty of Mrcl
rather than Mus81-Emel directly. This idea was tested by amgalyge CPT and MMS
sensitivity of adamrcldhhpl double mutant. Interestingly loss of Mrcl suppresses the CPT
sensitivity of the4hhpl mutant at concentration of belowM CPT (Figure: 3.3.2.) close
resembling the suppression upon lossdsgl (Figure: 3.3.). This suppression was limited to
CPT and not evident when cells were treated with MMS. As showignre: 3.3.2.2 and
Figure: 3.3.2.3the amrcl4hhpl double mutant was as MMS sensitive as thbhp1l strain
placing both proteins in the same pathway. The suppression of the é€PBifivey at low
concentrations implies that Hhpl kinase acts down-stream of MrclCdeil as a genetic
suppression often infers that the suppressing mutation abolisheaularcellent which later
requires the activity of the down-stream protein, Hhpl kinase inctss. A later function of
Hhpl after Mrcl recruited Cds1 to stalled forks is therefore mmmeistent with a role of CK1
in the regulation of the Mus81-Emel endonuclease. This conclusion is fsuty@orted by an
extension of the G2 arrest in CPT medium upon deletionrof in 4hhp1cell (Amrcl4hhpl)
(Figure: 3.3.2.% The double mutant delays approximately 40 min longer thaihifngl single
mutant which implies a further DNA repair defect when repbeatorks break. Since Mus81-
Emel is required for the resolution of recombination intermeddueimg DNA repair after
replication fork collapse€515, 539) damaged forks may remain unrepaired for longer in the
4Amrcl 4hhpldouble mutant. This indicates that Hhpl kinase has at least twio egpaution

points under these conditions, from which one is very likely the Mus81-Eme 1 endonuclease.
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Figure: 3.3.2.1: Loss afrcl partly suppresses the CPT (camptothecin) serigitofi the 4hhpl mutant. Serial
dilutions of the indicated strains were spottedoanth medium plates which indicated the CPT cotrag¢ions.
Plates were incubated for 4 days at 30°C. A plas incubated at 37°C to test the temperature setysitf the
4dhhplstrain. The data revels that Hhpl and Mrcl areteally connected.
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Figure: 3.3.2.2: Mrcl and Hhpl act in the same Miagthyl-methanesulfonate) response pathway. The
indicated strains were exposed for 3 hour to 0.08%S at 30°C. Samples (75ul) were withdrawn evedyn@n
and plated on YEA plates. Colonies were scored &ftiays.
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Figure: 3.3.2.3: Mrcl and Hhpl act in same pathwslycl and Hhpl act in the same MMS (methyl-
methanesulfonate) response pathway. Introducingléhetion ofmrclinto AhhpZlcells results in a similar MMS
sensitivity as in case of ththhplsingle mutant. All plates were incubated at 30fG & C for 4 days.

Cell Cycle Arrest

40
30
% 20 - =&—hhpl.HA.wt+cpt
10 - v == Ahhpl+cpt
o Ahhpldamrcl+cpt
0 7'7 T T T T T T I Y T L B |

0 40 80 120160 200 240 280 320 360
Time in minute

Figure: 3.3.2.4: Loss of Mrcl extends the G2 datayhhpl cells. Wild typehhp1-
HA), 4hhpl and AmrclAhhpl cells were synchronised in G2 by lactose gradient
centrifugation and released into rich medium withwathout 4QuM camptothecin
(CPT). The percentage of septated cells, whichaareadout for G1/S cells, was
scored (%).

Stalled Forks Broken Forks (CPT)

Mus81 inactivation Mus81 Activation

Figure: 3.3.2.5: Model for the co-operation of Hh{&K1) kinase with Cdsl and Mus81. Hhpl is requiidthe
activation of the endonuclease Mus81-Emel whencegn forks break. Upon replication fork arrestafled
forks), Cds1 initially phosphorylates Mus81 to remaat from the nucleus. Mrcl recruits Cdsl to sthlforks.
When stalled forks break, this inhibition may beemsed by a second phosphorylation event executeldhpl
kinase. In this context, Cds1 would act as the imgnkinase for Hhp1.
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3.3.3. Hhpl Kinase acts jointly with Srs2 DNA helicase

Given the recent finding that Srs2 DNA helicase associatits Mus81-Emel to process
recombination intermediates Bi.cerevisiag517), the genetic relationship betweghhpland
Asrs2 was tested. Binding of Srs2 stimulates the endonuclease aaifvijus81, and Srs2

removes Radb51 from single-stranded DNA so that Mus81 can clémveetombination

structure.
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Figure: 3.3.3.1: Genetic association test for higikl, and srs2. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgi the indicated CPT (camptothecin)
concentrations. Plates were incubated for 4 day®dC. hhpl.HA.wtis used as positive control but
here at this graph association among hhpl kinadeses® helicase is an epistatic, hhpl kinase and
chkl kinase is an epistatic as well, and chkl ldreaxd srs2 helicase is epistatic, too.

Loss ofsrs2in a wild type background had little impact on the CPT sensit{fatyure: 3.3.3.1L
which suggests that the helicase is not important when DNAcatipin forks break. Deletion of
srs2in thedhhplmutant gsrs24hhpl) did not further increase the high sensitivity of midapl
strain. This places the DNA helicase and Hhpl (CK1) in the JaRiE response pathway.
Interestingly, loss of Chkl kinase in thtsrs24hhpl double mutant Asrs24chkl4hhpl)
resembled thefsrs2 single mutantKigure: 3.3.3.. This unexpected rescue implies that Chkl
kinase becomes unregulated in the absence of both, Srs2 DNA helnchsthpl kinase. Since
the extended G2 arrestdfihplcells in the presence of CPHigure: 3.1.5: Bindicates a repair
defect when DNA replication forks break, the experiment was tegeaith theAsrs24hhpl
strain. As in the case of the CPT survival test, loss of the B&lisase had very little impact on

the extended G2 arrest afhhplcells Figure: 3.3.3.p
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Figure: 3.3.3.2: The G2 cell cycle arrest of #fighpldsrs2 double mutant. The
indicated strains were synchronised in G2 by lactgeadient centrifugation and
exposed to 40M CPT (camptothecin) at 30°C. Aliquots were withdraevery 20
min and kept in methanol overnight. The percentafgseptated cells, which are a
readout for G1/S cells, was scored (%).

While these findings do not rule out a role of Srs2 DNA helizagbe repair of broken DNA
replication forks, it is evident that loss of Hhpl kinase has a mumhgstr impact on the repair
process compared to the DNA helicase. A role of Srs2 in the bacational repair of broken
replication forks is however supported by a previous publicadfiéf). It is generally assumed
that the recombinational repair of broken replication forks is postpam@&dhe majority of the
genome has been replicated. For example, while loss of the S-pleagpant kinase Cds1l has
little impact on the CPT sensitivity d.pombecells, deletion of thehkl gene has a more
pronounced effect although not as profound as UV or MMS darfiage. This implies that
collapsed forks are repaired once cells have switched from tleeSn{€Cdsl) to the G2-M
(Chk1) checkpoint. This conclusion is in line with the finding tBaterevisiaecells repair
damaged forks once they have completed S-pl¥ask.

What was however unexpected is the effective suppression of theséDBifivity of the
Asrs24hhpl double mutant by the loss of Chkl kinase. Since this implies that k#ddmes
aberrantly active in the absence of the DNA helicase and Hhp1l kthasgenetic link between
Chkl1 and Hhpl was investigated.

3.4. Hhp1l Kinase acts jointly with Chk1 Kinase

To test the requirement of Chk1 kinase for the repair of brokenifotke context of Hhpl
kinase, thehklgene was deleted in tidahplstrain gchkl4hhpl. Loss of Chkl renders cells
sensitive to higher CPT concentratiorsg(ire: 3.4.). The Achkldhhpldouble mutant was as

CPT sensitive as thghhplstrain implying that both kinases act in the same pathway.
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Although the CPT sensitivity of théchkl strain is not as high as the sensitivity of thépl
mutant, an epigenetic relationship is possible since loss of Chkl lsngpeesses the heat
sensitivity of thedhhplstrain Eigure: 3.4.1, Figure: 3.4.2
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Figure: 3.4.1: Drop test for thechk1lAhhplstrain. Serial dilutions of the indicated straivesre spotted onto rich

medium plates containing the indicated CPT (carhgimh) concentrations. Plates were incubated fdays at
30°C.hhpl.HAwild type is used as a positive control.
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Figure: 3.4.2: Testing Hhpl kinase and Chkl1 kin&sep test with the indicated strains on YEA platesitaining
0.005% or 0.01% methyl mathanesulfonate (MMS). plages were incubated at 30°C for 4 days. One Ykep
was incubated at 37°C.

The epigenetic relationship between Chkl and Hhpl may be specific toa€RTdoes not
extend to DNA alkylation damage by methyl-methanesulfonatd$M When cells were treated
with this drug, thedchkl4hhpl double mutant was more sensitive than either of the single
mutants Figure: 3.4.2. The suppression of the heat sensitivity was again observed in this
experiment. This difference suggests that Chk1l and Hhpl cooperate when ogplarés break
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but not when alkylation damage is removed by base excision.r8paie Hhpl acts jointly with
Mus81-Emel under these conditiotsgQre: 3.3.1.1, Figure: 3.3.3,5he link between Chk1
and Hhp1l would place Chk1 also in the Mus81 pathwayufe: 3.4.1, Figure: 3.4.3This is a
novel conclusion as there is so far only one publication linkngombeChkl with the

phosphorylation of the Mus81-Emel compiex8).

Stalled Forks Broken Forks (CPT)

Mus81 Eme1

Mus81 inactivation Mus81 Activation

Figure: 3.4.3: Model for the co-operation of HhpthaChk1l and Cdsl. Hhpl is required for the actrabf the
endonuclease Mus81-Emel when replication forkskbrdpon replication fork arrest (stalled forks),tdinitially
phosphorylates Mus81 to remove it from the nucldlrel recruits Cds1 to stalled forks. When stafi@dks break,
this inhibition may be reversed by a second phospéiion event executed by Hhpl kinase. In thistest) Cdsl
would act as the priming kinase for Hhpl. Howewsider CPT (camptothecin) condition Chkl also phosghtes
Eme1(518)which may explain the genetic link between Hhpd &hk1.

To find out whether Chkl kinase impacts on the repair of broken féck&l cells were
synchronised in G2 and released into rich medium with and witheM 40P T. Loss ofchkl
had no significant impact on the normal G2 arrestcid1 cells delayed progression through the
second G2 phase for approximately 40 mimg(re: 3.4.% as observed for wild type cells
(Figure: 3.1.5: A.
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Figure: 3.4.4: Cell cycle arrest fachkl1strain.4chklcells were synchronised in G2
by lactose gradient centrifugation and released fith medium with or without

40uM camptothecin (CPT). The percentage of septathsl e¢hich are a readout for
G1/S cells, was scored (%).
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Figure: 3.4.5: Cell cycle arrest farchk1lAhhpl strain. 4hhpl cells withoutchkl
(4chkl) were synchronised in G2 by lactose gradient degation and released into
rich medium with or without 4tM camptothecin (CPT). The percentage of septated
cells, which are a readout for G1/S cells, wasest§?0).

The same assay was applied to Albbkl4hhpl double mutant which arrested in G2 for
approximately 80 min before slowly coming out of the arrest thaesmbling the extended arrest
of the4hhplsingle mutant (100 min — 120 midigure: 3.4.5.

Taken together, these observations suggest that Hhpl affectgcteilegulation under these
conditions, whereas Chk1l does not despite its epigentic relationshigiwil. One possible
role of Chkl could be to regulate Cdsl kinase when replication forkk bre@dPT medium
since Cdsl inhibits Mus81 when replication forks stall9). The hand-over between Cdsl and
Chk1 is not well understood but needs to happen when stalled forks caneobbered. Since
Cdsl and Chkl are both activated by Rad3 (ATR) kinastpombe226) and because both
kinases are epistatic witthpl(e.g. loss otdslsuppresses the MMS sensitivity and losshil
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is epistatic in the presence of CPT), darad34hhpl double mutant was constructed and
analysed. Consistent with the close relationship between Hhpl avdotidewn-stream kinases
(Cdsl and Chk1), tHehpldeletion was epistatic with loss@d3 (Figure: 3.4.%.

1 CPT 0.5 CPT 0.25 CPT 37°C 30°C

104105109107 104105106107 104105106107 104105105107 10410510107

10 CPT SCPT 2 CPT 1.5 CPT 30°C

SN I Ahhpl. Arad3

104105106 107 104105106107 104105106107 104105109107 104105106107

Figure: 3.4.6: CPT (Camptothecin) drop assay ferttad3Ahhplstrain. Serial dilutions of the indicated strains
were spotted onto rich medium plates containinginldéecated CPT concentrations. Plates were incubfite4
days at 30°C. One plate was incubated at 37°C.

0.01 MMIS 0.005 MNMIS 37°c 30°C
S R [ jip]. HA.wt
. Y A\hhpl
R LR ] Arad3

S AMlhpl. Arad3
100105106107 104105106107 10104104107 10‘10-‘10" 107
Figure: 3.4.7: MMS drop assay for thead3Ahhpl strain. The indicated strains were applied to Y@Ates

containing 0.005% or 0.01% methyl mathanesulforlit®S). The plates were incubated at 30°C for 4 days
One plate was incubated at 37°C.

To obtain further evidence for a role of Hhpl in the repair of brokds,foells without the

main recombination protein Rad51 were studied. Rad51 is loaded onto 3'-single stranded DNA
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by Rad52 (Rad22 is.pombgwhich also facilitates the invasion of the sister chromatydthb
Rad51-ssDNA nucleoprotein filamen519). Interestingly, Mus81 acts closely with Rad22
(Rad52) in a Rad51-independent manner when DNA replication forks brela& presence of
CPT (520). Based on the previous finding, which placed Hhp1l in the same pathwéys84, it
was anticipated that thérad514hhpl double mutant is more CPT sensitive than Aned51
single mutant. This was indeed the case as showigime: 3.4.8 The double mutant was also
more heat sensitive than thehplstrain.

1CPT 0.5CPT 0.25CPT 370C 30°C

104 10% 10¢ 107 10¢ 10° 10 107 10° 10° 10° 107 10° 10° 10% 107 1¢* 10% 10° 10°
10 CPT s CPT 1 CPT 1.5 CPT

‘ Ahhpl
Arad51
Ahhpl.radsl

10¢ 10% 10f 107 10* 10¢ 10% 10° 104 10° 10% 107 10* 10° 10% 107

Figure: 3.4.8: Hhpl and Rad51 act not in the saf& (Camptothecin) repair pathway. Serial diluti@ighe
indicated strains were spotted onto rich mediunteglaontaining the indicated CPT concentrationasteBlwere
incubated for 4 days at 30°C. One plate was inadbat 37°C.

This is an interesting finding as it implies that the Hhp1-Mus8IADepair function at broken
replication forks requires Rad22 (Rad52) but not Rad51. Since Rad51 forn3s-skBNA
nucleoprotein filament, which acts at the heat of homologous recombiniatveas also tested
whether loss of Ctpl (CTIP in human cells, SaeXSicerevisiag which is crucial for the
resection of a DNA double-stranded break into the 3'-ssDNA Rad51 sulistraté&22) would
also increase the CPT sensitivity of thiepl deletion strain. As shown iRigure: 3.4.9the
Actplahhpldouble mutant was more CPT sensitive than the sifigdel mutant. This increase
in sensitivity extended also to MMS induced DNA damageu(e: 3.4.1)
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Figure: 3.4.9: Ctpl and Hhpl do not act in the s&R& (camptothecin) response pathway. Serial dihstiof
the indicated strains were spotted onto rich medilates containing the indicated CPT concentrati®fates
were incubated for 4 days at 30°C. One plate washated at 37°C.

0.01 MMS 0.005 MMS 30°C

hhpl HA.wt
Alhpl
Actpl
Ahhpl.ctpl

104105106107 10% 105 10€ 107 10* 105 105 107

Figure: 3.4.10: Ctpl and Hhp1 do not act in theess@RT response pathway. The indicated strains amvked
to YEA plates containing 0.005% or 0.01% methyl maeesulfonate (MMS). The plates were incubated&t 3
for 4 days. One plate was incubated at 37°C.

Given that the Ku70-Ku80 heterodimer competes with the end processingesniziye Ctpl for
access to a broken chromoso(fié3s), the genetic link between Hhpl and Ku70 was tested. As
shown inFigure: 3.4.11loss of Ku70 4ku70Q had no impact on the CPT sensitivityAiihpl
cells. The same applied to the MMS sensitivity of t#i@704hhpl double mutantKigure:
3.4.19. The extended G2 arrestifihplcells in the presence of CPT was also not affected by
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loss ofku70(Figure: 3.4.1R Taken together these data imply that an increased acclessken

DNA replication forks in the absence of Ku70 does not affecteapair role of the Hhp1-Mus81
pathway.

B N Akn70

; b A Alhpl:H, Asrs2. Akn70
10°10%10%107 10*10%10%107 10°10%10%107 1010105107

10 CFT = CPT 2CPT 1.2 CPT

o O OLIJINERT

Alhpi:H

7 ©® O e

=2 g O

Alpl:H Asrs2
Alhipl:H Aku70
Alpl:H. Asrs2, AKu70

10910109107 1091010107 10°10%10¢10° 10°1010°10°

Figure: 3.4.11: The DNA binding protein Ku70 doex act in the same CPT (camptothecin) pathway gslHh

kinase. Serial dilutions of the indicated strainsrevspotted onto rich medium plates containingitidécated
CPT concentrations. Plates were incubated for 4 dag0°C. One plate was incubated at 37°C.

MDMS 001 MAMAIAQ00S
hhpl HA.wt

Ahhpl:H

Aku70

Asrs2

Ahhpl:H. Asrs2
Ahhpl:H. Aku70
Ahhpl:H. Asrs2. Aku70

104105106107 10105106107 10°10°10%107 1071010610’

Figure: 3.4.12: The DNA binding protein Ku70 doe#t act in the same CPT pathway as Hhpl kinase. The

indicated strains were applied to YEA plates caritey 0.005% or 0.01% methyl methanesulfonate (MM®3e
plates were incubated at 30°C for 4 days. One plateincubated at 37°C.
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Figure: 3.4.13: Cell cycle G2-delay fahhpJAku70cells.4hhplcells without Ku70
(4ku70 were synchronised in G2 by lactose gradient degttion and released into
rich medium with or without 4éM camptothecin (CPT). The percentage of septated
cells, which are a readout for G1/S cells, waset§?b).

3.5. Hhp1l Kinase acts jointly with Hsk1 (Cdc7) Kinase

S.pombeHskl (Cdc7) kinase belongs to a group of enzymes which is relategclin-
dependent kinase$31). The regulatory subunit of Hskl is Dfbl/Him1l. Expression of Dfbl
peaks at the G1-S transition and the activity of the Hsk1-Dfbl cangplkequired for the onset
of DNA replication by phosphorylating subunits of the replicative MCM2-7 Deichse(532).
The complex exerts also an important activity during DNA ragibn as it is a target of the
intra-S checkpoint kinase Cdsl and maintains the structural intedrigplication structures
(357, 533) The kinase acts jointly with the Swil-Swi3 DNA replication cagmph the response
to MMS damagéb11), and releases the Rad9-Radl1-Husl complex from chromatin at the end of
the DNA damage checkpoint resporisé4). Cdsl and Hskl associate both the scaffold protein
Mrcl which also binds Swil535) Since the Swil-Swi3 dimer recruits Mrcl to stalled DNA
replication forks(516), the Hsk1-Dfbl complex may fine tune the DNA damage checkpoint
response executed by Cdsl and the Rad9-Radl-Husl ring in S-phaseth®cefare no data
linking Hskl kinase to Hhpl or Mus81-Emel. Given the genetic link between Kdsll and
Hhpl Figure: 3.4.3 a temperature sensitive allele of the essetipbmbe hskijene fisk1-
1312 S3141) was used to study the connection to Hhpl kinasehdkiel312allele encodes a

kinase with a serine-to-isoleucine substitution at codon 314 (TCT to &E¥).
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Figure: 3.5.1: Hskl (Cdc7) kinase and Hhpl acthima $ame CPT (camptothecin) response pathway. Serial
dilutions of the indicated strains were spottedoomich medium plates containing the indicated CPT
concentrations. Plates were incubated for 4 dag®dt. One plate was incubated at 37°C.

Even at the semi-permissive temperature of 30%K1-1312cells are highly CPT sensitive
(Figure: 3.5.). Interestingly, loss of Hhpl suppressed the slow growth phenotype ath80°C
not at 37°C. Théisk1-13121hhpldouble mutant grew also better in the presence of low CPT
concentrations. It is however difficult to decide whether thisem®ed CPT resistance is a
consequence of a faster growth of the double mutant or a true increase in resistance.

To distinguish between the two possibilities, an acute CPT &ssparformed. As shown in
Figure: 3.5.2thehsk1-13124hhpldouble mutant was as CPT sensitive ashglel-131Xingle
mutant when cells were exposed tquMDof the topoisomerase 1 inhibitor. This suggests that
Hhpl and Hskl act in the same CPT response pathway. The same iepig@atibnship
extended also to MMS induced DNA damag&(re: 3.5.3.
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Figure: 3.5.2: Hskl kinase and Hhpl are epistadic GPT (camptothecin). Hhpl.HA.wild type\hsk1-
13120hhp1, Ahhpl, andAhsk1-1312yeast strains were cultured in YEA medium overhiah3C@ C. Cells were
harvested and treated with#@ CPT for five hours at 30C. Aliquots of 75ul were collected every hour and
plated on one YEA plate.
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Figure: 3.5.3: Hskl kinase and Hhpl are episfatidMMS (methyl-methanesulfonate). Hhp1l.HA.wild &p

Ahsk1-1312hhp1, Ahhpl, andAhsk1-1312/east strains were cultured in YEA medium overnit80 C. Cells

were harvested and treated with 0.05% MMS for threers at 30°C. Aliquots of 75ul were collected every
hour and plated on one YEA plate.
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Figure: 3.5.4: G2 arrest of thesk1-13121hhplstrain. Cells were synchronised in
G2 by lactose gradient centrifugation and releastedrich medium with or without
40uM camptothecin (CPT). The percentage of septathsl eghich are a readout for
G1/S cells, was scored (%).

The hsk1-13124hhpl1 double mutant was also synchronised in G2 and released into medium
containing 4@M CPT. Interestingly a reduction in Hskl activity at the sparmissive
temperature of 30°C in the absence of Hhpl kinabdl) extended the G2 arrest ohhpl
cells by approximately one houfFigure: 3.5.4 This implies a more complex genetic
relationship between the two kinases as they are epistatidPforsGrvival but not for the cell
cycle arrest. The extended G2 arrest inhlel-13121hhpldouble mutant may be caused by an
increased deficiency in the repair of broken forks or it could be a problem witgrthi@ation of
the checkpoint signal at the end of repair as Hskl is requiredntoveethe Rad9-Radl-Husl
complex from the chromatifv34). It is noteworthy that a similar extended G2 arrest was evident
in theamrcl4hhpldouble mutantKigure: 3.5.5andFigure: 3.4.3 Given that Hsk1l associates
with Mrcl (535), and phosphorylates Cd§357), this places the Hsk1-Dfbl complex in the CPT
response pathway which may be required to prime the Mus81l-Emel gorgplethe
phosphorylation by HhpIF(gure: 3.5.8.

This conclusion is supported by the epistatic relationship betwedn &t Hhpl in the
presence of CPT induced DNA damagey(ire: 3.5.7.
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Figure: 3.5.5: Cell cycle delay afmrclAhhpl cells. 4hhpl cells without Mrcl
(amrcl) were synchronised in G2 by lactose gradient degtation and released
into rich medium with or without 40M camptothecin (CPT). The percentage of
septated cells, which are a readout for G1/S oglis, scored (%).

Stalled Forks Broken Forks (CPT)

Mus81 inactivation Mus81 Activation

Intra-S G2 checkpoint

Figure: 3.5.6: Model of the roles of Hhpl (CK1)the regulation of Mus81-Emel. Hhpl is required tfoe
activation of the endonuclease Mus81-Emel whencagfin forks break. Upon replication fork arrestafled
forks), Cds1 initially phosphorylates Mus81 to remat from the nucleus. Mrcl recruits Cdsl to salforks.
When stalled forks break, this inhibition may beeamsed by a second phosphorylation event execuytdthpl
kinase. In this context, Cds1 would act as the mgnkinase for Hhpl. Hsk1 kinase, which binds tchl] may
switch the activity of Cds1 from its intra-S modeits G2 mode. This may be important to reversedrthiition
of the Mus81-Emel complex.
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Figure: 3.5.7: Swil (Timeless) and Hhpl act in slaene CPT (camptothecin) pathway. Serial dilutiohshe

indicated strains were spotted onto rich mediuntepl@ontaining the indicated CPT concentrationateBlwere
incubated for 4 days at 30°C.

In summary these findings support a role of Hhpl kinase in the tiegutd the Mus81-
Emel structure specific endonuclease when DNA replication fork& lomgan their collision
with the immobilised topoisomerase 1 enzyme (CPT induced). Sincesplagr response is
postponed till cells exit S-phas234), and coincides with the activation of Chk1 kindse5). It
is quite possible that the Mrc1-Cds1-Hsk1-Swil complex at theagleanfork is involved in
switching the response from the intra-S (Cdsl-dependent) to the I&A-{ependent) DNA
damage checkpointF{gure: 3.5.9. How this transition is initiated is not yet known. One
important outcome of this change is the activation of the Mus81tEendonuclease which is
needed for the repair of collapsed forks but inactivated by Cdsl 536) This switch could be
triggered by the appearance of a DNA break at a stalledafutkhe subsequent recruitment of
DNA repair and DNA damage checkpoint proteins, or it could be dependettieoryclin-
dependent kinase Cdc2 which switches the repair response to broken chrosnfseomion-
Homologous End Joining (NHEJ) to Homologous Recombination (HR) whenpaads from G1
to G2 (537) The possible role of the cell cycle regulator Cdc2 will bewtised in the next

chapter.
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Gene Gene product Impact on CPT | Impacton G2 arrest of
b Sensitivity of Ahhpl | 4hhplin CPT medium
hsk1 Serine Protein Kinase epistatic Extended by 60 min
Atell Serlne/Threomne Protein Kinase, ATM Not epistatic Extended by 60 min
Checkpoint Kinase
Serine/Threonine Protein Kinase, o . .
Acdsl Replication Checkpoint Kinase epistatic Like A#hhp1(140 min)
Asrs2 ATR-dependent DNA helicase epistatic Like 4hhp1(120 min)
Crossover junction endonuclease MusB1, S
Amus81 . . . . epistatic -
Holliday junction resolvase subunit
Amus7 DNA repair protein epistatic -
Amrcl Mediator of replication checkpoint protein L eplit Extended by 40 min
Achkl Serine/Threonine Protein Kinase epistatic Extended by 20 min
Jrad3 Serine/Threonine Protein Kinase, ATR epistatic i
Checkpoint Kinase P
Jrad51 DNA repair protein RAD51, RecA family Not epistatic i
recombinase Rad51
Double-strand break repair protein ctpl, S )
Actpl CtIP-related endonuclease Not epistatic
ATP-dependent DNA helicase Il subunit |1, S . ;
Aku70 Ku domain protein Pku70 epistatic Like #hhp1(120 min)
Transcription regulatory protein  Swil,
Aswil replication fork protection complex subunit  Not epistatic -
swil

Table: 3.5.1: Summary table Chapter 3. Activiti€$lbpl kinase has tested with other cell proteting,aim was
to investigated how those proteins cooperated Whp1l kinase when DNA replication forks broken asponse
to introduced CPT (camptothecin) to cells. As reth# kinase is in epistatic interaction with sopmeteins (i.e.
hskl, cdsl, srs2, mus81, mus7, rad3, and ku70dted not (i.e. tell, rad51 ctpl, and swil).
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Chapter 4: A novel Role of Crb2 in the regulation of
DNA Repair at broken Replication Forks

Some sections of this Chapter were published, see appendix 2

Salah Adam Mahyous Saeyd, Katarzyna Ewer-Krzemieniewska,nBbyi, and Thomas
Caspari. (2014). Hyperactive Cdc2 kinase interferes with the response to brokeatiogplorks
by trappingS.pombeCrb2 in its mitotic T215 phosphorylated statucleic Acids Research,
(42): 7734-T747.

Chapter Summary

The phosphorylation of Crb2 (53BP1) at threonine 215 by Cdc2 in mitosikneas for
several years to be important for the coordination of the DNA damegponse. The results
summarised in this chapter strongly support a new role for tNi& Binding protein and its
T215 modification. The premature accumulation of Cdc2 activityddc®.1wmutant (G146D),
which is insensitive to Weel inhibition, results in an extended G&tamtegen DNA replication
forks break in the presence of the topoisomerase 1 inhibitor campto(i@®i). Since the
mutation of T215 to an alanine residue abolishes this arrest, ittisdlgied that the hyperactive
Cdc2 kinase prolongs the mitotic T215 phosphorylation well into the redktcgcle. The
abrrantly modified Crb2 protein may then block the activation of the entb@secMus81-Emel
thereby delaying the repair of broken forks. As it has beparted that the full activation of
Mus81-Emel depends on Srs2 DNA helicase, Cdc2 and Chk1 kinase, theimethigtEhapter
support the idea that Crb2 has to be removed when Mus81-Emel cannovéteaddy Srs2.
Interestingly, loss of Crb2 abolishes also the extended G2 afr€PT-treatechhpl deletion
cells which is consistent with the results reported in Chapteik8.Srs2, Hhpl is important to
activate Mus81-Emel probably phosphorylation Emel. The inability to pelnisrmbdification
may prolong the CPT-induced G2 arrest since the endonucleasefidly active. The deletion
of hhplis epistatic with the deletion afs2 the deletion othkland thecdc2.1lwmutation. In
summary, the results support the conclusion that Cdc2, Srs2, Chkl and Hhgdukte the
activity of Mus81-Emel in a Crb2-dependent manner. Since Crb2 biretslylito chromatin it
may shield broken forks from Mus81-Emel in the absence of Srgéthpt, or when Cdc2
activity is aberrantly high.
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4.1. Introduction

Work over recent years established an important role of Cyclimadepékinases (CDKSs) in
the regulation of the DNA damage response (DDR)7, 198, 199) Early experiments in
S.pombeaevealed a role of cyclin B in homologous recombination (HR}) which was later
confirmed by findings inS.cerevisiaeshowing that Cdc28 (Cdc2, CDK1) kinase activity is
important for the conversion of double-stranded DNA breaks in 3'-singledstd DNA at the
start of HR(197). The temporal regulation of HR by CDK1-Cyclin B restricts fmocess to late
S-phase and G2-phase when the sister chromatid is availabledor teterestingly, the second
break repair pathway, Non-homologous End Joining (NHEJ), is active tioouthe cell cycle
in higher eukaryotic cells, but down-regulated when yeast celts thasugh G2-phasg.99).
The choice of the repair pathway is governed by the competitiainigi of the Ku heterodimer
(Ku70-Ku80) and the Rad50-Mrel1-Nbsl (MRN) compla&3). Work in S.cerevisiasshowed
that end resection is a two-step process where initially leetv® and 200 base pairs are
removed by the MRN complex in association with the endonuclease(Sgel2 CtIP)(521).
The second step is the extensive resection of up to several kilddyaSgenuclease 1 (Exol) or
the DNA helicase complex Sgs1-Top3-Rmil (STR) jointly with thelease DNA2204, 521)
Inactive Sae2 forms large oligomeric structures, which are cmavénto active Sae2 dimers
upon its phosphorylation at serine-267 by Cdc28 kinasé) The inability to phosphorylate
Sae2 leads to a high camptothecin (CPT) sensitivity and faulty &M processing. The Ku
heterodimer has a low affinity for single-stranded DNA andermmaved by the endonuclease
activity of Mrell in the MRN complex to give Sae2 access tdtbken chromosomé&s24).
The second important execution point for Cdc28 kinase is the phosphorgiaboa2 nuclease,
which causes its relocalisation from the cytoplasm to the nucleb&52(524). In human cells,
CDK promotes DSB end resection through the phosphorylation of NB&ie INRN complex
and the Sae2 related protein Cti25).
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Figure: 4.1.1: CDK1 regulation of Sae2 and DNA2 #cerevisiae CDK1
phosphorylates the nucleases Sae2 and DNA2 to peodsDNA coated by RPA
(green circles) at the break site. RPA is thenasgd by Rad51(red circles) to initiate
homologous recombination.

CDK1 may regulate Sae2 and DNA23icerevisiaeCDK1 phosphorylates the nucleases Sae2
and DNAZ2 to produce ssDNA coated by RPA (green circle)eabreak siteHigure: 4.1.).
RPA is then replaced by Rad51(red circles) to initiate homologamesnignation(529, 530)
The cell cycle regulation of DNA end resection is achievedshgatly different way in fission
yeast. The Sae?2 related protein Ctpl is controlled at its ggmession level rather than by
direct Cdc2 phosphorylation as its transcription peaks during the @Ii§ition(315). A key
role in this regulatory process is dependent on the Cdc2 dependent phosipinoofiahe
scaffold protein Crb2 (53BP1). Crb2 is phosphorylated by Cdc2-cydintBreonine-215 when
cells pass through mitosig&15, 289)which is important to promote HR in S/G2 and to sustain
the activated Chkl dependent checkpoint sighaB, 215)(Figure: 4.1.3. The threonine-125
together with a second Cdc2 phosphorylation event at threonine-235 pribv2doCra third
Cdc2 phosphorylation at the non-canonical site threonine-187. This enablasdified Crb2
protein to assemble with the DNA replication and checkpoint faciodRTopBP1)290). The
Crb2-Rad4 complex recruits then the DNA damage checkpoint kinase (Ehkl While the
initial modification at T215 occurs in mitosis at the peak of Cdal2ityB activity, this
modification declines when cells progress through S phase. Thentatyebe important to allow
binding of the G2 DNA damage kinase Chkl. Independently of these phospbargeaénts,
Crb2 can bind directly to DNA. Its tudor domain recognises K20-methylated histbaadHts
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BRCT domains bind to phosphorylated histone H2ZAG, 218).This regulatory network is
conserved in human cells as the Crb2 related protein 53BP1 is asgeadf CDK1 (Cdc2)
kinase(214). Consistent with the earlier finding that a mutation in cycliaffects a late step in
HR (230), S.pombeCdc2 was recently shown to phosphorylate Emel which associttehev
structure-specific endonuclease Mus81 to resolve late recombinatiermediates in the
absence of the DNA helicase Rghl (BLM).5).

Mitosis G1/S G2 Mitosis

|

T215 e T215

Tudors I BRCTs [ IChklI. Tudors I BRCTs

Figure: 4.1.2: Cdc2-dependent regulation of Crbth2Chas one tutor domain and two C-terminal BRIOmains.
Phosphorylation of threonine-215 during mitosisthg Cdc2-cyclin B complex primes Crb2 for its Glidtes.

Dephosphorylation of T215 during the S phase maynigortant to promote binding of the G2 DNA checkyo
kinase Chk1.

In human cells, 53BP1 (Crb2) loads Rifl onto broken DNA in G1 to block eectices
This step is later antagonised in S/G2 by BRCA1 in co-operatitmQ@tlP (CtP1, Sae2)05,
209, 211) While 53BP1 prevents end resection in G1-phase, it is requirgdigqurocess in G2
in collaboration with BRCAX212, 213) It seems that human 53BP1 acts as a switch between
NHEJ in G1 and HR in G2Fgure: 4.1.3 Human BRCAL is modified by CDK1 (Cdc2) at
serine-1497, serine-1189 and serine-S1191 which is important for theSiddA damage
checkpoint responsg&27) BRCA2, which loads the recombination protein Rad51 onto single-
stranded DNA is also modified by human CDKs at serine-3291, but thd#ication peaks in
mitosis to block the BRCA2-Rad51 interactiagh27). During S-phase, the human Mrell
subunit, which is part of the MRN (Mrell- Rad50-Nbs1) complexuitsc CDK2-Cyclin A to
broken chromosomes to facilitate the formation of a complex betwedBABRand the
endonuclease CtIP (Ctpl, Sae2) to promote end resézfisn209).
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M/G1 | G2
T21® l‘l"215
- —— N e W - J, m .
l HR

Figure: 4.1.3: Crb2 associated with Cdc2 to guidéADrepair. Cdc2 phosphorylated Crb2 at G1-phase thied
phosphorylation is continued in G2-phase and résulse HR instead NHE215, 198)

In summary, CDK phosphorylation events control the balance betwekd &l HR at the
level of end resection by promoting or preventing the recruitménsae2 (Ctpl, CtIP)
endonuclease to the break. The MRN complex and the scaffold protdAs(%3BP1) and
BRCAL do play key roles in this regulation. CDK enzymes affdgtatso at a later step when
recombination intermediates are processed by DNA Rghl (BLM) bBélisase or the structure-
specific endonuclease Mus81-Emel. A third execution point appears tarbesis when HR
proteins like BRCAZ2 are inactivated.

This chapter summarises the work on a hyperactie2allele ¢dc2.1wwee2-) in S. pombe
which renders cells specifically sensitive CPT. Tdgkc2.1w mutant strain enters mitosis
prematurely due to a dominant mutation in the vicinity of its Aliling site (G146D)222.
This glycine-to-aspartate mutations renders Cdc2.1w kin&sgensitivity to inhibition by Weel
kinase(222, 223) Interestingly, loss ofveelresults in a much wider DNA damage sensitivity
profile than thecdc2.1w mutation (224, 226)although both mutant strains enter mitosis
prematurely. This implies that the dominant G146D mutation in Cdc2 festsafspecifically the
DNA damage response when DNA replication forks collide with imns#all topoisomerase 1
and break.

4.2. A hyper-active Cdc2.1w Kinase enhances the Camptothecin Sensitivity

Why the G146D mutation close to the ATP binding site of Céogu(e:4.2.) renders the
kinase insensitivity to Weel inhibition is not yet clear. To thetDNA sensitivity profile of
cdc2.1lwand4weeldeletion strains, a drop test was performed.

As shown irFigure:4.2.3, Figure:4.2.4, Figure:4.2.5, Figure:4.2.6, Figure:4.2.7, Figure:4.2.8,

Aweelcells have a much wider DNA damage sensitivity spectrumdtie? 1wcells despite the
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fact that both mutants enter mitosis prematutéiy4, 225, 226)Cells without Weel are also
temperature sensitive. Hyper-activation of Cdc2 by the G146D mntaffects the response to
CPT suggesting a role of the kinase in the repair of brokercaéiph forks. To test whether
Cdc2 and Weel act in the same DNA damage response pathwiayged cdc2.1wdouble
mutant was tested. The data showrrigure:4.2.5and Figure:4.2.7imply that both kinases act
in the same pathway for CPT and MMS induced DNA lesions. Todutdwhether the CPT
sensitivity of cdc2.1w cells is a direct consequence of the enhanced Cdc2 actiwityhw
accumulates prematurely in early G215), a drop test on CPT plates was performed with a
cdc2.1w cdc25.28ouble mutant. The point mutation in Cdc25 phosphatase, which removes the
inhibitory Y15 phosphorylation from Cdc2 is expected to lower the impla€idc2.1w activity
by prolonging G2221) Indeed, the double mutant was CPT resistant compared tol¢Belw
single mutant Kigure: 4.2.9 which supports the conclusion that the premature activation of
Cdc2 impairs the repair of broken replication forks. As reported preyigusil) thecdc2.1w
cdc25.22double mutant was less temperature sensitive because theabtiper€dc2.1w kinase
partly overcomes the low Cdc25 phosphatase activity. Given thatvagtisut Hhpl kinase
suffer from a defective response to broken replication fosks ( Chapter)3 the genetic
relationship between Weel and Cdc2.1w and Ckl was explored. Repeatguisatibecnoss the
deletion ofhhplwith the deletion ofveelfailed to produce the correct strain which suggests
that loss of both kinases may be a lethal event. To circumvenpitbidem, theweel-50
temperature sensitive loss-of-function allele was used. Evére aemi-permissive temperature
of 30°C, weel-50cells are MMS and ionising radiation sensitiies4, 538) As shown in
Figures: 4.2.5andFigures: 4.2.7thedhhpl weel-5Gtrain was as CPT and MMS sensitive as
the4hhplsingle mutant which places both kinases in the same pathw#yh@l cdc2.1vstrain
was also constructed and testéay(res: 4.2.9 consistent with the earlier finding that Cdc2.1w
and Weel act in the same pathway,Ahépl cdc2.1lwdouble mutant was as (CPT and MMS)
sensitive as théghhplsingle mutant Eigures: 4.2.10, Figures: 4.2)11

These observations place Hhpl kinase firmly together with the cell cyalatoeg Weel and
Cdc2 in the same DNA damage response pathway. Since Hhpl idasisly tinked with the
Mus81-Emel complexChapter J, it is very likely that Weel and/or Cdc2 regulate this
endonuclease. This conclusion is supported by the physical associatdeeafand Mus81 in

human cell$539), and by the requirement of Cdc2 for the phosphorylation of Emel when
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fission yeast cells progress through G25) (Figures: 4.2.2. Whether Cdc2 and Weel target the
Mus81-Emel endonuclease directly or indirectly via Hhpl and/or Chk1 kinase is not yet known.

To get an insight into this, total extracts were prepared fropLHiA cells and Hhpl-HA
cdc2.1wcells either from untreated cultures or cultures treatéd 40uM CPT for 4 hours. All
extracts were then subjected to isolectric focusing on a lipdagradient from 3 to 10. As
shown inFigure: 4.2.12 two spots with distinct isoelectric points were present in ueilea
Hhpl-HA extracts. In contrast to the earlier experiments shovinapter 3 the three alkaline
Hhpl forms closer to the negative end of the strip did not sepagtitasmhey merged into one
signal. Elevated Cdc2 activitylipl-HA cdc2.1)vled to an increase in the more acidic form
(number 2 inFigure: 4.2.1p which suggests that the post-translational modification pattern of
Hhpl kinase changes when Cdc2 activity increases. Interestinggygment of thehhpl-HA
cdc2.1wstrain with CPT resulted in the appearance of hyper-modifiedsfevhich had a more
negative isoelectric point running closer to the positive end of tige (Sigure: 4.2.1». This
indicates that Hhp1l is aberrantly modified when cells with high2Cactivity experience CPT
damage. This also suggests that Cdc2 may directly target Hhpl.

CDK2 G139 (human)

G 146D (S. pombe)
Cdc2.1w

g
"y k
r

Figure: 4.2.1: Cdc2.1w kinase is mutated at glycidé (G146D). The
aspartate mutation affects a loop at the entramd¢bet ATP binding site.
The inhibitory tyrosine 15 (Y15) phosphorylatiotesis indicated in blue.
Weel and Mik1l kinase phosphorylate Y15 in fissieast CDK1 (Cdc2).
The closely related structure of the human CDKZ2iny& complex (PDB
ID:1FIN (253) has been visualised using the Polyview 3D program
(adopted from my papé272).
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Stalled Forks Broken Forks (CPT)

Mus81 inactivation MusB81 Activation

Intra-S G2 checkp oint

G2 Phosphorvlation of Emel

Figure: 4.2.2: The genetic linkage between WeelglCahd Hhpl could be explained by the regulatiorihef
Mus81-Emel endonuclease. While the endonucleasexe¢tuded from the nucleus in S phase upon its
phosphorylation by Cds1, its activity is required the repair of broken replication forks in G2.

3mM HU 37 °C
hhpl HAwt

Aweel
cde2. Iw

107109105104 10710510°10* 10710510% 104
0.008% NMNMS 1pM4NQO  10uM CPT
® hhpl HA.wt
Aweel
cdc2. Iw

5 7 6 5 4
1071010510410710°10%10¢ 10710°10°10
Figure: 4.2.3: cdc2.1w cells are mainly CPT sewsitSerial dilutions of the indicated strains wdreped on rich
medium plates with or without drugs. All platescept one, were incubated at 30°C for 4 days. Oate plithout a
drug was incubated at 37°C to test for temperagerssitivity. CPT (camptothecin), HU (hydroxyuredNQO (4-
nitroquinoline oxide), MMS (methyl methanesulfonate
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12uM CPT i & 30 °C

53 ihpl. HA.wt
cde2y.22

cdec2. Iw
cde25.22.cdc2. Iw

- 4 :
10710610510 10710610°10* 1071061010
Figure: 4.2.4: A reduction in Cdc2.1w activity bylacrease of Cdc25 phosphatase activatdn25.22) suppresses
the CPT (camptothecin) sensitivity. Serial dilusoof the indicated strains were droped on rich oredplates with
or without drugs. All plates, except one, were lmatied at 30°C for 4 days. One plate without a dvag incubated
at 37°C to test for temperature sensitivity.

CPT 1nM CPT 0.5uM  CPT 0.25pM 37eC joeC

Ihp 1. HA.wt
Ahhpl

Aweel

cde. Iw
Aweel.cde. Iw

. : & & Ahlipl.Aweel. 50
10*10°10°107 10*10°10°107 10%10°10°107 10%10°10°107 10%10° 10° 107
CPT 10pM CPT SpM CPT 2pM CPT 1.5nM 300
Ihp1. HA.wt
Alp1

Aweel

cde2. Iw
Aweel.cde2. Iw

SN N Alhpl.Aweel. 50
10*10° 10 107 10410° 10° 10 ' ; 10410° 105 107

Figure: 4.2.5: Weel and Hhpl act in the same CRimgtothecin) response pathway. Serial dilutionghef
indicated strains were droped on rich medium platigis or without drugs. All plates, except one, a@ncubated at
30°C for 4 days. One plate without a drug was iated at 37°C to test for temperature sensitivity.
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Figure: 4.2.6: Weel and Hhpl act in the same CRimgtothecin) response pathway. The indicated \stesh
cells were cultured in YEA medium overnight af 80 Cells were harvested and treated withMCPT for five
hours at 30C. Aliquots of 75ul were collected every hour and the surviving osds were scored after plating
on YEA plates.

MNMS 0.01%  NMMS 0.005% 37 C 30°C

hhpl. HA.wt
Ahhpl

Aweel

cdc2. Iw
Aweel.cdc2. Iw
Althpl.Aweel.50

10°10° 105107 10%10°10° 107 10410°10°107 10*10°10° 107
Figure: 4.2.7: Weel and Hhp1 act in the same MMParse pathway. Serial dilutions of the indicatieaiss were

droped on rich medium plates with or without drugj.plates, except one, were incubated at 30°C4fdays. One
plate without a drug was incubated at 37°C toftastemperature sensitivity. MMS (methyl-methaneunite).
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MMS
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Figure: 4.2.8: Weel and Hhpl act in the same MKh8tljyl-methanesulfonate) response pathway. The
indicated yeast strain cells were cultured in YE&dmm overnight at 30C. Cells were harvested and
treated with 0.05% MMS three hours at %80 Aliquots of 75ul were collected at the indicated time points
and the surviving colonies were scored after piatin YEA plates.

CPT 1.5nM CPT 1nhI 370 30°C

Ihpl. FAn
Alhip 1
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10410° 105 107 10410° 10% 107  10%10° 10% 107 107 10° 10° 107

CPT 10puM CPT SuM
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cilel5.22

cile25.22.0dc2, hy
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Figure: 4.2.9: Cdc2.1w and Hhpl act in the same QRimptothecin) response pathway. Serial dilutiohshe

indicated strains were droped on rich medium plaiiés or without drugs. All plates, except one, émcubated at
30°C for 4 days. One plate without a drug was iatet at 37°C to test for temperature sensitivity.
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CPT
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Figure: 4.2.10: Cdc2.1w and Hhpl act in the sam& @amptothecin) response pathway. The indicatedtye
strain cells were cultured in YEA medium overnight3G C. Cells were harvested and treated withMGCPT
for five hours at 30C. Aliquots of 75ul were collected every hour and the surviving c@erwere scored after
plating on YEA plates.

MMS0.01%  MMS 0.005% 37°C 30°C

™ Aihpl.cde2 1w

YW W ) cdc25.22
RN Y cdc25.22. cdel. Iw

10°10°10520"  10°10° 105107 10°10° 105107  10%10° 10° 107

Figure: 4.2.11: Cdc2.1w has no impact on the matisthanesulfonate (MMS) sensitivity of cells withddhpl.
Serial dilutions of the indicated strains were @@@n rich medium plates with or without drugs. plthtes, except
one, were incubated at 30°C for 4 days. One platieowt a drug was incubated at 37°C to test forpemture
sensitivity. Elevated Cdc2.1w activity improveswth of 4hhpZlcells at 37°C.
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ph3 (+) pI ph10 (-)
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~ wa 1hipl. HA.wt
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- - Lihpl HAwt (+CPT)
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Figure: 4.2.12: Aberrant modification of Hhpl kipaat elevaled Cdc2 levels. Total protein extrac&sewfirst
separated on a linear pH3-10 strip before beingreegd by size (proteins visualised by using airtAtantibody)
on a 10% SDS PAGE (Westerb blot). Spot 1 is a coailiin of three Hhpl forms which merged into orgnal.
The intensity of the more negative (acidic) sighdhcreases ircdc2.1wcells and more negative forms of Hhpl
appear whehhpl-HA cdc2.1veells were treated with 40M CPT (camptothecin) at 3 for 4 hours.

4.3. Elevated Cdc2 Activity Prolongs the G2 Arrest when Replication Forks Break

Since loss of Hhpl kinase prolongs the G2 arrest when DNA repfidatks break Eigure:
3.1.5.B, the duration of the G2 arrest was measured in wild thpp1-HA, 4chkl, cdc2.1w
cdc25.22andcdc2.1w cdc25.28trains. Wild type cells arrest only briefly for 20-40 mirthe
second G2 phase in the presence of 40uM GRjule: 4.3.). The arrest happens in the second
G2 phase since CPT acts only in S-phase and cells won't expeibiicdreaks before they
passed through the first round of DNA replication. Deletion of Chkadanwhich is activated
by CPT treatment193) abolishes this transient arredtiqure: 4.3.2. Unexpectedly, the
premature rise in Cdc2 activity in tleec2.1wstrain resulted in a prolonged G2 arrest for up to
100 min despite the early onset of mitosis in untreated ¢etlsre: 4.3.3. This prolonged arrest
resembles the extended G2 delaybhplcells (100-120 min)Higure: 3.1.5.B and suggests
that broken forks are either not efficiently repaired or thatathest signal cannot be inactivated
in the presence of elevated Cdc2 activity. This defect wasupprassed by the point mutation
in cdc25 as thecdc2.1w cdc25.23train retained the prolonged arrest of due2.1wsingle
mutant Eigure: 4.3.4. The mutation ircdc250n its own had little impact on the short G2 delay
of 20 min in the presence of CPT although the unperturbed cell cycle was delayedsiz0
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in untreated cells as expected from cells with a reduction ira¢hieating activity of Cdc25

phosphatase~{gure: 4.3.%.

Cell Cycle Arrest

—o—hhp1.HA.wt

=#—hhpl.HA.wt+cpt
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Figure: 4.3.1: CPT-induced (Camptothecin-induce@)&rest in wild type cells. Wild
type cells fhpl.HA.w} only briefly delay in the second G2 in the presef CPT.
Wild type cells were synchronised in G2 by lactgsadient centrifugation and released
into rich medium with or without 40M CPT at 3°C. Samples were withdrawn at the
indicated time points and the percentage of sept@te-S cells were scored. Cells were
fixed in methanol and stained with DAPI (DNA) araladfluor (septum).
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Figure: 4.3.2:Achkl cells and DNA replication. Herschkl cells cultured with and
without 4QuM CPT (camptothecin). Treated cells had G2 delaygfmty minutes at
the second peak which is response to replicatidndollapse.
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Figure: 4.3.3: High Cdc2 activity results in anended G2 arrest in the presence of
CPT.cdc2.1wcells were synchronised in G2 by lactose gradientrifugation and
released into rich medium with or without # CPT (camptothecin) at 3fC.
Samples were withdrawn at the indicated time paanid the percentage of septated
G1-S cells were scored. Cells were fixed in methand stained with DAPI (DNA)
and calcofluor (septum).
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Figure: 4.3.4: A reduction in Cdc25 phosphataseviactdoes not abolish the
extended G2 arrest icdc2.1wcells. cdc25.22cdc2.1wcells were synchronised in
G2 by lactose gradient centrifugation and releastgdrich medium with or without
40uM CPT (camptothecin) at 3. Samples were withdrawn at the indicated time
points and the percentage of septated G1-S cells seored. Cells were fixed in
methanol and stained with DAPI (DNA) and calcoflseptum).
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Figure: 4.3.5: The mutation in Cdc25 phosphatase litee impact on the CPT-
induced G2 arrest, but cells delay progressionutincthe unperturbed cell cycle
cdc25.22cells were synchronised in G2 by lactose gradmsitrifugation and
released into rich medium with or without #@ CPT (camptothecin) at 3fC.
Samples were withdrawn at the indicated time paanis the percentage of septated
G1-S cells were scored. Cells were fixed in methand stained with DAPI (DNA)
and calcofluor (septum).

4.4. Cdsl and Chkl influence both the G2 arrest iodc2.1w cells

The extended G2 arrest gdc2.1wcells suggests that damaged replication forks are not
efficiently repaired which would cause a prolonged DNA damagekpbet signal. To test
whether Chkl or Cdsl are required for this arrest, both kinase geresither individually
deleted incdc2.1wcells ¢chkl cdc2.1wAdcdsl cdc2.1yvor simultaneously removedi¢dsl
Achkl cdc2.1yv Interestingly only the deletion of both kinases at the same @ibolished the
extended G2 arrest which suggests that both kinases are redquieck(4.3.3, Figure: 4.4.1,
Figure: 4.4.2, Figure: 4.4.3It is well established that Chk1 acts in G2 after the @@t point
of Cdsl in S(285, 540)which is normally explained by the appearance of DNA damagjein
absence of Cdsl which then activates CHKI6). It is therefore possible that elevated Cdc2
activity triggers a problem at DNA replication forks which idijisactivates Cdsl1 and is then
transferred to Chk1l if Cds1 is absent.

In summary, these experiments support the idea that the premeturaulation of Cdc2
activity early in the cell cycle interfers with the respots broken DNA replication forks in the
presence of the topoisomerase 1 inhibitor camptothcin (CPT). Thiergigbe sequential

activation of Cds1 and Chk1 resulting in a prolonged G2 arrest.
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Figure: 4.4.1: Deletion athkldoes not reduce the G2 arrestdt2.1wcells.4chkl
cdc2.1w cells were synchronised in G2 by lactose gradigsmntrifugation and
released into rich medium with or without # CPT (camptothecin) at 3C.
Samples were withdrawn at the indicated time pcamd the percentage of septated
G1-S cells were scored. Cells were fixed in methand stained with DAPI (DNA)
and calcofluor (septum).
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Figure: 4.4.2: Deletion afds1does not reduce the G2 arrestit2.1wcells.4cdsl
cdc2.1w cells were synchronised in G2 by lactose gradigtrifugation and
released into rich medium with or without @ CPT (camptothecin) at 3TC.
Samples were withdrawn at the indicated time paoamis the percentage of septated
G1-S cells were scored. Cells were fixed in methand stained with DAPI (DNA)
and calcofluor (septum).
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Cell Cycle Arrest
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Figure: 4.4.3: Deletion of botlthklandcdsl, abolishes the G2 arrest aalc2.1w
cells. 4chkl 4cdsl cdc2.1wcells were synchronised in G2 by lactose gradient
centrifugation and released into rich medium with without 4QuM CPT
(camptothecin) at 36C. Samples were withdrawn at the indicated timengsoand
the percentage of septated G1-S cells were sc@adts were fixed in methanol and
stained with DAPI (DNA) and calcofluor (septum).

4.5. Cdc2 targets the DNA Binding Protein Crb2 at Threonine-215 toegulate Cds1 and
Chk1l

To find a requirement of Cds1 for the extended G2 arresicid 1wcells Figure: 4.4.3 was
a surprise as Cdsl is normally only activated when replicatiés &tall(237). Given that Cdc2
phosphorylates the DNA binding protein Crb2 (53BP1) at threonine-215 (T21%) and since
Crb2 associates with ChK270), the requirement of Crb2 and the T215 phosphorylation for the

extended G2 arrest gdc2.1wcells was tested.

40 puN CPT 40 pM CPT Figure 4.5.1: Fluorescence
time=0 hour time=4 hours time=0 hour time=4 hours microscope  screening S.pombe

strains The indicated strains were
cultured in YEA medium overnight
at 30°C. Cells were harvested and

Cdc2.1w Hhpl. H.A wt treated with 40M CPT
(camptothecin) or left untreated for

40 uh CPT 40 uM CPT four hours at 30°C. Cells were
fime=0 hour time=4 hours Sifse=0ROME" tI Loy NUOXS fixed in methanol, and the DNA

and thecell wall were stain using
Hoechst and calcofluor respectively
(adopted from my pap€R72)).

Cdc2.1w. A crb2 CdcZ. dw. A chKkl
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The cdc2.1w4dcrb?2 strain had a very small and heterogeneous cell size laseogtred mitosis
early Figure: 4.5.). Since this made it very difficult to synchronise cells, thgnesronous
cdc2.1wAcrb2 strain was incubated in rich medium with 40uM CPT for 5 hours togetitier
hhpl-HAwild type cells, thecdc2.1wstrain and the double mutaodic2.1w4chkl Every hour
samples were taken, fixed and strained with Hoechst (DNA) alwmbftuor (new septum) to
examine the cells under the microscope. As showfignire: 4.5.]1 loss ofcrb2 prevented
elongation of the cells after they have been exposed to the topaseniemhibitor CPT for 5
hours. Cell elongation, which was evident for the other three straidsaies checkpoint
activation and a G2 arregt26). Consistent with the absence of a G2 arrest, the septation index
of thecdc2.1w4crb2 strain did not drop while thedc2.1wandcdc2.1wdchkl strains showed a
clear declineKigure: 4.5.%.
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Figure: 4.5.2: Loss of Crb2 abolishes the exter@2darrest ircdc2.1wcells. The indicated strains were exposed to
40uM CPT (camptothecin) at 3 for 5 hours. Samples were withdrawn every haxed in methanol and stained
with Hoechst and calcofluor. The percentage ofaeptcells is shown. A drop in the number of septatells
indicated a G2 arrest. Cells from the 4 hour tirmmpare shown ifrigure 4.5.1

Wild type cells showed only a modest drop at the 2-hour time poirgistent with the 20-40

min delay when cells are synchronised. The requirement of CriiBdaxtended G2 delay was
very unexpected since loss of Chkl had not the same impact. intyeghe ability to arrest

for longer is not linked with the survival of the double mutants as botrgdo®lwichkland
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cdc2.1wdcrb2, lost viability to a similar degree in the presence of 40uM Q@RJure: 4.5.%.
Both double mutants were more CPT sensitive than the single matahthecdc2.1wdchkl
strain was also temperature sensiti¥gy(re: 4.5.3, Figure: 4.94This implies that Cdc2.1w,
Chk1 and Crb2 affect more than one pathway. The data also revehietAi@15 modification of
Crb2 by Cdc2 is important to activate Cdsl and Chkl irctle2.1wmutant since thedc2.1w
crb2.T215Amutant Eigure: 4.5.f resembles thedc2.1wAcds1Achkl strain Eigure: 4.4.3.

Since Chk1 is phosphorylated at serine-345 in the presence aP € Tthe phosphorylation
status of Chkl was tested irchkl.HA wild type cells, chkl.HA.cdc2.1w and
chk1l.HA.cdc2.1wicrb2 strains As reported previously229) Chk1 is phosphorylated even in
the absence of DNA damaging agents ade2.1wstrain Eigure: 4.5.%. CPT treatment induced
the checkpoint-dependent phosphorylation in all strains with the excemiforthe
chk1l.HA.cdc2.1wicrb2 strain Eigure: 4.5.3. The requirement of Crb2 for the activation of
Chkl has been reported previousfyi6). Why Chkl becomes phosphorylated ircdc2.1w
strain is not yet clear. Either the hyperactive Cdc2 kinagets Chk1 directly or causes a form
of DNA damage which indirectly activates Chk1.

CPT
1000
=t=hhpl.HA Wt
S == Acrb2
S
S 10 Achk1
% ——cde2.1w
v 1 ™1 —9—cdc2.1w..Achk1
0 2 ) 4 6 cdc2.1w..Acrb2
Time, h

Figure: 4.5.3:S.pombe cdc2.lwells withoutchkl or crb2 are highly CPT sensitive. The indicated yeastirstra
cells were cultured in YEA medium overnight af 80 Cells were harvested and treated withMQCPT for five
hours at 30C. Aliquots of 75ul were collected every hour and the surviving c@srwere scored after plating on
YEA plates.
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Figure: 4.5.4: Deletion othkl or crb2 increases the CPT sensitivity ofic2.1wcells. Serial dilutions of the

indicated strains were droped on rich medium platiéls or without drugs. All plates, but one, werelbated at
30°C for 4 days. One plate without a drug was iated at 37°C to test for temperature sensitivity.
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Figure: 4.5.5: Chkl is phosphorylated in untreatdd2.1wcells €hk1-HA cdc2.1yvand in the presence of CPT.
Deletion ofcrb2 abolishes the CPT-induced phosphorylation. After laour incubation in the presence ofu#0
CPT in YEA medium, 15l of total protein extracts were run on a 10% eaamyide gel. The proteins were visualised
by using an anti-HA antibody after Western blotqigzd from my papgi272)).
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To test whether the Cdc2 dependent phosphorylation of Crb2 at T215 is rdquitbkd

extended G2 arrest, tloelc2.1w.crb2.T215Atrain was synchronised in G2 and released in rich

medium with or without 40uM CPT. As shownfhingure: 4.5.6loss of the phosphorylation site
completely abolished the G2 arrest. Consistent with the close lialede Cdc2 and Crb2, the
cdc2.1w.crb2.T215Atrain was as CPT and MMS sensitive asdhi®.T215Amutant Figure:
4.5.7, Figure: 4.5.8, Figure: 4.%.9rhis finding is important as it reveals how Cdc2.1w could

affect the G2 arrest. Hyper-active Cdc2.1w could aberrantly m@uif at T215 at a time in the

cell cycle at which T215 should not be modified. The phosphorylation of Grif21% peaks

when cells pass through mitosis and correlates with re-aritnithe cell cycle after a G2 arrest

induced by UV damagé?15). Since Cdc2.1w becomes active much earlier in the cell cycle

(245), the T125 modification could also appear earlier thereby integfevith the response to
broken DNA replication forks break in the presence of CHufe: 4.5.1) Since Cdsl and
Chkl are both required for this extended arrésigue: 4.4.3 the aberrantly T215
phosphorylated Crb2 protein may interfere not only with the activafi@hkl but also with the

regulation of Cds1.
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T215A.cdc2.1w+cpt

Figure: 4.5.6: Loss of the Cdc2 phosphorylatioa #ireonine-215 (T215A) abolished

the CPT-induced G2 arrest indc2.1w cells. crb2-T215A cdc2.1wcells were

synchronised in G2 by lactose gradient centrifaand released into rich medium
with or without 4QM CPT (camptothecin) at 3. Samples were withdrawn at the
indicated time points and the percentage of sept&#-S cells were scored. Cells
were fixed in methanol and stained with DAPI (DN&X)d calcofluor (septum).
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Figure: 4.5.7: Crb2.T215A and Cdc2.1w act in theesa PT (camptothecin) response pathway. Seridii@fils of
the indicated strains were spotted onto rich medilates containing the indicated CPT concentrati®tetes were
incubated for 4 days at 30°C.
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Figure: 4.5.8crb2.T215A.cdc2.1wndcrb2.T215Aresistance to CPT (camptothecin) effects. Thecatdd yeast
strain cells were cultured in YEA medium overnighBC C. Cells were harvested and treated withMCPT for
five hours at 3°C. Aliquots of 75ul were collected every hour and the surviving c@erwere scored after
plating on YEA plates.
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Figure: 4.5.9: Crb2.T215A and Cdc2.1w act in thmsdMMS (methyl-methanesulfonate) response path®asial
dilutions of the indicated strains were spottedaith medium plates containing the indicated MM®aentrations.
Plates were incubated for 4 days at 30°C.

Wild type

Mitosis G1/S8 G2 Mitosis

Figure: 4.5.10: Hyperactive Cdc2.1w interferes wtith regulation of Crb2. Crb2 has three domaire:NFerminal
Chk1 binding domain, the tudor domain which intésawith methylated histones and the two C-termBRICT
domains which bind to phosphorylated histof@%6). T215 is normally phosphorylated when cells pdssugh
mitosis which is important for the normal regulatiof Chkl in G2(215). The premature rise iodc2.1wactivity
may extend the T215 phosphorylation into G1-S teriaterfering with the regulation of Chkl and Cdstase
when DNA replication forks break in S phase.
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4.6. Srs2 DNA Helicase acts in the Cdc2.1w Pathway

Since Srs2 DNA helicase is a Cdc2 targ&.oerevisieavhere it is phosphorylated by Cdc28
(Cdc2) to promote the process of homologous recombination(HR), acdc2.1wdsrs2 strain
was tested. I'5.pombe Srs2 removes the recombination protein Rad51 from single-stranded
DNA thereby preventing unwanted HR, but the helicase can also prossotabinational repair
in the presence of UV-induced DNA damage. Interestingly, Srs2Varg81-Emel act in the
same UV repair pathway?43). As shown inFigure: 4.6.] thecdc2.1w4srs2 strain is as CPT
sensitive at thelsrs2 single deletion which places both proteins in the same CPT response

pathway. The same epigenetic relationship applies also to MMSré: 4.6.%

CPT 1pM CPT 0.5pM CPT 0.25nM 37 JeC
*R0 $00+200Q hhpl HA wt
* & 8 - elx¢8 0 Althpl

’ : 'l RN IR K |Asrs2cde2 1w
104 105 10° 107 104 10° 1 104105 105 107 104 10° 106 107 104 105 106 107
CPT 10pM CPT SuM CPT 2pM CPT L.5pM 0'cC

: 3 @i 2 9 0 T8 00 Asrs2. cde2. 1w
104 10° 10° 107 104 10° 10° 107 104 105 10° 107 104 105 10° 107 104 10% 10° 10°
Figure: 4.6.1: Srs2 DNA helicase and Cdc2.1w acthiem same CPT (camptothecin) response pathwayalSeri

dilutions of the indicated strains were spottecbaith medium plates containing the indicated CBmcentrations.
Plates were incubated for 4 days at 30°C. One plateincubated at 37°C.
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Figure: 4.6.2:Asrs2.cdc2.1w response to 0.005% MMS (methyl-methafanate) concentrations. The indicated
yeast strain cells were cultured in YEA medium oight at 36 C. Cells were harvested and treated withMO0
CPT for five hours at 36C. Aliquots of 75ul were collected every hour and the surviving cedsenwvere scored
after plating on YEA plates.

Since the link with Cdc2.1w suggests a role for Srs2 in the extendmy tiee 4srs2 single
deletion strain was synchronised and tested. Interestingly, laes2éxtends the G2 arrest in
the presence of CPFigure: 4.6.3, although not to the same extent as de2.1wmutation.
The combination o€dc2.1wwith the deletion ofrs2(cdc2.1w4srs? produced a long G2 arrest
(Figure: 4.6.% resembling thedc2.1wsingle mutation. This supports the conclusion that Srs2
DNA helicase and Cdc2.1w act in the same CPT response pathway.id€hai is further
supported by the reduction of the CPT-induced G2 delaisi&2 cells upon the introduction of
thecrb2.T215Amutation €rb2.T215Ad4srs? (Figure: 4.6.%.

Interestingly, as in the case of tb#c2.1w/chkl mutant Eigure: 4.4.), the 4Asrs24chkl
double mutant displayed a G2 arrest which resembled the longer afelhie 4srs2 strain
(Figure: 4.6.%. This is in line with the finding that only loss of Crb2 but not lo§sChkl
abolishes the extended CPT arrestdc2.1lwmutant cells Kigure: 4.5.%. It also suggests that
hyper-active Cdc2 and loss of Srs2 DNA helicase result inlasinproblems at a broken

replication fork.
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Figure: 4.6.3: Loss of the DNA helicases2 prolongs the G2 arrest in the presence of
CPT (camptothecin)Asrs2.cdc2.1wcells were synchronised in G2 by lactose gradient

centrifugation and released into rich medium withwithout 4QM CPT at 30°C.

Samples were withdrawn at the indicated time panis$ the percentage of septated G1-
S cells were scored. Cells were fixed in methamal stained with DAPI (DNA) and

calcofluor (septum).
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Figure: 4.6.4: Loss of the DNA helicases2 does not reduce the G2 arrestcidt2.1w
cells in the presence of CPT (camptothecitsys2 cdc2.1wcells were synchronised in
G2 by lactose gradient centrifugation and reledséal rich medium with or without
40uM CPT at 30°C. Samples were withdrawn at the indicated timenisoand the
percentage of septated G1-S cells were scoreds @ete fixed in methanol and stained

with DAPI (DNA) and calcofluor (septum).
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Figure: 4.6.5: Loss of the Cdc2 phosphorylatioa #ireonine-215 (T215A) strongly
reduces the G2 arrest in the presence of CPT (ceingatin).Asrs2.crb2.T215/4ells
were synchronised in G2 by lactose gradient cefation and released into rich
medium with or without 40M CPT at 30°C. Samples were withdrawn at the
indicated time points and the percentage of sept@te-S cells were scored. Cells
were fixed in methanol and stained with DAPI (DNei)d calcofluor (septum).
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Figure: 4.6.6: Loss of Chk1 only reduces the GayléhAsrs2cells in the presence of
CPT (camptothecin).4srs2Achkl cells were synchronised in G2 by lactose gradient
centrifugation and released into rich medium withvathout 4™ CPT at 30°C.
Samples were withdrawn at the indicated time panis the percentage of septated G1-
S cells were scored. Cells were fixed in methamal stained with DAPI (DNA) and
calcofluor (septum).
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This also implies that the longer delay in the absence of SrgeHehcase depends on the Cdc2
phosphorylation of Crb2 at T215 but not on the interaction between Crb2 and Chkiai$bs
the intriguing questions of how Srs2 could affect the response to brokarrépNcation forks
and what could go wrong in the Cdc2.1w strain? As explained eahnkehyperactive Cdc2.1w
kinase may extend the T215 phosphorylation well into S and G2 which coedd thié ability of
Crb2 to coordinate the response to broken forks. Since the T215 phosphorylatiolyrueaies

in mitosis(215), this mitotic pattern of Crb2 activity could be extended into theé 8ghase and
G2. Part of this mitotic imprint seems to be the inabilityggutate Chk1 kinase. In relation to
the results discussed i@hapter 3 which place Chkl and Hhpl kinase in the same repair
pathway as Mus81, it is interesting to note that Srs2 and Mus81 alhysanteract and that Srs2
activates the endonuclease on a variety of DNA substrates. ThehBlAse activity of Srs2 is
not necessary for this stimulatioal7). As shown inFigure: 4.6.7 Cdc2 and Srs2 could come
together at the level of the Mus81-Emel complex with Srs2 reguldte activity of Mus81 and
Cdc2 modifying Emel. The DNA binding protein Crb2 could either affeetaictivities of the
kinases Cdsl and Chkl or it could interact with the Mus81-Emel comiptee @hromatin.
Crb2 can associate with methylated and phosphorylated histones tht®Uglior and BRCT
domains, respectiveli? 15, 218) The absence of Srsagrs2 could extend the G2 arrest in the
presence of CPT since Mus81 would not be activated which could delagpiie of broken
forks. Premature activation of Cdc2 in the Cdc2.1w strain may hawmilarseffect either by
aberrantly modifying Emel or by indirectly extending the mit@iosphorylation pattern of
Crb2. A third possibility is that hyper-active Cdc2.1w targets Srs2 dirastigported for Srs2 in
budding yeast?40).
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Figure: 4.6.7: Model of Mus81-Emel regulation bgZrCdc2 and Hhpl. Srs2 DNA helicase and Cdc2 dootid
regulate the activity of the structure-specific emaclease Mus81-Emel at broken DNA replication dotloss of
Srs2 (srs? or hyper-activation of CdcZ@c2.1w could block this enzyme thereby delaying the irepabroken
forks which would explain the extended G2 arrestthie presence of the topoisomerase 1 inhibitor CPT
(camptothecin).

4.7. Hhpl Kinase acts with Srs2 and Cdc2.1w in the same CPT Response Pathway

Given the close genetic link between Hhpl kinase, Cdc2 and the endonMulie88eEmel
(see Chapter)3the relationship between Srs2 and Hhpl, and between Cdc2.1w and Hhpl was
studied. As shown ifrigure: 4.7.]1 the deletion okrs2in the Ahhp1lstrain @srs24hhpl) does
not increase the CPT sensitivity. The same epigenetittoreship extends to MMS although the
deletion ofsrs2is not MMS sensitive under these conditioRg)(re: 4.7.3. Loss of Srs2 in a
Ahhpl mutant had no major impact of the extended G2 arrest in the absehitgpbfkinase
(Figure: 4.7.3 In summary, these findings are in line with the earlier ke@smn Eee also
Chapter }that Hhpl kinase targets Emédigure: 4.6.). This proposed modification by Hhpl
seems to be important for the activation of the Mus81-Emel compthéct) @lso needs the Srs2
protein. To contribute effectively to the repair of broken DNA repion forks, the Mus81-
Emel complex appears to require Srs2, Cdc2 and Hhpl. The role of Citu2 negulatory
network is not yet clear, but as in the casedzi2. 1w(Figure: 4.5.%, the deletion o€rb2in the
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Ahhplstrain abolished the extended G2 arrégjure: 4.7.4. Since loss of Crb2 shortened the
long delay iMhhplandcdc2.1wcells, and because Cdc2 and Hhpl may be required to activate

Mus81-Emel, it is possible that Crb2 blocks the endonuclease (i.e.odetdtcrb2 may
overcome the absence of Srs2 or the inhibitory Cdc2 modification sdti#®elwmutant). This
blockage could be direct since Crb2 binds to chromatin or it could beséhdirCrb2 is to
blocking Cdc2 and/or Hhp1l kinaseéiure: 4.6..
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Figure: 4.7.1: Srs2 DNA helicase and Hhpl act emgsame CPT (camptothecin) response pathway. $#utbns

of the indicated strains were spotted onto rich immadplates containing the indicated CPT concemtrati Plates

were incubated for 4 days at 30°C. One plate washiated at 37°C.
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Figure: 4.7.2: Srs2 DNA helicase and Hhpl act m sahme MMS (methyl-methanesulfonate) response pgthw

Serial dilutions of the indicated strains were gbtonto rich medium plates containing the indidaMMS
concentrations. Plates were incubated for 4 dag9%dt. One plate was incubated at 37°C.
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Figure: 4. 7.3: Loss of the DNA helicase Srs2 ftle impact on the extended G2 arrest
in the absence of Hhpl kinagehhplAsrs2 cells were synchronised in G2 by lactose
gradient centrifugation and released into rich mediwith or without 40M CPT
(camptothecin) at 38C. Samples were withdrawn at the indicated timensoand the
percentage of septated G1-S cells were scoreds ®elle fixed in methanol and stained
with DAPI (DNA) and calcofluor (septum).
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Figure: 4. 7.4: Deletion afrb2 abolishes the extended G2 arrest in the absendapmt
kinase when DNA replication forks break in CPT (pamthecin) mediumAcrb2 Ahhpl
cells were synchronised in G2 by lactose gradientrdfugation and released into rich
medium with or without 40M CPT at 30°C. Samples were withdrawn at the indicated
time points and the percentage of septated G11S wele scored. Cells were fixed in
methanol and stained with DAPI (DNA) and calcoflgseptum).
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Consistent with this model, deletion ab2 in the Ahhplstrain @crb24hhpl) did not increase
the CPT and MMS sensitivity of theéhhpl single mutant Kigure: 4.7.5, Figure: 4.7.6The
same epigenetic relationship applied to toe2.1lwmutant Figure: 4.7.5. Interestingly, the
hyper-active cdc2.1w mutation improved the growth of cells witholthpl at elevated
temperatures. This positive impact of elevated Cdc2 activityndgte also to the short term
exposure of cells to CPT. As shown figure: 4.7.8 the cdc2.1w4hhpl double mutant lost
viability later compared to thehhplstrain. A similar effect could also be produced when Cdc2
activity was increased by impairing its inhibition by Weedalsie yeel-504hhpJ). This shows
that high Cdc2 activity levels can partly override the loss of HRmL(e: 4.7.3.
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Figure: 4.7.5: Crb2 and Hhp1l act in the same CRmftothecin) response pathway. Serial dilutiorthefindicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates wengbated for
4 days at 30°C. One plate was incubated at 37°C.
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Figure: 4.7.6: Crb2 and Hhpl act in the same MMS8tfiyl-methanesulfonate) response pathway. Sefigiats of
the indicated strains were spotted onto rich medilates containing the indicated MMS concentratiétiates were
incubated for 4 days at 30°C. One plate was inadbat 37°C

CPT 1.5nM CPT 1nM 37°C 30°C

10°10°10°107  10410° 105 107
CPT 2pM 30°C

10410° 10° 107
CPT SpM

104 10° 10° 107
CPT 10uM

T ) Alhpl.edel. Iw
104105105107 10°10510°107 10410°10°107 10%10° 10° 107
Figure: 4.7.7: Cdc2.1w and Hhpl act in the same QRimptothecin) response pathway. Serial dilutiohshe

indicated strains were spotted onto rich mediunteglaontaining the indicated CPT concentrationateBl were
incubated for 4 days at 30°C. One plate was inadbat 37°C
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Figure: 4.7.8: Weel render Hhpl resistant. Thecatéd yeast strain cells were cultured in YEA medavernight
at 30 C. Cells were harvested and treated withMGCPT (camptothecin) for five hours at 30. Aliquots of 75ul
were collected every hour and the surviving colemiere scored after plating on YEA plates.
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Chapter 5: Tyrosine 227 within the Nuclear
Localisation Sequence may act as a switch betwedret
DNA Repair and Cell Cycle Activities of HhplKinase

Chapter Summary

How CK1 regulate DNA repair and cell cycle progression isfao only poorly
understood. This chapter presents results which identify tyrosine 2@&in whe nuclear
localisation sequence (NLS) as a potential regulatory switch.atiat of Y227 to a
phenylalanine residue increases strongly the DNA damageigignsvhile having only a small
effect on the cell cycle regulation of Hhpl. Deletion of the corapMitS in frame causes a
similar phenotype. This implies that nuclear localisation is muckermportant for the DNA
repair activities of Hhpl than for its cell cycle functions. nestingly, the high DNA damage
sensitivity of the NLS mutants is partly suppressed upon deleifothe DNA damage
checkpoint kinase 1 (Chkl). A model is presented in which Chkl activatd3NBAerepair
endonuclease Mus81-Emel and Hhp1l inhibits this enzyme. A similar pheappips also to a
Hhpl mutant kinase which lacks the potential Chk1l phosphorylation site 4&3. The chapter
also contains results which identify the ATP analogoue-sensitB&Qvimutant as a separation-
of-function mutant which affects the cell cycle but not the DNA repair desvof Hhpl.
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5.1. The ATP-analogoue sensitive Methionine-84 to Glycine Mutatiors a Separation-of-
Function Mutation

Casein kinase 1 epsilon (CK1= Hhpl) is a member of the CK1 protein family of
ubiquitously expressed, monomeric serine/threonine-specific kifasgsiuman cells express
seven CK1 isoforms: CKi, CK15; CK1yl; CK1ly2; CK1ly3; CK13; and CKE (Hhpl), which
can have additional splice variants. The structure of CK1 enzismeghly conserved. The
kinase domain is located in the smaller N-terminal domain (dotad, Figure: 5.1.), while the

larger C-terminal domain encompasses the rest of the protein (largéllobe)

Large Lobe B

Small Lobe K224 (MNLS)

Back

Front

Figure: 5.1.1: Structure of Hhpl kinase. The visadion of Hhpl kinase is based on the structurta®N-terminal
297 amino acids of the highly relat&€&dpombeCK1 protein Ckil(488) The conserved residues K40 (K41Ckil),
L51 (L52Ckil), M84 (184Ckil), Y169 (Y171Ckil), R18®183Ckil), K224 (K227Ckil) and Y227 (Y230Ckilear
shown. A: Front view: the ATP binding site in theall lobe with K40, L51Q and M84 is shown. R180@ sit the
interface between the two lobes. B: Back view: Thelear localisation domain with K224 and Y227adsdted in a
small grove at the top of the large lobe. Y16%isated at the side of the large lobe. Protein ICSH. The picture
was generated with Polyview3D.

CK1 family members were identified in the nucleus, cytoplasm, #adhed to the plasma
membrane(1). CK1 isoforms phosphorylate a large number of substrates which regulate
different cellular processes likeell differentiation (24), cell proliferation, apoptosis4?2),
circadian clock regulatio491) chromosome segregation38) DNA repair(15) and vesicle
transport(120). Mutations or changes in CK1 kinases have an impact on diseases including
neurodegeneratio28) and cancer of the pancregs0), the mammary gland/8), and in
adenoid cystic carcinomasb).

To understand more about the function and regulation of CK1 (Hhpl) imrkexcof the
response to DNA damage especially when DNA replication forks break in theqreddehe
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topoisomerase 1 inhibitor camptothecin (CPT), five mutant versions of Bitgpdliscussed in
this chapter. They include hhpl.S183A hhpl.M84G, hhpl.M84G.NLS.deletion
hhp1.M84G.Y227Fhhp1.M84G.Y169F

MALDLRI GNK  YRIGRKI GSG ~ SFGDLYLGTN  WSGEEVAI K LESTRAKHPQ
LEYEYRVYRI LSGGVAE PFV  RWGVECDYN  AWM®*°DLLGPS  LEDLFNFCNR
KFSLKTVLLL ADQLI SRI EF | HSKSFLHRD | KPDNFLMG GKRGNQUNI |

DFGLAKKYRD HKTHLHI PY™%°" R ENKNLTGTAR YAS®®*4 NTHLG EQSRRDDLES
LGYVLVYFCR  GSLPWQGLKA  TTKKQKY'**'FEKI MEKKI STPTE ~ VLCRGFPQEF
S| YLNYTRSL RFDDKPDYAY LRKLFRDLFC  RQSYEFDYMF DWILKRKTQQ
DQOHQQOLQR  QLSATPQAI N PPPERSSFRN  YQKQNFDEKG ~ GDI NTTVPVI

NDPSATGAQY | NRPN

Figure: 5.1.2: Amino acid sequenceSxpombéHhpl. The location of the mutated amino acidsbees indicated.

Methionine 84 is located inside the ATP binding skey(re: 5.1.) and has been previously
mutated to a smaller glycine residue (M84G) to allow for timelibg of a bulky ATP analogue
which cannot by hydrolyse®81) This mutation was recreated in this study. Serine 183 was
mutated since it resembles a potential Chk1l phosphorylatioftgitéalthough the residue may
not be accessible from the outside based on the structure of thg retedS.pombeCK1
enzyme CkilKigure: 5.1.3.

K224 (NLS)

Figure: 5.1.3: Structure of Hhpl kinase. The visadion of Hhpl kinase is based on the structur¢hefN-
terminal 297 amino acids of the highly relat8gpombeCK1 protein Ckil(488). The conserved residues Y169
(Y171Ckil), R180 (R183Ckil), and S183 (S186CkiB sinown. A: Cartoon view of the beta sheets, ahdtiaes
and loops: the side chains of the indicated amoidsaare shown. B: Surface view: Note that the sidan of
S183 is not accessible from the outside in thismomation. The image was generated with Polyview3D.
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The sequence 183-SINT-186%pombeihpl resembles the highly phosphorylated Chk1l motifs
176-SINF-179 in human cyclin G or 699-SIPAF-703 in human Madi#!). The nuclear
localisation sequence of Hhpl (222-TKKQKY-227) forms a grove atigheftthe larger C-
terminal lobe Figure: 5.1.3. The potential phosphorylation site Y227 sits at the bottom of this
grove, while K224 protrudes into the space of the grove. The secondigdgpdoisphorylation

site Y169 is located at the surface of the larger lobe.

A): B): C):

Y

¥ & S

N S

5 & . s Q S o

5 ] ; N
3 8 3 s S3§ S 8 3
T3 23 - 33 5
2 & & & I ¥ & & 3 ] & 3
S § § I § 3§ § % S I 3§
= ' -55kDa I I . | I I | -55kDa m -55kDa

Figure: 5.1.4: Protein Expression Levels of Hhphake strains. Total protein was isolatedyl 1& the protein
seperated on a 10% SDS gel, transferred onto situbase membrane and detected with an anti-HAbadty. Two
positive controls used wereghplHA.wi and hhplM84Gstrains, and the negative control is the delestain
(Ahhp1)..All strains expresses full-length Hhp1.

All mutant strains were constructed using the Cre-Lox btaasn gechnology(258). The
mutant alleles ohhpl-HAwere generated by fusion-PCR and integrated at the endodemulis
locus on chromosome 2. All integrated and mutatgall genes were amplified from the isolated
strains and the mutations were confirmed by DNA sequencingeirexpression levels were
then analysed by Western blot using an anti-HA antibody. As showigjime: 5.1.4 all mutant

proteins are well expressed.
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Figure: 5.1.5MMS (methyl-methanesulfonate) drop test for tigp1.S183Astrain. Serial dilutions of the indicated
strains were spotted onto rich medium plates comgithe indicated MMS concentrations. Plates wecebated
for 4 days at 30°C. One plate was incubated at 37°C

1 R s T LSCET

hhpl HAwe
Adikpl

khpl RIBOC
hhpl MB4G
hipl 51834
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Figure: 5.1.6: CPT (camptothecin) drop test forthel.S183Atrain.Serial dilutions of the indicated strains were
spotted onto rich medium plates containing thedatid MMS concentrations. Plates were incubated fdays at
30°C. One plate was incubated at 37°C.

Cells expressing eithdthpl.M84G-HAor hhp1l.S183A-HAvere as MMS and CPT resistant as
hhpl-HAwild type cells Figure: 5.1.5, Figure: 5.1).6This shows that the widening of the ATP
binding site (M84G) or the replacement of S183 by an alanine resauadimpact on cell
viability in the presence of these drugs. This conclusion is invatie the previous report on
M84G (382). To test whether either mutation has an effect on the CPTabirfticed G2 arrest,
cells were synchronised in G2 by lactose gradient centrituganhd released into rich medium
with or without 40uM CPT, or into rich medium at 30°C or 40°C. While k&ats arrested
wild type cells in the first G2 phase for approximately 180 rigure: 5.1.1) CPT delayed the

progression through the second G2 only briefly for 20-40 min after cells were damaged in the
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previous S phasd-[gure: 5.1.9. Cells with the M84G mutation initiated the G2 arrest at 40°C
but did not maintain the arrest for the same duration as wildagie They started to re-enter
the cell cycle after 60 mir~{gure: 5.1.7 while wild type cells delay for up to 180 miRidure:
5.1.10. Very unexpectedly, the mutation had the opposite effect on ther@ided G2 delay.

In contrast to wild type cells, M84G cells delayed entry inttosis throughout the duration of
the experimentKigure: 5.1.8 This shows that the widening of the ATP binding site strongly
affects the cell cycle activities of Hhpl but not the survivatelfs in the presence of DNA
damage. If the M84G mutation may reduce the kinase activityratisction does not impact on
the survival of the cells in the presence of MMS or CPT, but onhitieyaf Hhpl to regulate
the G2 arrest when DNA replication forks break or when cell&gpesed to heat stress. Why
the mutation affects the heat and DNA damage-induced G2 delay in epp@asis is not yet
clear. The main conclusion of these findings is that the anaksnstive M84G mutation

behaves like a separation-of-function mutation.

Cell Cycle Arrest

—4=—hhp1.M84G

—8—hhp1.M84G+40 C

0 40 80 120 160 200 240 280 320
Time in minute

Figure: 5.1.7: Cell Cycle Arrest of thehpl.M84Gstrain. Indicated cells were
synchronised in G2 by lactose gradient centrifgaéind released into rich medium
at 30°C or 40°C. Samples were withdrawn at the indicated time r{2@) points.
Cells were fixed in methanol and stained with DA@INA) and calcofluor
(septum). The percentage of septated cells, whiela aeadout for G1/S, was scored
(%). Heat stress at 4IC delayed the first G1/S peak by 40-60 min. Thendall
cycle pattern continued normally.
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Figure: 5.1.8: Cell Cycle for Hhp1.M84G cells iretpresence of CPT (camptothecin).
Indicated cells were synchronised in G2 by lacgsalient centrifugation and released
into rich medium with or without 40 camptothecin (CPT). Samples were withdrawn
at the indicated time (20 min) points. Cells weireed in methanol and stained with

DAPI (DNA) and calcofluor (septum). The percentagfeseptated cells, which are a

readout for G1/S cells, was scored (%)uMOCPT cause a severe G2 arrest.

Cell Cycle Arrest
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Figure: 5.1.9: Cell Cycle Arrest dthpl.HAwild type cells. Cells were synchronised in
G2 by lactose gradient centrifugation and reledaséa rich medium with or without
40uM camptothecin (CPT). Samples were withdrawn atitfticated time (20 min)
points. Cells were fixed in methanol and stainethvidAPI (DNA) and calcofluor
(septum). The percentage of septated cells, whiehaareadout for G1/S cells, was
scored (%). Hhpl.HA.wt cells have a G2 delay ob6wb20-40 min due to broken
replication forks.
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Cell Cycle Arrest
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Figure: 5.1.10: Cell Cycle Arrest for thBhpl.HA.wild typestrain. Cells were
synchronised in G2 by lactose gradient centrifagatind released into rich medium at
30 °C or 40°C. Samples were withdrawn at the indicated time r{#20) points. Cells
were fixed in methanol and stained with DAPI (DNand calcofluor (septum). The
percentage of septated cells, which are a readou1/S cells, was scored (%). Heat
stress at 40C delayed the first G1/S peak by approximately h@f. Then the cell
cycle pattern continued normally.

5.2. Mutation of the potential Chk1l Phosphorylation Site Serine-183 tdcts specifically the
Cell Cycle Activities of Hhpl Kinase

As explained earlier, serine-183 was mutated to an alaniieeBecause it resembles a
potential Chkl phosphorylation site. Thiekl deletion was also found to be epistatic with the
hhpl deletion Chapter 3 Interestingly, cells expressing Hhpl with the S183A mutation
displayed a significant longer G2 delay in the presence of ERrg: 5.2.) compared to wild
type cells Figure: 4.1.1) Hhp1.S183Aalso showed an extended G2 phase in the absence of the
topoisomerase 1 poisofi@ure: 5.2.). In contrast to wild type cells, the two G1/S peaks were
clearly further apart (approx. 80 min). This indicates thatSth@3A mutation affects cell cycle
progression independently of DNA damage.

Under heat stress conditiompl.S183A-HAells entered a G2 arrest which was however
shorter compared tohpl-HAwild type cells Figure: 5.2.3. Taken together, both experiments
indicate a defect in cell cycle regulation when serine-183 has legxaced by an alanine
residue. Whether this is caused by an impact on the kinase activigused by the loss of a

possible phosphorylation event by Chk1 kinase is not yet clear.
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Figure: 5.2.1: Cell Cycle Arrest for thehpl.S1834strain.Cells were synchronised in
G2 by lactose gradient centrifugation and releasédl rich medium with or without
40uM camptothecin (CPT). Samples were withdrawn atititicated time (20 min)
points. Cells were fixed in methanol and stainedhwdAPI (DNA) and calcofluor
(septum). The percentage of septated cells, whiehaareadout for G1/S cells, was
scored (%). Treatment of tidap1.S183Atrain with 4Q@M CPT resulted in an extended

G2 arrest.
Cell Cycle Arrest
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Figure: 5.2.2: Heat stress and cell cycle arresthefhhpl.S183Astrain. Cells were
synchronised in G2 by lactose gradient centrifugatind released into rich medium
with or without introducing heat stress at 40. Samples were withdrawn at the
indicated time (20 min) points. Cells were fixed rirethanol and stained with DAPI
(DNA) and calcofluor (septum). The percentage gitaed cells, which are a readout
for G1/S cells, was scored (%). Hhpl1.S183A celifate the G2 arrest but do not
maintain it as well as wild type cells.

To test whether thehpl.S183Anutation acts in the same pathway as the deletiehldf a
hhp1.S183A-HAIchkl double mutant was constructed. The loss of Chkl had no impact on the
protein levels of the mutated Hhp1l kinase(re: 5.2.3.
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~ Figure: 5.2.3: Protein levels of
e the hhpl.S183Achkl strain.
E? Total protein was isolated, gb
< of the protein seperated on a
™™ 10% SDS gel, transferred onto
é‘g é‘g nitrocellulose membrane and
5"’; c':;“ detected with an anti-HA
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@ .‘@.‘ hhplHA.wild type strain and
Y N the negative control is the

8
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TN 1 _55KkDa |Ahhpl deletion strain.
expresses full-length dfhpl

The combination of the S183A mutation with the deletion of chkl had a Butahteresting
impact on the CPT and heat sensitiviggglure: 5.2.4. Both, the hhpl.S183A-HAchkl and
Ahhpl Achkl strains grew better at 37°C and at higher CPT concentrati€nsMR (Figure:
5.2.4. This rescue effect could indicate a closer functional reldtipnsetween both kinases,
which is supported by their epigenetic relationship discuss€tiapter 31t may also imply that
S183 is a genuine Chk1 phosphorylation site.
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Figure: 5.2.4: CPT (camptothecin) drop test fortthel.S183\chkl strain.Serial dilutions of the indicated strains
were spotted onto rich medium plates containingrideeated CPT concentrations. Plates were incubfate4 days
at 30°C. One plate was incubated at 37°C.
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The analysis of the cell cycle arrest of G2 synchronitdtkl hhpl.S183A-HAells revealed
also an interesting observation. While the S183A mutant delayegpfwoximately 60 min in
the presence of 40uM CPTigure: 5.2.) loss of Chk1 kinase reduced this extended delay to 20
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min (Figure: 5.2.%. It also reduced the extended gap between the G1/S peaks bsé&meea of
CPT.

This implies that Chkl may become hyper-activated in the S183Anmntitereby enforcing a
prolonged inhibitory phosphorylation on the cell cycle regulator Cdc2rediimng the normal
cell cycle or in the response to CPT. Again this supports thethd@aChkl and Hhpl share a

close functional link.

Cell Cycle Arrest
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Figure: 5.2.5: Cell Cycle Arrest for théhpl.S183Achkl strain. Cells were
synchronised in G2 by lactose gradient centrifyaténd released into rich medium
with or without 4@uM camptothecin (CPT). Samples were withdrawn atitickécated
time (20 min) points. Cells were fixed in methaaold stained with DAPI (DNA) and
calcofluor (septum). The percentage of septatets,cehich are a readout for G1/S
cells, was scored (%). Deletion diklreduces the delayed cell cycle progression of the
hhp1.S183Anutant.

5.3. Mutated Hhpl tyrosine-169-phenylalanine change Hhpl kinase activities

CK1 homolougus in yeast differ from their human counterparts as thegiual specific
kinases which phosphorylate tyrosine as well as serine and theeossidues12). Hhpl
contains two tyrosine residues with an interesting locations okitlase. As shown ifrigure:
5.1.], tyrosine 169 (Y169) is exposed at the surface of the largelategy domain and Y227 is
located at the bottom of a small grove which forms the nucledidatan domain. While Y227
has a phosphorylation probability of 90% according to the Netphos 2.0 antdgsi Y169
scores only 2.5%. To test whether both tyrosine residues aretamiptor the DNA damage
response, they were individually mutated to a phenylalanine resitiak shares a benzene ring

with tyrosine but lacks the hydroxyl group which could undergo phosphorylation. Both mutants
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were generated in the analogue-sensitive M84G background whidhhéseho impact on the

cell survival (381) (Figure: 5.1.5, Figure: 5.1)6 To test the significance of the nuclear
localisation sequence (222HRKQKY-227), all six amino acids were deleted in frame. All
mutant alleles were integrated at the endogenuysl locus and re-amplified for DNA

sequencing.

Like the M84G single mutanFigure: 5.1.% thehhp1.M84G.Y227F-HAtrain grows better at
37° which implies that the higheFigure: 5.3.) resistance to temperature stress is dependent on
the M84G mutation in the ATP binding site and not on the mutation of Y227theRa
unexpectedly, removal of the hydroxyl group at position 227 had agstrgract on the MMS
and CPT sensitivity of the M84G mutaritiqure: 5.3.1, Figure: 5.3 2While the single M84G
mutant is as resistant as wild type celgy(ire: 5.1.5, Figure: 5.1)6thehhp1.M84G.Y227F-HA
strain was significantly more sensitive to both drugguyre: 5.3.1, Figure: 5.3.2, Figure: 5)3.3
While it is difficult to exclude the possibility that this si#ivity is a combination of both
mutations (M84G and Y227F), it indicates an important role of Y227 inDiNA damage

response.

0.005MMS 37 °C 30°C
Hmo s o.v 00 m;prmr

104 10° 105 107 104 10° 106 107  10* 10° 10% 107

Figure: 5.3.1: MMS (methyl-methanesulfonate) drept tfor thehhp1.M84G.Y227Fstrain. Serial dilutions of the
indicated strains were spotted onto rich mediunteglz@ontaining the indicated MMS concentrationstd® were
incubated for 4 days at 30°C. One plate was inabat 37°C.
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Figure: 5.3.2: CPT (camptothecin) drop test forlthp1.M84G.Y227Btrain. Serial dilutions of the indicated strains

were spotted onto rich medium plates containingrnbdeated CPT concentrations. Plates were incabiated days
at 30°C. One plate was incubated at 37°C.
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Figure: 5.3.3: CPT (camptothecin) survival assayttie hhp1.M84G.Y227Btrain. Yeast strains cells were cultured
in YEA medium overnight at 36C. Cells were harvested and treated wituMOCPT. Samples (75ul) were
withdrawn at the indicated time points and platedoae YEA plate. The surviving colonies were scoaétdr 3-4

days at 30°C.

As shown inFigure: 5.3.3thehhpl.M84G.Y227F-HAtrain was only slightly less sensitive than
thehhpldeletion strain under acute conditions. While the mutation of Y227 had a clear impact
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on the cell survival in the presence of DNA damage, it had iittfgact on the cell cycle delay.
Like the M84G single mutant, tHehpl.M84G.Y227F-HAtrain delayed significantly longer in
the presence of DSB§&ifure: 5.3.3. Although this shows that the main change to the G2 delay
in the presence of replication fork damage originates from the M@4iGtion and not from the
Y227F replacement, the mutation may have a small impact on the |&2 uhaler heat stress
conditions. As shown irigure: 5.3.5hhp1.M84G.Y227F-HA&ells postpone entry into mitosis
for 160 min while the M84G strain re-entered the cell cycleaaly after 60 minHigure: 5.1.7.

The main conclusion from these experiments is the requirement of the hyghauxy at position
227 for the survival of MMS and CPT induced DNA damage rather thahdaegulation of the

cell cycle.
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Figure: 5.3.4. Cell Cycle Arrest for théhpl.M84G.Y227Fstrain. Cells were
synchronised in G2 by lactose gradient centrifgatind released into rich medium
with or without 4@uM camptothecin (CPT). Samples were withdrawn atitickécated
time (20 min) points. Cells were fixed in methaaold stained with DAPI (DNA) and
calcofluor (septum). The percentage of septatets,cehich are a readout for G1/S
cells, was scored (%).
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Figure: 5.3.5: Heat stress induced cell cycle aroésthe hhpl.M84G.Y227Fstrain.
Indicated cells were synchronised in G2 by lacsalient centrifugation and released
into rich medium with or without (30°C) heat stregs40°C. Samples were withdrawn
at the indicated time (20 min) points. Cells webeed in methanol and stained with
DAPI (DNA) and calcofluor (septum). The percentagfeseptated cells, which are a
readout for G1/S cells, was scored (%).

Given that Y227 sits at the bottom of the grove which forms the awuldealisation domain, the
mutation of Y227 may affect the nuclear shuttling of the kinaseltlyecausing a deletion-like
phenotype with regard to cell survival.onsistent with this idea, thehpl.M84G4NLS-HA
strain resembles closely thHehpl.M84G.Y227F-HAstrain. Deletion of the NLS in frame,
rendered the M84G mutant CPFidure: 5.3. and MMS Figure: 5.3.J sensitivity, and
resulted in cell cycle delays which are reminiscent of tRd® mutant although the G2 arrest in
CPT medium was shorteFigure: 5.3.9. Taken together these findings imply a role for the
nuclear localisation domain in the cell survival when DNA beconasaged by alkylation

(MMS) or by replication fork breakage (CPT).
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Figure: 5.3.6: CPT (camptothecin) drop test forlthpl.M84G.NLS.deletiostrain. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates \wengbated for
4 days at 30°C. One plate was incubated at 37°C.
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Figure: 5.3.7: MMS (methyl-methanesulfonate) suaiassay for théhpl.M84G.NLS.deletiostrain. Yeast strains
cells were cultured in YEA medium overnight at’80 Cells were harvested and treated with 0.05% M&tSnples
(75ul) were withdrawn at the indicated time poiautsl plated on one YEA plate. The surviving coloniese scored

after 3-4 days at 30°C.
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Figure: 5.3.8: Heat stress induced cell cycle arfesthe hhpl.M84G.NLS.deletion
Cells were synchronised in G2 by lactose gradientrdugation and released into rich
medium with 30°C or 40°C heat. Samples were withdrawn at the indicatee (&0
min) points. Cells were fixed in methanol and sdinvith DAPI (DNA) and calcofluor
(septum). The percentage of septated cells, whiehaareadout for G1/S cells, was

scored (%).
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Figure: 5.3.9: Cell cycle arrest ftthpl.M84G.NLS.deletiostrain in the presence of

CPT. Indicated cells were synchronised in G2 byoke gradient centrifugation and
released into rich medium with or without @ camptothecin (CPT). Samples were
withdrawn at the indicated time (20 min) points.lI€avere fixed in methanol and

stained with DAPI (DNA) and calcofluor (septum). €lpercentage of septated cells,
which are a readout for G1/S cells, was scored (%).

In contrast to the mutation of Y227, the replacement of Y169 by a @ienyle residue had no
impact on the DNA damage sensitivity. Thepl.M84G.Y169F-HAtrain survived as well as
the M84G single mutant and wild type cells in the presence of (ERTre: 5.3.1) and MMS
(Figure: 5.3.1). This shows that the high sensitivity of thiep1.M84G.Y227F-HAtrain is most

likely due to the mutation at position 227.

1 CPT 0.5 CPT 025 CPT 3 30°C
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10CPT SCPT 2 (‘PT I"*(‘PT 30°C

Flgure. 5.3.10: CPT (methyl-methanesulfonate) diexi for thehhpl.M84G.Y169Ftrain. Serial dilutions of the
indicated strains were spotted onto rich mediunteglaontaining the indicated CPT concentrationateBl were

incubated for 4 days at 30°C. One plate was inadbat 37°C.
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Figure: 5.3.11: MMS (methyl-methanesulfonate) stalviassay for théahpl.M84G.Y169Ftrain. Yeast strains cells
were cultured in YEA medium overnight at 30. Cells were harvested and treated with 0.05% M$snples (75ul)
were withdrawn at the indicated time points andgulaon one YEA plate. The surviving colonies warersd after 3-

4 days at 30°C.
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Figure: 5.3.12: Heat stress induced cell cyclesarfer thehhpl.M84G.Y169ktrain.
Indicated cells were synchronised in G2 by lacsalient centrifugation and released
into rich medium at 30°C or at 4T as heat stress. Samples were withdrawn at the
indicated time (20 min) points. Cells were fixed nrethanol and stained with DAPI
(DNA) and calcofluor (septum). The percentage gitated cells, which are a readout
for G1/S cells, was scored (%).
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Figure: 5.3.13: Cell cycle arrest for thbp1.M84G.Y169Ktrain in the presence of CPT.
Cells were synchronised in G2 by lactose gradientrdfugation and released into rich
medium with or without 40M camptothecin (CPT). Samples were withdrawn at the
indicated time (20 min) points. Cells were fixed nrethanol and stained with DAPI
(DNA) and calcofluor (septum). The percentage qitaed cells, which are a readout
for G1/S cells, was scored (%).

As in the case of the Y227F mutation, the replacement of Y169 had nionpeadt on the G2
arrest changes induced by the M84G mutamgure: 5.3.12, Figure: 5.3..3

In summary, the dominant phenotype of the tyrosine mutants (Y169 or ¥22/
phenylalanine) was the strong increase in MMS and CPT sensiivithe Y227F mutation
which affects the nuclear localisation sequence. This is suppoytéde similar increase in
MMS and CPT sensitivity of the NLS deletion strain. Interggyinneither the Y227F mutation
nor the deletion of the NLS had a strong impact on the cell dgfiect caused by the M84G

single mutation.

5.4) Mutation of Tyrosine 227 within the the Nuclear Localisation dmain (NLS) effects the
DNA Repair Activities of Hhp1 kinase

Since deletion o€hkl reduced the CPT-induced G2 delay of the S183A mutaguie:
5.2.9, the hhp1.M84G.Y227HA double mutation was combined with the deletioncbkl
(4chkl hhpl.M84G.Y227F-HALoss of Chkl kinase had no impact on the expression levels of
the mutated Hhpl proteirrigure: 5.4.), but restored MMS and CPT resistanEe(re: 5.4.2,
Figure: 5.4.3, Figure: 5.44The impact of the loss of Chkl was stronger for CPT compared to
MMS. This suppression phenotype is in line with the more subtlera¢isin of CPT resistance
in the 4chkl hhpl.S183A-HAtrain Eigure: 5.2.4 and strongly suggests that Chkl may be

aberrantly active in thehplmutant or that Chk1 starts a DNA repair event which requires wild
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type Hhpl kinase at a later stage. In combination with the resutismarised irChapter 3the
rescue effect could be explained if both kinases were to conwargéhe Mus81l-Emel
endonuclease. Loss of Chkl may rescue the CPT sensitivity dihihi.M84G.Y227F-HA
(Figure: 5.4.3 andhhp1.S83A-HAtrain Figure: 5.2.3 because Mus81-Emel may be aberrantly
active in theséahpl mutants. Chkl phosphorylates and activates the endonuclease in G2 to help
with the repair of broken DNA replication forks15). As in the case of théchkl hhp1l.S183A-
HA mutant, loss of Chkl reduced the extended G2 delay in CPT medigme 5.4.%. This
would be in line with the idea that Mus81 is hyperactive in hthpl mutant cells thereby
triggering a repair problem which prolongs the checkpoint signdl r@-entry into mitosis
(Figure: 5.4.9. Loss of Chk1l may prevent this hyper-activation thereby remgi¢hie inhibition

of Mus81-Emel by Hhpl redundant.

~ Figure: 5.4.1: Protein
:'§ levels of the

" hhp1.M84G.Y227Rc

< hkl strain.  Total
'.\} protein was isolated,
AN 15ul of the protein
) seperated on a 10%
A SDS gel, transferred
%’ onto nitrocellulose
B: membrane and
:é' detected with an anti-

HA antibody.

0.00SMMS 37 °C 30 °C

104 105 106 107 10¢ 10% 106 107  10* 10° 10° 107
Figure: 5.4.2: MMS (methyl-methanesulfonate) dregt for thenhpl1.M84G.Y227Rchk1 strain. Serial dilutions of
the indicated strains were spotted onto rich medilates containing the indicated MMS concentratidtiates were
incubated for 4 days at 30°C. One plate was inadbat 37°C.
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Figure: 5.4.3: CPT (camptothecin) drop test itip1.M84G.Y227Rchkl strain. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates werngbated for
4 days at 30°C. One plate was incubated at 37°C.
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Figure: 5.4.4: Acute CPT (camptothecin) survivadagsfor thenhpl.M84G.Y227Rchk1 strain. Yeast strains cells
were cultured in YEA medium overnight at 3D. Cells were harvested and treated withMQCPT. Samples (75ul)
were withdrawn at the indicated time points andgalaon one YEA plate. The surviving colonies werered after
3-4 days at 30°C.
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Figure: 5.4.5: Cell cycle arrest for thdpl.M84G.Y227Rchkl strain. Cells were
synchronised in G2 by lactose gradient centrifgatind released into rich medium
with or without 4QuM camptothecin (CPT). Samples were withdrawn atitfkcated
time (20 min) points. Cells were fixed in methaaold stained with DAPI (DNA) and
calcofluor (septum). The percentage of septatets,cehich are a readout for G1/S

cells, was scored (%).

DMNA Repair Problem
Extended G2 Arrest

Figure: 5.4.6: Model of Mus81-Emel and Hhpl and Lh&tivities. Mutations in Hhpl may reduce the
inhibitory impact of the kinase on the endonuclesiss81-Emel resulting in its aberrant up-regulation
Since Chkl phosphorylation of Emel is necessary tlog activation of the endonuclease in G2 when
DNA replication forks break in the presence of tiopoisomerase 1 inhibitor camptothecin (CPT),
deletion ofchkl may rescue the CPT sensitivity and reduce the @Bldced G2 delay because Mus81

would no longer be hyperactive.
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To find out whether the rescue of the CPT sensitivity upon lossh&ll @& specific to the
hhpl1.M84G.Y227F-HA strain, the deletion ofchkl was also combined with the
hhp1.M84G4NLS-HAdouble mutation.

"~ Figure: 5.4.7: Protein
I\.E

*-5 levels of the
= hhp1.M84G.NLS.delet
e ionAchkKlstrain. Total
= protein was isolated,
,.:.-'f‘ 15ul of the protein
- seperated on a 10%
5’? SDS gel, transferred
Sy onto nitrocellulose
‘%‘ membrane and
"a; detected with an anti-
_‘f@‘ HA antibody.

As in the case of the Y227A mutation, losscbkl had no impact on the total amount of the

Hhpl.M84GANLS-HA protein Figure: 5.4.%, and it reduced the sensitivity to CPHidure:

5.4.8, Figure: 5.4 This indicates that it has the inability to shuttle between the nucleus and the

cytoplasm which causes the DNA repair defect when DNA remicdorks break. Moreover

this indicates that the inhibitory activity of Hhpl on Mus81-Emel is executed in theisucle
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Figure: 5.4.8: CPT (camptothecin) drop test for hihg@1.M84G.NLS.deletiotichkl strain. Serial dilutions of the
indicated strains were spotted onto rich mediunteglaontaining the indicated CPT concentrationateBl were
incubated for 4 days at 30°C. One plate was inadbat 37°C.
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Figure: 5.4.9: Acute CPT (camptothecin) survival tiee hhp1.M84G.NLS.deletiolchkl strain. Yeast strains cells
were cultured in YEA medium overnight at 3D. Cells were harvested and treated withMQCPT. Samples (75ul)
were withdrawn at the indicated time points andgulaon one YEA plate. The surviving colonies werered after
3-4 days at 30°C.
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Figure: 5.4.10: Cell cycle arrest for thdpl.M84G.NLS.deletionchkl strain in the
presence of CPT. Cells were synchronised in G2agyose gradient centrifugation and
released into rich medium with or without | M camptothecin (CPT). Samples were
withdrawn at the indicated time (20 min) pointsli€evere fixed in methanol and stained
with DAPI (DNA) and calcofluor (septum). The pertage of septated cells, which are a
readout for G1/S cells, was scored (%).

There was however one important difference between the Y227RANMb8 mutants. While
deletion ofchklreduced the G2 delay in case of the Y227F mutation, it did not resalt

similar reduction when Y227 and the rest of the nuclear localisation sequencdetes de
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(Figure: 5.4.1) This led to the conclusion that while the NLS and Y227 are both inmpdicta
the DNA repair response of Hhpl,Y227 may act independently of the iNlt® icase of the cell
cycle regulation. The latter function may require the phosphorylation of Y227.
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Figure: 5.4.11: MMS drop test for tiap1.M84G.NLS.deletiokchk1strain. Serial dilutions of the indicated strains

were spotted onto rich medium plates containingitisgicated MMS concentrations. Plates were incubdbe 4
days at 30°C. One plate was incubated at 37°C.

L} -‘f

The same explanation may also help to understand why loss of Chkl doesstoo¢ the
resistance to MMSHgure: 5.4.1). How loss of Y227 in thedNLS mutant could cause a
different phenotype compared to the single Y227F mutation could beireglaf the
phenylalanine at the bottom of the small grove which forms the étuSain still allows the
domain to function whilst abolishing any phosphorylation at this positiothighsense, the
Y227F mutation could be a separation-of-function mutation. If phosphorylatié@23 were to
regulate nuclear shuttling of Hhpl, the un-phosphorylated NLS may chasé&itase to
accumulate in one compartment causing the separation of function. hafiety, all attempts to

visualise the HA-tagged Hhpl proteins in cells were unsuccessful.
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Chapter 6: The Circadian Clock Mutations in Hhpl
affect mainly its Cell Cycle Functions

Chapter Summary

Casein kinase 1 plays key roles in the mammalian circadiak ahd most CK1 mutations
affecting the clock reduce the kinase activity towards the BBERproteins. Three circadian
clock mutations ir5.pombeHhpl are the main feature of this chapter. EBhemutation found in
Syrian Hamster CKeR178C (Hhpl1.R180C) and other two mutantions foundiasophila
double-time long dbtL.M80I (Hhp1.M82I) and double-time short dbtS.P47S (Hhpl.P4BS). A
three mutations affect the cell cycle activity of Hhpl whileitg only a very limited impact on
cell survival in the presence of the topoisomerase 1 inhibitor camepiot(CPT). Mutant cells
expressing the circadian mutations have an extended G2 arrespieskeace of CPT. The main
conclusion from these findings is that a drop in kinase activitgtafi@ainly the cell cycle but
not the DNA repair functions of Hhpl. The relationship between Hhpl arfsipbenbgaralog
of TIMELESS (Swil) was also investigated. Swil associates tivé DNA replication fork and
loads the DNA damage checkpoint protein Mrcl. Deletiosvaifl rendersahhpl more CPT
sensitive strongly suggesting that both proteins act in paraitbivays when DNA replication
forks break.

Given that Weel is regulated by the mammalian clock, theigédin& between Weel and
Hhpl was studied. A drop in Weel activity, which increases actexsid of the main cell cycle
regulator Cdc2 kinase, partly reduces the heat and CPT seysifidithpland the double-time
short hhpl.P49%mutation. A similar suppression was observed when Cdc2 activity is increased
by the gain-of-function mutatiocdc2.1w(G146D). The rescue upon an increase in Cdc2 activity
could be explained by the regulation of the endonuclease Mus81-kmeelttse endonuclease
complex is phosphorylated by Cdc2 and most likely also by Hhpl. fdyeter also presents a
biochemical analysis of Hhpl and its mutant forms using isoeldoticsing. Wild type Hhpl
separates into four forms on a linear pH gradient from 3 to 10 indepiyndf DNA damage.
The tau mutation bhpl.R180C-HA shifts one form to a more positive (alkaline) isoelectric
point, while the double-time long mutatiomhp1l.M82I-HA increases the number of the
negative forms. Two of the forms reside or require the C-terndaalain of Hhpl as they
disappear upon deletion of the tail domain. A kinase-dead mutant of(Rimpl. K40R-HAstill

possesses the four forms strongly implying that auto-phosphorylation is not importa
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6.1. Introduction

The circadian clock defines theaily biological cycleof activitiesbasedon a 24 hoursperiod of
time. The circadian rhythrimfluencesthe dailyalternationbetweenlight and dark and thenythm
between sleep and activity mammals(361). The circadian system is based on the oscillating
expression of key genes includinGLOCK or NPAS2 BMALL PERIOD 1-3 and
CRYPTOCHROME 1-2360). Casein kinase 1 (CKIl) performs divers roles in the circadian
clock. It promotes the nuclear localisation of Period 1 to down-regulet dimeric master
transcription factor CLOCK-BMAL1(1). The phosphorylation of the PER proteins by CK1
increases over the course of the circadian day and peaks wherpribgsian of the positive
transcription factors CLOCK and BMALL1 is maximal. The rolentdny CK1 phosphorylation
sites is however not known. Some phosphorylation events target the RiEEngrfor
degradation while others are important for their nuclear localisathe breakdown of the PER
proteins can reset the clock because it removes the inhibition @GUOEK-BMALL hetero-
dimer. BMALL is also phosphorylated by CK1 which is linked with arrease in its
transcriptional activity(545) Two important outputs of the clock are cell cycle regulation and
DNA repair. Bjarnason Georg, and Richard Jordant) stated that the mammalian clock
regulates cell cycle progression by influencing the tndpison of Weel c-myg andcyclin D1.
Weel kinase inhibits cell cycle progression by phosphorylatin@ Rohase at tyrosine 15, the
transcription factor c-myc promotes G1-S progression whereasytti@ D1-CDK4 complex
keeps cells in G1 by blocking members of the retinoblastoma (RB)ipifamily. Interestingly,
the mammalian Timeless (Tim) protein promotes the circadighmh(101, 364, 372, 37%nd
is required for the activity of the intra-S DNA damage checkpoyndibectly regulating ATR-
Chk1 signalling(101, 111, 546)Proteins closely related to the human Tim protein exist in
Drosophila(dTim-2/dTimeout)(101, 365) in the budding yeas$. cerevisia€Tofl) (269, 378)
and the fission yeas. pombgSwil) (118, 373) Both, Swil and Tofl associate directly with
DNA replication forks and are mediators of the DNA damage cheakpSwil prevents
replication fork collapsé101, 118)and Tofl forms a complex with Csm3 and Mrcl at the DNA
replication fork(547).
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6.2. The Circadian Clock Mutations analysed in Hhpl

Three mutants were created in g1 gene of the fission yeaSthizosaccharomyces pombe
(S. pombge hhpl.R180C whiclequals the mammaliatau mutation R178C inCKle of the
Syrian Hamster(367), hhp1.M82Iwhich is identical to the Double-time long mutatiatbt.
M80I) in Drosophila and Hhp1.P49S whichs similar to Double-time shortdbt®. P473 in
Drosophila(142)(Figure: 6.2.1, Figure: 6.2.2

Figure: 6.2.1: Position of the
three circadian clock
mutations in S.pombeHhpl.
Interestingly, all three
mutations face the ATP
binding site of the kibase. The
model is based on the highly
related structure ofS.pombe
casein Kinase 1 (Csk1p82)
While proline 49 (proline 50:
Cskl) and arginine 180
(arginine 183 in Cskl) are
conserved, methionine 82 is
replaced by a leucine residue
at position 83 in Cskl. The
image was generated with
Polyview3D (PDB ID: 1CSN).
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Figure: 6.2.2: Loaction of the mutations in #rmino acid sequence 8fpombe-ihpl.
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Figure: 6.2.3: Domain structure &.pombeHhpl kinase. The C-terminal tail domain (tail domaimntains the
inhibitory autophosphorylation sites. The threecailian mutantions are located within the kinasealo close to
the ATP binding site.

The first mutationhhp1.R180Gs calledthe tau mutantion in the Syrian hamster which shortens
the period of the circadian clock peri¢éhb3, 367) Meng Qing-Jun et. al368) published that
thetau mutation reduces the period of the clock from 24 hours to 20 hours whiclatEsith
the destabilisation of the Period proteins as their turnover increases.

The second mutatiohhp1.M821(in Drosophilanameddbt-.M80I) extends the period of the
circadian clock (62, 142) while the third mutation,hhp1.P49S(in Drosophila, named
dbt®.P473, shortens the circadian clocks2, 142) Interestingly, all three mutations face the
ATP binding site of the kinasé-igure: 6.2.) which suggests that they may either increase or
decrease the kinase activity thereby affecting the regulatetwork between the PERIOD
inhibitors and the activating CLOCK-BMAI1 complex.

All mutant alleles were generated by fusion PCR and integaatdhe endogenouspl-HA
locus using the Cre-lox integration systéab3). The integrated alleles were amplified from
genomic DNA and sequenced to confirm the mutations and to exclude skeaqeef additional

mutations.

6.2.1. Thetau mutation Hhp1.R180C

The tau mutation was the first circadian clock mutation whichideadified in 1988 CK1e.
R178Q by Ralph and Menakef363) The mammaliartau mutation leads to the aberrant
autophosphorylation of CK1 which may increase its catalytic activity.
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Figure: 6.2.1.1: Protein levels of the Hhpl mutamateins. Total protein was isolated, 1 5f the protein seperated
on a 10% SDS gel, transferred onto nitrocellulosgniorane and detected with an anti-HA antibody. a)three
bands foHhp1l.HA.wt, Hhp1.K40RandHhp1.K40R.R180@un in same level and gave protein size arounkiCxh
B): Hhpl.HA.wt, Hhp1.M84Gand Hhp1.M84G.R180Gxpressed same proteins size lew®: Hhpl.R180C.C-
terminal.deletiorexpressed a smaller sized protein of around 35 kDa

The introduction of a cysteine residue at position 180 (R180C) had no iorp#ut expression
levels of Hhpl [figure: 6.2.1.). Neither did the mutation affect cell survival in the presesfce

CPT or MMS Figure: 6.2.1.2, Figure: 6.2.3.3

LCPT 0.5CPT 025CPT 37°C 30°C

lll}*lll}‘]{} TR0 10° 107 104 10° 10° 107 104 10° 10° 107 10¢ 10° 206 107

10CPT 5CPT 2CPT LSCPT 30°C

B ANhpl

256 U “ 50 O T CAXIFTAA hhpl RISOC.C-terminal.deletion
T0410°10° 107 10V10° 106 107 10410°10F 107 10F10°00° 107 10¢10° 106 107

Figure: 6.2.1.2: CPT (camptothecin) drop test fetau mutant and the C-terminal.deletion mutant. Sefilations
of the indicated strains were spotted onto rich immadplates containing the indicated MMS concentrai Plates
were incubated for 4 days at 30°C. One plate wasbiated at 37°C.
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Figure: 6.2.1.3: MMS (methyhethanesulfonatedrop test for theau andhhpl.M84Gmutants Serial dilutions of
the indicated strains were spotted onto rich medilates containing the indicatMMS concentrations. Plates we
incubated for 4 days at 30°One plate was incubated at 37

What was however unexpected is the impact otau mutation on the duration of the G2 arr
in the presence of CPT. While wild type cells delaysition intt G2 only briefly for 2(-40 min
(Figure: 6.2.1.% thehhpl.R180+HA mutant arrested for much longerl40 min) and the cel
returned slowly into the cell cyclFigure: 6.2.1.% This indicates that thau mutation may be a
separation of function mutatiowhich affects the cell cycle regulation of Hhpit hot the DNA
damage sensitivity.

Cell Cycle Arrest
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Figure: 6.2.1.4: CPTaduced(Camptothecin-induced) cell cycle arresthtipl.HA.vild
typecells.Glls were synchronised in G2 by lactose gradientrifagation and release
into rich medium with or without 40M camptothecin (CPT), then cells incubated a
°C shaker. 75ul samples were collected and kepteithamol over night. The percente
of sepated cells, which are a readout for G1/S cells, seased (%). Cells were fixed
methanol and stained with DAPI (DNA) and calcofl{septum)
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Figure: 6.2.1.5: CPT-induced (Camptothecin-inducedtell cycle arrest ¢
hhpl.R180Cells. Glls were synchronised in G2 by lactose gradientrifagation
and released into rich medium with or withoupil#Dcamptothecin (CPT), then ce
incubated at 36C shaker. 75ul samples were collected and keptethamol ove
night. The percentage of sated cells, which are a readout for G1/S cells,
scored (%). Cells were fixed in methanol and sthimdgth DAPI (DNA) and
calcofluor (septum).
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Figure: 6.2.1.6: Heatiduced cell cycle arrest (hhpl.HA.wild type cellsCells were
synchronised in G2 by lactose gradient centrifugaiind released into rich medit
with 30°C or 40°C treatmer, then cells were incubated at %D shaker. 7l samples
were collected and kept in methanol over night. paecentage of septatcells, which
are a readout for G1/S cells, was scored (%). @ale fixed in methanol and stain
with DAPI (DNA) and calcofluor (septum
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Figure: 6.2.1.7: Heatiduced cell cycle arrest of thhhpl.R180Q0mutant.Cells were
synchronised in G2 by lactose gradient centrifugatind released into rich meditat
30 °C or 40°C. 75l samples were collected and kept in methanol might. The
percentage of septated cells, which are a readout1/S cells, was score%). Cells
were fixed in methanol and stained with DAPI (DN&X)d calcofluor (septun

To test this idea, wild type cellshhpl-HA and the hhpl.R180+-HA mutant were
synchronised in G2 and released into rich mediu®0a€ or 40°C. Consistent with the earl
experimentsKigure: 6.2.1.6Figure: 6.2.17), wild type cells arrested in the first G2 phaseup
to 180 min Figure: 6.2.1.% The G2 delay olhehhpl.R180C-HAnutant was 60 min longer al
cells exited the arrest more slowFigure: 6.2.1.). This prolonged arrest supports the idea
thetau mutation affects mainly the cell cycle regulationHihpl kinase

Since thetau mutation resuli in the aberrant phosphorylation of the mammaliarl @kotein
(548), total protein extracts were prepared from untreatdd type cells hhpl-HA and the
hhp1l.R180C-HAmMutant and subjected to isoelectric focusing onnaal strip (pH-10). As
shown inFigure: 6.2.1.8the wild type Hhpl protein separates into foumnfse with different
isoelectric points. While three forms (numbe-3 in Figure: 6.2.1.8migrate in the alkaline are
of the strip closer to the negative end, one fanomiber 4 irFigure: 62.1.¢) is more negatively
charged and migrates closer to the positive endhef strip. Thehhpl.R180-HA mutant
produced also four forms but the position of forrmdved away from the positivinode closer
to the negative catlde (number 5 irFigure: 6.2.1.8 This implies that one form is le
negatively charged as a result of ttau mutation. This was unexpected since the R1

mutation removes one positive charge from the saréd the proteinFigure: 6.2.1), which
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should move all forms closer to the positively charged anode. Asviisot the case, thau

mutation may affect the post-translational in a more complex ma@ne conclusion which can

be drawn from this experiment is that the change in form 4 eteseivith the cell cycle defect

of the R180C mutation. Which may identify form number 4 as being invalvestll cycle

regulation.
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MW+ plI— AT
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M hlipl. HA.wt

. i * hhpl R180C

RS——— hhipl K40R

E @Izhpl RI1I80C.C-terminal deletion
o '

-

Figure: 6.2.1.8: Isoelectric focusing of Hhpl. Tqieotein extracts were prepared from the indicated
strains without drug treatment. Aliquots were theaded on a liner pH gradient strip (range 3-1@) an
separated by charge (isoelectric points). Afterrthre the strips were placed on a 10% SDS PAGE and
the proteins were separated by size. The proteinwgaalised after the Western blot with the ani-H

antibody.
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Figure: 6.2.1.9: Isoelectric focusing of
wild type Hhpl. Total protein extracts
were prepared fromhpl-HAwild type
cells in the presence or absence of
DNA damage. Cells were exposed to
40uM camptothecin (CPT) or 12mM
hydroxyurea (HU) for 4 hours at 30°C.
While CPT breaks DNA replication
forks, HU only arrests forks. Cells
were also exposed to 0.05% methyl-
methanesulfonate (MMS) for 1 hour at
30°C. MMS causes single-stranded
breaks by methylating adenine residues
in the DNA.
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To test whether the post-translational modification pattern changhe response to DNA
damage,hhpl-HA wild type cells were exposed to 40uM camptothecin (CPT) or 12mM
hydroxyurea (HU) for 4 hours at 30°C. While CPT breaks DNA rapba forks, HU only
arrests forks. Cells were also exposed to 0.05% methyl-methtomede (MMS) for 1 hour at
30°C. MMS causes single- stranded breaks by methylating adessiiieigs in the DNA. As
shown inFigure: 6.2.1.%he overall pattern was very similar under all conditions whighlies
that Hhpl does not undergo significant changes in its modificatioarppatt the response to
DNA damage. In addition to the four main forms (numbers 1-4), one low abuiodantvhich

migrated closer to the anode was detected in all experiments (numkbdep6rim6.2.1.0

6 45321
i I 1 k1N

Ue——-—— tp 1 HAowWE 30 °C

| 1 | | B . |
- B Nthpl . HAwt 40 °C

L} 1 n B . |
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- e ItIp I RISOC 40 °C
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1 | E I N
o sl 1hpl.K40R 30 °C
1 | 11 1

o hhpd K4OR 40 °C
1 I 1 i n
6 45321
Figure: 6.2.1.10: Isoelectric focusing of Hhpl. dloprotein extracts were prepared from the
indicated strains either grown at 30°C or afterilgwbeen exposed to 40°C for 1 hour. The arrow
heads highlight temperature induced changes ipakéetranslational modification pattern.

It was also tested whether the pattern changes under heatcstmdggns. As shown ifigure:
6.2.1.10Q there was no change in the case of the wild tghpX-HA. There was however a small
change in the case of the R180C mutant. Form number 6 was not very rabamnda@°C but
increased in its amount at 40°C at a position slightly closdremégative cathode. A kinase-
dead fHhpl.K40R-HAstrain was also tested. While the pattern of signals resembled WT at 30°C,
the intensity of form number 4 strongly declined at 40*@Quyre: 6.2.1.1) It is also noteworthy

that the kinase-dead protein shares a very similar post-tranglathodification pattern with the

wild type protein Figures: 6.2.1.8, Figure: 6.2.1)1This implies that the modifications are not

caused by auto-phosphorylation of the kinase or that the K40R mutation still enablesgbe kina
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to undergo autophosphorylation. The latter is less likedytlze kinas-dead strain resembles t
hhplgene deletion.

Since mammalian Hhpl kinase undergoes autophodphioryin its (-terminal domain'1),
most of this domain (298aa to 356aa’s deleted in frame~{gure: 6.2.1.1)Lin thehhp1.R180C-

HA mutant. The last 9 amino acids were left in placéhay are highly conservi

C-Del
K40R R180C 298-356

1 1
|  KINASE WU
L41CY MBD NLS

Figure: 6.2.1.11: Domainrganisation oiS.pombe-Hhpl. The kinase domain and th-terminal tail
domain are highlighted. The-frame deletion of the tail domain (298aa to 356aahown

As shown inFigure: 6.2.1.8the truncated proteirhhpl.R180CIC-HA) migrated at a small
molecular weightcompared to the wild type protein. Very unexpegtedibss of this larg
section of the Germinal domain had no impact on the DNA damagsisieity (Figure: 6.2.1.2,
Figure: 6.2.1.1p It had also only a small impact on the (-induced cell cycle arre@as the
delay was only slightly longer compared to wildeyFigure: 6.2.1.18

CPT
a1 i 1. HA . wt
1000 P
== Anhpl
100
o a
AN hhpl RISOC
I-"\
= 10 ——nhpl.R180C.C-
*": terminal.deletion
: I L] L] l L] L] L] l L] L] L]
m 1
0 2 4 6
Time, h

Figure: 6.2.1.12: Acute CPTdmptothecir survival assay fotau mutant and the @&rminal.deletion mutant. Tt
indicatedS.pombestrains cells were cultured in YEA medium overnight30°C.Cells were harvested and trea
with 40uM CPT for five hours perio@at 30°C. 75 pul samples were collected every hour the duration of five
hours.
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Figure: 6.2.1.13:CPT-induced (Camptothecin-induced) cell cycleeat for the
hhp1.R180C.Germinal.deletiol strain. @lls were synchronised in G2 by lactc
gradient centrifugation and released into rich medwith or without 4@M CPT at
30°C. 75ul samples were collected and kept ethanol over night. The percente
of septated cells, which are a readout for G1/&celas scored (%). Cells we
fixed in methanol and stained with DAPI (DNA) aralaofluor (septum)

The truncated Hhpl protein was also subjecteddelestric focusing. As shown [Figure:
6.2.1.8 the loss of the @erminal domain resulted in the disappearance ef ttho, more
negative forms of Hhpl as thdapl.R180CIC-HA strain produced only twforms. This implie:
that the two more negative forms require -translational modifications within the deleter
terminal domain. The lack of CPT sensitivity ane@ tmall impact on the Cl-induced cell
cycle delay are also consistent with the eastatement that autophosphorylation does not
an important role fo.pombedhpl

Given the genetic linkage between Hhpl and CiChapter ¥, thechklgene was deleted in
thehhpl.R180C-HAstrain. Loss of the checkpoint kinase had no impadh¢ MMS sensitivity
of the 4chkl hhpl.R180CIC-HA strain Eigure: 6.2.1.1% but increased slightly the CF
sensitivity Figure: 6.2.1.1p This increase suggests that Chkl and Hhpl.RER®@ paralle
pathways when DNA replication forks break in thegeme of the topoisomerase 1 inhibit
This could be explained if Hhp1l.R180C affects maithle cell cycle response whereas C
affects the repair of broken forks by the Mu-Emel endonucleasede Chapr 3, and Chapter
5).
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Figure: 6.2.1.14: MMS (methyl-methanesulfonate)pdi@st for thenhpl.R180Q@chk1strain. Serial dilutions of the

indicated strains were spotted onto rich mediuntegl@ontaining the indicated MMS concentrationstdd were
incubated for 4 days at 30°C. One plate was inadbat 37°C.
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Figure: 6.2.1.15: CPT (camptothecin) drop testtferhhpl.R180Q@chk1 strain. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates \wengbated for

4 days at 30°C. One plate was incubated at 37%itsgty CPT pattern higher than Hhp1.R180C stragna result
of deletingChklkinase from Hhp1.R180C cells.

6.2.2. The Hhp1.M82I double-time long Mutant
TheS. pombe Hhpl.M82hutant is homologous tdbt.M80! (double-time long M80I) in
Drosophila(142). ThedbtL (M80I) mutation alters the oscillation pattern of the PERIOD

185|Page



New roles ofCKI/e in DNA Replication Stress| 2015

proteins as it may reduce the kinase actiVity9) which leads to a delayed degradation of the
PERIOD proteing550).

The equivalent mutation ®.pombeHhpl (M82I) had neither an impact on the temperature
sensitivity nor on the growth of cells in the presence of MM8ure: 6.2.2.). Thehhp1.M82I-
HA strain displayed however a low sensitivity to high doses of CRjuie: 6.2.2.¢ and the
protein level of the mutant may be reducédy(re: 6.2.2.8 What was however interesting is
the observation that the second, faster migrating Hhpl band may be iabbenmutant strain.
A change in the post-translational modification pattern by the M&2htion within the ATP
binding domain igure: 6.2.) is supported be the aberrant isoelectric focusing pattegnre:
6.2.2.9. While wild type cells ljhp1l.HA contain the four forms of the kinad&hpl.M82I-HA
cells appear to express more forms which are all low abunSante forms appear to be more
negative which indicates a higher degree of phosphorylation. Sincguhalent mutation in
Drosophilalowers the kinase activity, the break up in more forms with dévpost-translational
modifications may have a negative impact on the kinase. If this were to bé¢heabt821 mutant
should have an extended G2 arrest in the presence of CPT as théomedtdtihpl kinase
activity, for example upon the deletion of the gene, extends the nyprshalit delay igure:
3.1.5B. Indeed this was the case, as showrFigure: 6.2.2.5 hhpl.M82I-HA cells delay
significantly longer than wild type cells when DNA replicatiarkls break. This interesting
finding strongly suggests that the response to DNA damage arzkltheycle regulation by
Hhpl require either different forms of the kinase or differentl$egé kinase activity. While a
reduction in kinase activity has only a minor impact on the survivdie presence of MMS or

CPT, the cell cycle delay in the presence of CPT is significantly longer.

0.01 MMIS 0.005 MIMS 37 °C

30°C
= ¢ hhpl HA.wt

Achkl
8 hhpl M821

104 10 10% 107 104 10F 10% 107  po¢ 10° 10 107 104 10% 108 10°

Figure: 6.2.2.1: MMS (methyl-methanesulfonate) dtegt forhhp1l.M82Istrain. Serial dilutions of the indicated
strains were spotted onto rich medium plates comtgithe indicated MMS concentrations. Plates wecebated
for 4 days at 30°C. One plate was incubated at 37°C
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Figure: 6.2.2.2: CPT (camptothecin) drop testtibpl.M82Istrain Serial dilutions of the indicated strains were
spotted onto rich medium plates containing thedatid CPT concentrations. Plates were incubated fiays at
30°C. One plate was incubated at 37°C.

CPT Su)M CPT 2uM

* Figure: 6.2.2.3:
= Ay Western  blot  for
i & hhpl.M82l.  Total
‘é’ protein was isolated,
. ~ 150 of the protein

seperated on a 10%
SDS gel, transferred
onto nitrocellulose

membrane and
detected with an anti-
HA antibody.

pPH3 (+) ? 5. -:I :??1. pPH10(-)

- A B Nihpl HAwt
- — - hhpl M821

Figure: 6.2.2.4: Isoelectric focusing of the HHW&2l protein. Total protein extracts were
prepared fronhhpl-HAwild type cells andhhpl.M82Imutant cells, and separated by charge on a
linear 3-10 strop prior to running the samples di& SDS page. Hhpl-HA was visualised with
an anti-HA antibody.
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Figure: 6.2.2.5: @€T-induced (Camptothecin-induced) cell cyclereat of the
Hhpl.M82I strain. €lls were synchronised in G2 by lactose gradientrifagation
and released into rich medium with or withoupt®DCPT, then cells incubated at
°C shaker. Samples were collected and cells weesl fix methanol over night. au
stained with DAIP(DNA) and calcofluor (septum). The percentageseptated cells
which are a readout for G1/S cells, was scored

6.2.3. The Hhp1.P49S doublame short Mutantion:

The dbt’.P47S (doubletime short P47S) mutation iDrosophila has only a very minc
negative impact on the kinase activity and does ai@nge the degradation pattern of
PERIOD proteing142, 550) In cell culture experiments, the PERIOD proteinsdme hype-
phosphorylated in this mutant backgro (549). Like the doubleime long mutation (M82l), th
double-time short mutatiorP49¢) in S.pombeHhpl hhpl.P49S-HAreduces the sensitivity -
MMS and CPT only very slightlyFigure: 6.2.3.1, Figure: 6.2.3.2

0.01MMS  0.005MMS ~ 37°C 30°C

hhpl. HA.wt
Ahhpl
hhpl.P49S

[ J

LV L0S10° 107 104105106107 104105106107 104105106 107
Figure: 6.2.3.1: MMS (methylrethanesulfonat drop test for thdhpl.P49train.Serial dilutions of the indicate

strains were spotted onto rich medium plates coimgithe indicatetMMS concentrations. Plates were incube
for 4 days at 30°Q0ne plate was incubated at 37
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Figure: 6.2.3.2: CPT (camptothecin) drop test fertthpl.P49SstrainSerial dilutions of the indicated strainsreve

spotted onto rich medium plates containing thecaid CPT concentrations. Plates were incubated fiays at
30°C. One plate was incubated at 37°C.

The isoelectric focusing assay revealed however a strikingrehife between both mutants.
While the M82I(dbt-L) increased the number of Hhpl forms, the PA#8-§ decreased the
number of forms with a clear reduction in the more negative vari@ngure: 6.2.3.)
Interestingly, the impact of this change on the CPT-induced G2 detag similar to the
extended delay caused by the M82I mutatidig|re: 6.2.3.) although thénhpl.P49S-HAells
re-entered the cell cycle faster after 100 min. In sumnthpge observations strengthen the
conclusion that a reduction in Hhpl activity levels affects the srgdvom a CPT-induced G2
arrest, but has only a small impact on DNA repair and cell\alr¢rigure: 6.2.3.F The two
double-time mutations reduce both CK1 activity to a different extaddlee behaviour changes

in the mutant flies may be linked with the distinct degradation pattern of the PER&®eIns.

Figure: 6.2.3.3: Western blot for
hhp1.P49S. Protein was isolated,
15ul of the protein seperated on a
10% SDS gel, transferred onto
nitrocellulose  membrane and
detected with an anti-HA
antibody. hhpl.P49S mutant
proteins sizes as shown by
electrophoresis  full-length  of
hhplproteins.
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Figure: 6.2.3.4:Isoelectric focusing of the Hhpl.P49S pro. Total protein extracts wel
prepared fronmhpl-HAwild type cell andhhpl.P49Smutant cells, and separated by charge
linear 310 strop prior to running the samples on a 10% $BE:. Hhp-HA was visualised witl
an anti-HA antibody.
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Figure: 6.2.3.5: CPTaduced(Camptothecin-induced) cell cycle arrest of tigp1.P49S
strain. @lls were synchronised in G2 by lactose gradientrifagation and release
into rich medium with or without 4 CPT. Cells samples were collected and fixe

methanol and stained with DAPI (DNA) and calcofl(septum). The percentage

septated cellswhich are a readout for G1/S cells, was scored
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Figure: 6.2.3.6Different activity levels of the kirse maybe required for DNA rep
and cell cycle regulation. A reduction in kinasdiaty by the circadian mutatior
delays reentry into the ell cycle without affecting cell viability in theresence of DN/
damage.
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6.3. The Relationship between Hhpl kinase and Timeless (Swil)

The TIMELESS (TIM) protein acts jointly with the PERIOD pwots in the negative
feedback loop which controls the activating of the CLOCK-BMAL1 trapson factor. The
degradation of TIM in the early morning promotes the progressive phgtgimr of the
PERIOD proteins by CK1 and their degradatidil). Independent of its functional link with the
PERIOD proteins, TIM is also important for the progression through B#plication and the
activity of the intra-S ATR-Chkl DNA damage checkpaiihil, 552) The S.pombeprotein
which may be the paralogue of TIM is Swil. Swil binds to chromaioh facilitates the
recruitment of the S phase checkpoint protein Migl6). Swil acts in a DNA replication
pathway jointly with Hsk1l (Cdc7) kinase in the response to stadlplication forks(535), and
may regulate the recombinational repair of broken fGiks).

To test the relationship between Hhpl and Swilhapl Aswil double mutant was
constructed. As shown iRigure: 6.3.1 the double mutant was as CPT sensitive asikigl
single mutant suggesting that Swil (TIM) and Hhpl act in tmeespathway when DNA
replication forks break. Since the strains are very sensiti@PiD, the test was repeated under
acute survival conditions. When cells were exposed to 40uM CPT for 5 HueuthhplAswil
double mutantKigure: 6.3.2 was more sensitive than the two single deletion strains. fbigss
that Swil and Hhpl act in two parallel pathways when DNA repicaorks break. Cells
without Swil ¢Iswil) delay progression through G2 briefly for 40 miing(ure: 6.3.3, while the
Ahhplswil double mutant displayed a longer delay of approximately 80 mguie: 6.3.%
which resembles the extended G2 arrest ofhkpl single mutant Kigure: 3.1.5B8. Taken
together, these data do not support a close link between Swil and Hhp DNAereplication
forks break in the presence of CPT.
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Figure: 6.3.1: CPT (camptothecidjop test forAhhplaswil strain. Serial dilutions of the indicated strains wi
spotted onto rich medium plates containing thecatdidCPT concentrations. Plates were incubated for 4 da
30°C.One plate was incubated at 37
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Figure: 6.3.2: Acute CPT &mptothecir survival assay for thahhplAswil strain. Theindicatec S.pombestrains
were cultured in YEA medium overnight at °C. Cells were harvested and treated wituM CPT and incubated
again for five hours at 3. 75 ul samples were collected every hourtheduration of five hours
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Figure: 6.3.3: CPTRduced (Camptothecin-induced) cell cyclarrest of the Aswil
single mutant. €lls were synchronised in G2 by lactose gradiemtridagation anc
released into rich medium with or without @ CPT at 3C°C. Samples were collect
and &lls were fixed in methanol and stained with DABNA) and calcofluor (septum
The percentage of septated cells, which are a reddioG1/S cells, was scored (%
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Figure: 6.3.4: CPinduced (Camptothec-induced) cell cycle arrest of th
AhhplAswil double mutant. Cells were synchronised in G2 l&ctose gradier
centrifugation and released into rich medium withwathout 4GuM CPT at 30 oC
Samples were collected and cells were fixed in arethand stained with CPI (DNA)
and calcofluor (septum). The percentage of septae#g, which are a readout for G1
cells, was scored (%). Cells were fixed in methamal stained with DAPI (DNA) an
calcofluor (septum).
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Given that the circadian clock directly regulates the expresdidfeel kinas€375) the link
between Hhpl, its circadian mutations and Weel was explor&pdmbecells without Weel
kinase filwee) are alive but DNA damage sensitive?4) (Figure: 6.3.%. This DNA damage
sensitivity is not shared by the gain-of-functiotic2.1w(G146D) mutation in Cdc2 which is
insensitive to the inhibition by Weel via its tyrosine 15 phosphoryélfion). Since both strains
(dweelandcdc2.1vwy enter mitosis earlier than wild typa20), the DNA damage sensitivity of
Weel is probably unrelated to the cell cycle defect. Indeeehtraesults indicate that the
sensitivity is linked with the accumulation of unphosphorylated Cdevieelcells (554) The
unphosphorylated pool of Cdc2 associates with the DNA damage checkpaisé KChk1l and
may directly affect the response to DNA damage. As showrgare: 6.3.5Aweelcells are
sensitive to a broad range of drugs whereasdic2.1wmutant is mainly sensitive to CPT. Cells
without Weel are also temperature sensitive and resemble ime#pect thethhpl strain
(Figure: 4.2.7.

hhpl. HA.wt
Aweel
cdc2. Iw

107109105104 10710%10%10* 1071010104

0.008% MIMS 1pM4NQO  10uM CPT

hhpl HA wt
Aweel
cdc2. Iw

10710°10510410710%10%10¢ 10710%10%10*
Figure: 6.3.5: DNA damage sensitivity profile oflsenvithout Weel or with a hyper-active Cdc2
kinase (insensitive to Weel inhibition). Serialutibns of wild type (WT)weelandcdc2.1w

(G146D) cells were dropped on rich medium plategaaing the indicated drug [MMS (Methyl-
methanesulfonate), CPT (Camptothecin), HU (Hydrogg), and NQO (4-nitroquinoline 1-oxide)]
concentrations and incubated at 30°C for 3 dayg. @ate without a drug was incubated at 37°C.

To test the relationship between titg1 deletion and theveel-50loss-of-fuction, and the
gain-of-functioncdc2.1wmutation,4hhplweel-5@dnd4hhpl cdc2.1lvstrains were constructed.
The loss-of-fuctionweel-50allele was used as several attempts to construttthal Aweel
strain failed. As shown ifrigure: 6.3.¢ an increase in Cdc2 kinase activity by either lowering
the inhibitory Weel kinase or by introducing the G146D mutatiada2, partially reduces the
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CPT sensitivity of thenhpl deletion. This places Hhpl kinase in the same DN#nalge

response pathway to broken replica forks as Weel and Cdc2.1w.
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Figure: 6.3.6: A drop in Cdc2 kase activity suppresses the C(camptothecinksensitivity ofhhpl deletion
cells. The indicate®.pombestrains were cultured in YEA medium overnight at°C. Cells were harvested and
treated with 40M CPT and incubated again for five hoat 30°C. 75 ul samples were collected every hour

duration of five hours.

Consistent with this conclusion, thhpl.R180C-HAstrain (au mutation) is as CPT and MV
sensitive as theveeldeletion weel hhpl.R18(-HA) (Figure: 6.3.7Figure: 6.3.9.

MMS 0.01%  MMS 0.005%

37°C

LB B A /ihpl. HA.wt

30°C

MR IR R R 1lipl RISOC. Aweel

10 10% 10* 107

10¢ 10% 10° 107

10 10 10* 10

10° 10% 10° 10

Figure: 6.3.7: MMS (methytaethanesulfonat drop test for thdnhpl.R180Q@weelstrair.. Serial dilutions of
the indicated strains were spotted onto rich medilates containing the indicatMMS concentrations. Plates
were incubated for 4 days at 30Qne plate was incubated at 37
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Figure: 6.3.8: CPT (camptothecin) drop test for hing1.R180Qweelstrain Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates werebated
for 4 days at 30°C. One plate was incubated at 37°C

-
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Figure: 6.3.9: MMS (methyl-methanesulfonate) drest tftor thenhpl.M82IAweelstrain Serial dilutions of the
indicated strains were spotted onto rich mediunteglaontaining the indicated MMS concentrationatdd were
incubated for 4 days at 30°C. One plate was inabat 37°C.
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Figure: 6.3.10: CPT (camptothecin) drop test fa hhpl.M82lAweelstrain Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates werebated
for 4 days at 30°C. One plate was incubated at 37°C
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Figure: 6.3.11: MMS (methyl-methanesulfonate) drest for thehhpl.P493\weelstrain. Serial dilutions of the

indicated strains were spotted onto rich mediunteglaontaining the indicated MMS concentrationatdd were
incubated for 4 days at 30°C. One plate was inadbat 37°C.
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Figure: 6.3.12: CPT (camptothecin) drop test fog tihpl.P493weelstrain Serial dilutions of the indicated

strains were spotted onto rich medium plates comgithe indicated CPT concentrations. Plates wengbated for
4 days at 30°C. One plate was incubated at 37°C.
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Figure: 6.3.13: Protein levels of théapl mutants with theveeldeletion. Total protein was isolated,
15ul of the protein seperated on a 10% SDS gel, tearesd onto nitrocellulose membrane and
detected with an anti-HA antibody. Proteins basides around 55kDa.
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In the case of thdbt-S (P49S) anddbt-L (M82I) mutations, the deletion afeelslightly
reduced the CPT sensitivitfFigure: 6.3.10, Figure: 6.3.12as observed for theeel-50Ahhpl
double mutant strainF(gure: 6.3.§. The two circadian clock mutants differed however in the
response to MMS, while théweel hhpl.M82I-HAlouble mutant was as MMS sensitive as the
weeldeletion strainKigure: 6.3.9, the Aweel hhpl.P46S-Hétrain was more MMS resistant
than cells withoutveel(Figure: 6.3.1). However, the protein levels of the mutated Hhpl kinase
was not affected by the loss of Weé&lg(rre: 6.3.1%

These findings imply that a drop in Hhpl kinase activity caugethé circadian clock
mutations or the deletion dihpl can be partly compensated by loss of Weel. Since the
unphosphorylated pool of Cdc2, which interacts with C{idl), accumulates in the absence of
Weel, it is possible that Hhpl kinase is required for the formatiahi®fCdc2 DNA damage
response complex. This would also explain why Chk1 is epistatichivfih mutations. Whether
the Mus81-Emel complex is also part of this repair network isetdtnown, but is very likely
since both, Cdc2 and Chk1, need to activate the Mus81-Emel endon(Eiegse

Un-phosphorylated Cdc2-Chk1 Complex

oD

1Y v

L
® 56/

Cell Cycle Regulation DNA Damage Response

Figure: 6.3.14: Model of the Role of Hhpl in thgukation of Mus81-Emel. There is a suggested getiek
between Weel, Cdc2, and Chkl which may regulatevihg81-Emel complex. Cdc2 phosphorylates Emel to
facilitate the phosphorylation event on Emel by Cihken DNA damage is present. Also Hhpl kinasedsiired

to phosphorylate Emel to activate the Mus81-Emedipbex.
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The genetic links between Weel, Cdc2 and Chkl could be explained by a abnelgukation

of the endonuclease Musl-Emédigure: 6.3.1% Emel is first phosphorylated by Cdc2 in G2
which primes the endonuclease for the phosphorylation by Chk1 in the presence of DNy dama
(515), Hhpl could also modify Emel which could be important for the formatidmeofus81-
Emel complex. Alternatively Hhpl could also be functionally linked whk1Ckinase. Cdc2 in

the complex with Chk1 is not phosphorylatéé4). Loss of Weel, which phosphorylates Cdc2
at tyrosine 15 and threonine 1433), results in an increase in the unphosphorylated Cdc2 pool
which could compensate for a reduction in Hhpl kinase activity eitheéesponse to the

circadian clock mutations or upon deletion of kimplgene.
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Chapter 7: The Breast Cancer Mutation Hhp1.L510Q
affects specifically the DNA Damage but not the Hea
Response

Chapter Summary

Common breast cancer mutants in human CK1 Gié:.L39Q (Hhpl.L40Q, beside
CK1£.L49Q (Hhp1.L51Q, CK1.N78T (Hhp1.N807J, and CK1:.S101R(Hhp1.S103R To find
out how these mutations affect DNA repair and cell cycle pssgn, the besid€K1:.L49Q
(Hhp1.L51Q mutation was created fB.pombeVery unexpectedly, the replacement of leucine
51 by a glutamine residue at the transition point between the loop wpans across the ATP
binding site and the beginning of an alpha-helix, affects only thé& Déypair and cell cycle
responses to the topoisomerase 1 inhibitor CPT, but not to heat Stpesabecells harbouring
this mutation are CPT sensitive and delay G2 for longer. The éesitigity and cell cycle delay
is however normal at 40°C. Both, the CPT sensitivity and the exten2ledr€st are suppressed
upon loss of Chkl kinase. Since Chkl acts on the endonuclease Mus81-Emelilihe tma
activate this DNA repair enzyme may explain the suppression.

The breast cancer mutation displays also an interestingaemnetaction with the cell cycle
regulator Cdc25 phosphatase. Cdc25 removes the inhibitory tyrosine (Y) 15 plytstpiror
from Cdc2 which is attached by Weel kinase. The L51Q mutation ovesclase of Cdc25
activity as the cdc25.22 hhpl.L51Q mutant strain regains the alwligrdw again at the
restrictive temperature of 37°C. This rescue could be explainadénactivation of the mutated

Cdc25 enzyme or a inhibition of Weel when Hhp1l kinase levels drop.
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7.1. Hhp1 Kinase and Cancer

Cancer is one of the most challenging diseases worldwide. Sengadions in human
CK1ls (Hhpl) kinase were suggested to cause breast canceCKés, L39Q (Hhpl.L40Q,
CK1£.L49Q (Hhpl.L51Q, CK1.N78T (Hhp1.N807J, and CK1:.S101R(Hhpl.S103R (6, 88)
The hhpl mutation at L51Q is commonly diagnosed in breast cancer. The |élite-
glutamine mutation leads to aberrant cells growth which isgrdzed as cancei88). The
circadian clock was also linked to breast cancer and colorecteérs as both increase amongst
night shift workerg 370, 420) This link between the circadian clock and the cell cycle mely
be linked to mutations in CK&21). Filipski E, et al.,(424) stated that changes in the expression
pattern of mousePer2, Bmall, and Rev-erlsr genes effected cancer proliferation. Another
possible link between the molecular clock and the cell cycléhimaiy could be regulation of
Weel kinase expression375). Given that the transcription factor c-myc is an oncogene, its
regulation by the BMAL1-CLOCK complex may also result in uncadtgd cell growth(423).
MammalianPerl and Per2 may directly regulate the tumour suppressor p53 via their link with
Mdm2 which controls the nuclear localisation and stability of @831, 423, 425, 370, 427)
CK1e (Hhpl) is directly linked with circadian disorders of rest-attivr sleep-wakefulness
rhythms in mammals6, 421, 428)For example, the phosphorylation of Per2 at serine-662 is

required to prevent the familial advanced sleep phase syndforme)

7.2. The Hhp1.L51Q Breast Cancer Mutation

Mammary carcinomas (breast cancer) are one of the most conenptasias in womefsa).
Interestingly mutations in highly conserved amino acids of humannckssase % were
detected in breast cancer patienis). CKle is a Serine/Threonine kinase which regulates cell
proliferation, differentiation, cell migration, and the circadianckl®8). CK1g is involved in
p53 regulation and the Wnt signalling pathway, DNA repair and ceallecyegulation(1, 78)
The following mutations were detected in the N-terminal kinase soaiduman CK# (Hhpl):
CK1e.L39Q (Hhp1.L41Q), CK%.L49Q (Hhp1.L51Q), and CKIS101R (Hhpl.S103RYS, 88)
(Figure: 7.2.).
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Figure: 7.2.1 Location of the human breast cancer mutations L39QQ and S101R in the Hhp1 protein.
(source: PRALINE sequence alignment tool; availatbie
http://zeus.few.vu.nl/jobs/5688f2f65cc5ce5d62b41c7c506eebfe/;accessed 13 October 2015). Human €Ki
NP_689407.1, SPHhpl: CAA20311.1, and SCHrr25: CAA®B/1. Human Ckd: NP_689407.1, and SPHhp1:
CAA20311.1.

L41Q (HsL39Q) L51Q (HsL49Q) S103R (HsS101R)

Figure: 7.2.2: Location of the breast cancer maitetiin Hhpl kinase. The structurexpombedhpl was modelled
using the tool Swiss Model (protein template: 38w (500), identity: 76.4%, cover: amino acids 4-297 (81%)1
is located in a beta-sheet which faces the ATPibindite (active site). L51 and S103 are both ledatt the end of
an alpha helix (red arrows). The N and C-termigiiadicated.
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Interestingly, leucine 51 and serine 103 are both located at tis#titya point between an alpha
helix and a loop regiofFigure: 7.2.2) while L41 is part of a beta-sheet which forms the ATP
binding site (active site). These mutations may affected dtieitg of the kinase as they may
have an impact on its structure or conformational changes, andthasfore contribute to
tumour progression(88). Characterized CKé mutants CK1:.L39Q, CKZ.L49Q, and
CK1£.S101R which were identified in mammary carcinomas have limited kiredivity and
that may therefore lead to a reduced phosphorylation of physidldaigats, for example in the
Wnt/B-catenin pathwayg8, 429)which may decrease cell adhesion and promote cell migration
(429). Importantly, there is very little known of how these mutati@isle.L39Q (Hhpl1.L40Q),
CKle .L49Q (Hhpl.L51Q, and CK1:.S101R(Hhpl.S103l affect the kinase and how they
impact on the DNA damage response. Work in human cell lines has shaiwviné mutation
L39Q affects the ability of CKelto phosphorylate the Wnt signalling protein Dishevell&d).
This reduction in wnt signalling leads to the up-regulation of thallsé protein Racl which

reduces cell adhesion.

7.3. Characterisation of Hhp1.L51Q

Since no information is available on how the mutation L49Q affecteuiman kinase, the
corresponding amino acid leucine-51 was replaced by a glutansiteieeusing the Cre-Lox
technology (258), and the point-mutatetihpl.L51Q-HAgene (C-terminally haemagglutinin
tagged) was integrated at its endogenous locus inhtifgl base strain. The mutated
hhpl.L51Q.HAgene was re-amplified from the integration strain by P@R sequenced to
confirm the mutation. As shown iRigure: 7.3.2 the mutation had no impact on the overall

amount of the kinase.

Figure: 7.3.1: Location of
the L51Q mutation of
Hhpl. Leucine 51 is
located at the transition
from the loop arching over
the active site to the alpha
helix of the larger second
lobe. Lysine 40, which
makes contact with the
ATP in the active site is
also shown.
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Figure: 7.3.2: Protein levels of Hhp1.L51Q. Totabtein
was isolated, 18 of the protein seperated on a 10% SDS
gel, transferred onto nitrocellulose membrane astecled
with an anti-HA antibody. The protein size is betwe
40kDa and 55kDa.
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Figure: 7.3.3: CPT-Drop (Camptothecin-Drop) test floe hhpl.L51Qstrain. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates werebated
for 4 days at 30°C. One plate was incubated at 37°C

To find out whether the replacement of leucine 51 by a glutamiitieeat the transition
from a loop, which connects one of the beta-sheets of the acBwistitthe first alpha helix of
the second, larger domain of Hhpgdigure: 7.3.), has an impact on the DNA damage response,
thehhpldeletion strain was tested againsthh@l.L51Q.HAstrain anchhpl.HAwild type cells
(Figure: 7.3.3.
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Figure: 7.3.4: Acut&€PT (camptothecin) survival assay for thepl.L51Qstrain. The
indicated yeast strainsere cultured in YEA medium overnight at 30. Cells were
harvested and treated withi™M CPT and incubated again for five hour8afC.75pl
samples were collected every hc

While hhpl.L51Q.HAcells were clearly CPT sensitive, they were sligheks sensitive than tl
deletion strain Kigure: 7.3.3 Figure: 7.3.). Interestingly, the point mutant strain is |
temperature sensitiléke the gene deletic. This implies that the kinase activity of HI.L51Q
is reduced but not completely aished. Given that the more subtieduction of the kina:
activity in the circadian clock mutarChapter % only affects the cell cycle but not survival,

breast cancer L51Q mutant may have a much stragifgat on the kinase activi
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0 jhhpl
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Figure: 7.3.5: MMS-Drop (Methytrethanesulfona-Drop) test for thenhpl.L51Qstrair. Serial dilutions of the

indicated strains were spotted onto rich mediunteglaontaining the indicated MMS concentrationatd® were
incubated for 4 days at 30°C.
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Figure: 7.3.6: AcuteMMS (methyl-methanesulfonate) survival assay tloe hhpl.L51Q
strain The indicated yeast stris were cultured in YEA medium overnight at °C. Cells
were harvested and treated with 0.0 MMS and incubated again for three ho at 30
°C.75 ul samples were collected every min.

Compared to CPT, the MMS sensitivity of thhpl.L51Q.HAstrain was much lower as ce
grew on rich medium plates containing up to 0.01%h& alkylating drugFigure: 7.3.3. An
acute survival test at 0.05% MMS revealed howearldle sensitivitwhen cells were expost
to this drug for more than 2 hourFigure: 7.3.%. This unexpected finding suggests that
threshold of the Hhpl kinase activity may be défdrfor different types of DNA damage. T
response to broken replication forks mayuire a higher kinase activity than the respons
methylated DNA which is repaired by base excisepair. It also shows that the L51Q mutat
is a partial loss-o&ctivity mutation

To test how this reduction in activity affects G2 arrst in he presence of CP'hhpl.HA
wild type, 4hhpl and hhpl.L51Q.H, cells were synchronised in G2 by lactose grac
centrifugation and released in rich medium withwithout the topoisomerase 1 inhibitor CF
As shown inFigure: 7.3.8Figure: 73.9, the L51Q mutation resulted in a similarly extethd&?
arrest as the deletion bhpl While wild type delayed only briefly for : min (Figure: 7.3.7,
the G2 arrest lasted approximately min in the L51Q mutantHigure: 7.39). This finding is in
line with the high CPT sensitivity of the mutant strandaupports the idea trthe breast cancer

mutation has a strong impact Hhpl kinaseas both, DNA repair and cell cycle are affec
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Figure: 7.37: Cell Cycle G2 arrest fchhpl.HA.wild typeYeast cls were culturec
in YEA medium overnight at 3°C.ells were harvestedgynchronised in C and
released into YEA medium at 3C with orwithout 4Q™M CPT camptotheci). The
peak in septation coincides with G1
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Figure: 7.3.8:Cell Cycle G2 arrest foAhhpl Yeast cs were cultured in YE/
medium overnight at 3°C. Cells were harvested, synchronised indadreleased
into YEA medium at 30° with o rwithout 4™ CPT (camptothecin)The peak ir
septation coincides with G1/
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Figure: 7.3.9 : CélCycle G2 arrest fohhpl.L51Q Yeast cs were cultured it
YEA medium overnight at 3°C. Cells were harvestedynchronised in C and
released into YEA medium at 3C with or without 4™ CPT gamptotheci). The
peak in septation coincides with G1

Since previous work has shown that elevated teryrearresS.pomb cells in the first G2
phase after the release from a lactose gradieatsyhchronised cells were released in
medium at 30°C and 40°C. Consistent with the prevfindings, hhp-HA wild type cells
arrested for approximately 1 min at 40°C before rentering the cell cycleFigure: 7.3.1)
Loss of Hhpl 4hhpl) extended this G2 arrest significantly and cedlidefl to r-ender the cell
cycle during the course of the experiment (up t6 min) (Figure: 7.3.1). A reduction in th
kinase activity byhe L51Q muttion had only a very small impact on the G2 arreFigure:
7.3.12. This mutant arrested for 1 min before reentering the cell cycle. "e absence of an
extended heat arreistin line with the absence of a temperature sertgitvhen cells are grow
at 37°C Figure: 7.3.3 Taken together, this implies that cells canamshe cell cycle after
temperature stock with low Hhpl activity ley, but not, or only very slow, without Hhpl
kinase.It also reveales a significant difference betweeattand CPT induced G2 arrests. W
the breast cancer mutation L51Q prolongs the-induced G2 arrest, it has not the same im

on the heat arrest.
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Figure: 7.3.10: Heanduced ell cycle G2 arrest fonhpl.HA.wild typeCells were
synchronised in G2 by lactose gradient centrifuggatind released into rich medit
at 30°C or 40°C. Samples were withdrawn at the indicated time {8 (20 min).
Cells were fixed iimethanol and stained with DAPI (DNA) and calcoflgseptum)
The percentage of septated cells, which are a t#doloG1/S cells, was scored (*
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Figure: 7.3.11Hea-induced cell cycle G2 arrest fahhpldeletion cell. Cells
were synchronised in G2 by lactose gradient cemgaifion and released into ri
medium at 30°C or 4( °C. Samples were withdrawn at the indicated time tg
(20 min). Cells were fixed in methanol and stained wAPI (DNA) and
calcofluor (septum The percentage of septated cells, which are a weddo
G1/S cells, was scored (¢
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Figure: 7.3.12: Heatduced ell cycle G2 arrest for thbhpl.L51Qstrair. Cells
were synchronised in G2 by lactose gradient cemfaifion and released into ri
medium at 30C or 4 °C. Samples were withdrawn at the indicated time f3 (20
min). Cells were fixed in methanol and stained WitAPI (DNA) and calcofluo
(septum).The percentage of septated cells, which are a utddp G1/S cells, wa
scored (%).

7.3.1. The Breast Cancer Mutation Hhp1.L51Q affect€hk1 Function

Given the genetic link between Hhpl and Chkl kingFigure: 3.33.1), the hhpl.L51Q
mutant allele was combined with the deletiorchkl (4chk1.hhp1.L51) As shown irFigure:
7.3.1.1 thehhpl.L51Qstrain is mildly MMS sensitive whereas cells withéthpl or Chkl ai
highly MMS sensitive. Interestingly, the reductionkinase activitydue to the L51Q mutatic
reduces the MMS sensitivity (Ichkl cells to the lower levels observed for thhpl.L51Q
strain. This suggests a role of Hhpl upstream d&€1Gis the reduction in Hhpl function
affect a DNA response activity which is later degemt on Chk1 kinas

The same set of strains was also tested for thpomnee to CPT. In the acute expo: test
(Figure: 7. 3.1.% hhpl1.L51Qcells were only mildly sensitive antchkl cells were resistant.
The 4Achk1l.hhpl.L51Qstrain was as CPT sensitive as thhpl.L51Qsingle mutant whicl
supports the conclusion that both kinases actarséime pathwe

Under chronic exposure conditions, 14chkl hhpl.L51Q@ouble mutant was less sensit
than thehhpl.L51Qstrain Figure: 7 3.1.3 which is in line with its reduced MMS sensitiv
(Figure: 7. 3.1.1L To find out whether the reduction in CPT seriy is related to the G2 arre:
Achkland4chkl hhpl.L51Q@ells were synchronised in G2 and released intomedium witk
and without 40uM CPT. Since both strains showe@ a@&ay between : min and 4/ min in the
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presence of the topoisomerasinhibitor, it is unlikely that the increasedirvival of thedchkl
hhpl.L51Qdouble mutant is linked with the G2 arreFigure: 7. 3.14, Figure: 7 3.1.9.
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Figure: 7.3.1.1: Acute MMS ifhethy-methanesulfonate) survival assay fdmpl.L51QAchk] cells. Yeast strain
cells were cultured in YEA medium overnight at °C.Cells were harvested and treated with 0.05% MMS
incubated again for three hours 3@°C. 75 ul samples were collected every hour. Plates werabiated for ¢

days at 30°C and colonies were coun
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Figure: 7.3.1.2: Acute CPT &nptotheci) survival assay for théhpl.L51QAchkl strair. Yeast cells were
cultured in YEA medium overnight 30 °C.Cells were harvested and treated withh™ CPT and incubated
again for five hours at3®C. 75 ul samples were collected every hour. Plates werebiated for 4 days at 30

and colonies were counted.
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Figure: 7.3.1.3: CPT-Drop @nptotheci-Drop) test for thehhpl.L51QAchkl strain Serial dilutions of the
indicated strains were spotted onto rich mediunteglaontaining the indicateCPT concentrations. Plates we
incubated for 4 days at 30°One plate was incubated at 37
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Figure: 7.3.1.4: CPiInduced (Camptothecin-induced) celjcle G2 arrest for th
Achkl strain Céls were synchronised in G2 by lactose gradientrdegation anc
released into rich mediurat 30 °C with or without 40uM CPT Samples wer
withdrawn at the indicat¢ time points (20min). Cells were fixed in methanol a
stained with DAPI (DNA) and calcofluor (septum).eTpercentage of septated ce
which are a readout for G1/S cells, was scoredCell Cycle G2 arrest fcAchkl.
Indicated cells were synchronisdn G2 by lactose gradient centrifugation ¢
released into rich medium with or withoutdd camptothecin (CPT). Samples w
withdrawn at the indicated time ( min) points. Cells were fixed in methanol &
stained with DAPI (DNA) and calcofluor (septurThe percentage of septated ce
which are a readout for G1/S cells, was scored Achkl cells were treated witho
40uM CPT processed i min delay in G2.
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Figure: 7.3.1.5: CPiInduced (Camptothecin-induced) celjcle G2 arrest for th
Achkl hhpl.L51Qstrair. Cdls were synchronised in G2 by lactose grad
centrifugation and released into rich mediat 30°C with or without 4QM CPT.
Samples were withdrawn at the indicated time p (20 min). Cells were fixed it
methanol and stained w DAPI (DNA) and calcofluor (septum). The percentad
septated cells, which are a readout for G1/S osls, scored (%

Taken together these findings are consistent Wwithetarlier results for tr4chkl4hhplstrain as
they placeboth kinases in the same pathway. What is nouvleisconclusion that Hhpl may ¢

down-stream of Chk1 kinase.

7.3.2. Hhpl.L51Qaffects the cell cycle regulator Cdc25 phosphate

The cdc25.22allele is atemperatur sensitive loss-of-function mutant Cdc25 phosphatase
which carries a tyrosine residue at position 532aad of a cystein(C532Y’ (233). Cells with
reduced Cdc25 activity remain for longer in G2 sitite inhibitory tyrosine 15 phosphorylati
of Cdc2 cannot be removeé4:). S. pombeCdc25 has mtiple phosphorylation sites: S¢
S148, S178, S192, S204, S206, T226, S234, S359, ™67, and T5¢. Kinases which are
suggested to phosphorya€Cdc25are Cdsl kinase, Chkl kinase, Styl kir, and Srkl kinase
(310, 486) S. pombe&Cdc2 (CDK1 associates with different cyclins dependent onctlecycle
stage. The G1/S cyclins Cigl, Cig2 and Pucl, aedGB/M cyclin Cdcl13. Amongst thel
Cdcl13 is the only essential cyclin as all otherliogc can be deleted without affecti
progression through the calicle (478). The kinases Weel and Milghosphorylate Cdc2
tyrosine 15 to delay cell cycle progres: (479, 480) Mik1l mayact specifically in S phase
the response tanreplicated DNA(483), whereas Weel is active durittte cell cycle. Givel
the important role of cell cycle regulators in candevelopmen(542), the hhpl.L51Qmutant
was combined with thedc2522allele hhpl.L51Q.cdc25.32
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Figure: 7.3.2.1: MMS-Drop (Methyl-methanesulfon&tesp) test for Hhp1.L51Q.cdc25.22. Serial dilutiaighe
indicated strains were spotted onto rich mediunteglaontaining the indicated MMS concentrationtd®avere

incubated for 4 days at 30°C.

Cells with reduced Cdc25 activitgdc25.22 are unable to grow at 37°C since cells accumulate
in G2 with tyrosine 15 phosphorylated Cdd2g(re: 7.3.2.). This cell cycle defect is not
associated with DNA damage sensitivity. Very unexpectedigdaction in Hhpl activity by the
L51Q mutation restored some growth of thbBpl.L51Q.cdc25.2%train at the restrictive
temperature. There was no impact of the MMS sensitivity ofhtigl.L51Qmutation. This
suppression could be explained in two ways. Either a drop in Hhpl actditges the levels of
the inhibitory tyrosine 15 phosphorylation or it re-activates the mutated Cdc25 phosphatas
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Figure: 7.3.2.2: CPT-Drop (Camptothecin-Drop) tlst Hhpl.L51Q.cdc25.22. Serial dilutions of the izated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates werebated
for 4 days at 30°C.
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In the presence of the topisomerase 1 inhibitor GR& genetic linkage betweicdc25.22and

hhpl.L51Qwas however more complex. In addition to restorgrgwth at the restrictiv

temperature of 37°C, thiehpl.L51Qcdc25.22strainwas slightly less CPT sensitivFigure:

7.3.2.9.
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Figure: 7.3.2.3: CPihduced (camptothecin-induced) celcle G2 arrest for th
cdc25.22strain Cdls were synchronised in G2 by lactose gradientrdegation
and released into rich mediuat 30°C with or without 40uM CPTSamples wer
withdrawn at the indicated time poi (20 min). Cells were fixed imethanol ant
stained with DAPI (DNA) and calcofluor (septum).eThercentage of septated ce
which are a readout for G1/S cells, was scored
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Figure: 7.3.2.4: CPInduced (camptothecin-induced) celycle G2 arrest for th
cdc25.2 hhpl.L51Qstrain Cdls were synchronised in G2 by lactose grad
centrifugation and released into rich mediat 30°C with or without 4QM CP1.
Samples were withdrawn at the indicated time p (20 min). Cells were fixed it
methanol and stained with DAPI (DN and calcofluor (septum). The percentags
septated cells, which are a readout for G1/S oels, scored (%
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Since Cdc25 regulates the G2-M transitieig(re: 7.3.2.), cdc25.22andhhp1.L51Q cdc25.22
cells were synchronised in G2 and released in medium with and wa#Bpi CPT As shown
in Figure: 7.3.2.3the reduction in Cdc25 activity on its own had little impact en@®2 arrest.
The short 20-40 min delay observed in wild type cells was not mvidehis experiment which
may be the consequence of the slower progression through the ¢elbtyhis mutant strain.
While thecdc25.22single mutant delays in G2 for 20-40 miaidure: 7.3.2.3 thehhpl.L51Q
cdc25.22double mutant displayed an extended arrest which resembles tharlest othhpl
deletion cellsigure: 7.3.2.1

To test whether the Hhpl protein is required for this genetic hBkDNA sensitivity tests
were repeated with ahhpl cdc25.23train in which no Hhpl protein is expressed. Loss of the
kinase suppressed the growth defect ofdthe25.22mutant at 37°CHigure: 7.3.2.§ but had
only a very small impact on the CPT sensitivity of the double mytagtire: 7.3.2.r This
indicates that a low Hhpl activity is necessary to restoree swinthe CPT resistance of the
hhpl1.L51Q cdc25.2d8ouble mutant and to allow cdc25.22 cells to over-come the G2 block at
the restrictive temperature of 37°C. A loss of Hhpl kinase actootyld either reactivate
Cdc25.22 or it could reduce the inhibitory function of Weel. In both casesfiéory Y15

modidication of Cdc2 would decline allowing cells to grow aggigyre 7.1.4.).
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Figure: 7.3.2.5: Chronic CPT (camptothecin) expesfor Cdc25.22hhpl. Serial dilutions of the indicated
strains were spotted onto rich medium plates coimgithe indicated CPT concentrations. Plates wenebated
for 4 days at 30°C.
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Figure: 7.3.2.6: Chronic MMS (methyl-methanesulf@)aexposure for Cdc25.2Rhpl. Serial dilutions of the
indicated strains were spotted onto rich mediunteglaontaining the indicated MMS concentrationatd? were
incubated for 4 days at 30°C.
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Figure: 7.3.2.7: Model of Hhp1l kinase activitieshwWeel and Cdc25. The impact of a reduction
in Hhpl activity could allow cells with a low Cdc3thosphatase level to grow again at the
restrictive temperature if Hhpl either activateseWer inactivates Cdc25. The drop in Hhpl
activity by the breast cancer mutation L51Q cowduce the accumulation of the inhibitory

tyrosine 15 (Y15) phosphorylation of Cdc?2 if Hhpdtigates Weel. Alternatively, if Hhpl blocks

Cdc25, a reduction in its activity could allow t8dc25.22 phosphatase to be more active.
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Chapter 8: Final Discussion and Conclusion

8.1. Discussion of Key Findings

The aim of this study was to dissect how CK1 (Hhp1l) regulates @Nair and cell cycle
progression. Although CK1 enzymes play important roles in the circaltiek, Wnt signalling,
cell cycle regulation and disease development, little is known aheirt DNA repair roles.
Early work by Dhillon N, and Hoekstra M 5) reported thaS.pombecells without Hhpl kinase
are sensitive to ionising radiation and DNA alkylation by methgthanesulfonate (MMS).
They concluded that the kinase is important for the repairasdelr replication forks. This work
confirms initial findings and extends the sensitivity profile ldfpl deletion cells to the
topoisomerase 1 inhibitor camptothecin (CPT). This anti-cancer dtagilises the
topoisomerase 1- DNA cleavage complex in front of advancing replication fdr&scollition of
forks with this obstacle leads to a S phase specific DBER). Eukaryotic cells employ two
DNA damage checkpoint pathways which respond differentially deperaienthe DNA
replication problem. When replication forks stall in the absence déaiiges,S.pombecells
activate Cdsl kinase which is recruited to the fork by the sdafimitein Mrc1(194, 237) The
breakage of forks triggers the activation of Chk1 kinase which is recruited byaffi@d protein
Crb2 to the damaged chromosoff€6) How cells change from one system to the other system
is largely unknown. Work irs.cerevisiaendicates that the response to broken forks is delayed
until cells exit S phasé&58). One key player in the repair of damaged forks is the structure-
specific endonuclease Mus81-Em&lL5, 539) Stalled forks are protected by Cdsl which
phosphorylates Mus81 to remove the endonuclease from the nucleus. Howytine eeturns
later from the cytoplasm to repair broken forks is still uncléar, it requires the dual
phosphorylation of the regulatory subumit Emel first by the celeagegulator Cdc2 and later
by Chkl kinas€515) (Figure: 8.1.). Cdc2 phosphorylates the repair complex during each G2
phase which primes the enzyme for its activities in the nuclénsl &ctivates the enzyme when
broken forks are detected. To be fully active, the Mus81-Emel compjaxe® also the DNA

helicase Srs2 although this requirement does not depent on its helicasg @&ctiit
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Figure: 8.1.1: How CK1 (Hhpl) may affect the repafibroken replication forks. Hhpl is predictedattivate the
endonuclease Mus81-Emel once it has been phosptertyby Cdc2 and Chkl kinase in G2. When DNA
replication foks stall in the absence on nucleatid&ds1 phosphorylates Mus81 to remove it fronntideus. How
the endonuclease returns to the nucleus to repakeh forks in G2 is not yet clear but may requhie Cdc2-
dependent phosphorylation of Emel which occursndutiie normal cell cycle. Activation by Chkl occimsthe
presence of broken replication forks and is expktentiate repair. The full activity of the endarlease depends
also on Srs2 DNA helicase in a manner which ispeaéeent on its helicase activity. The activatinggghorylation

of the Mus81-Emel complex by CK1 (Hhpl) may promdbe example, the association of Srs2 with thenpd
Mus81-Emel complex.

The results presented @hapter 3 place Hhpl genetically in the same pathway as Cdsl,
Mrcl, Srs2, Hskl, Mus81 and Mus7. Interestingly the loss of Cdsl, MitXChk1l share the
tendency to slightly reduce the sensitivityhdipl deletion cells Kigure: 3.3.1, Figure: 3.3.2.1,
Figure: 3.3.3.). This indicates that the execution point of Hhpl is after theitees of these
three proteins. The involvement of Hskl (Cdc7) kinase and the fork protgeotein Swil
(Timeless) is in line with their requirements to activate and recruit Cdsalledsforks(118).
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Consistent with a close link between Hhpl and Mus81, Hhpl kinase actslielgarthe DNA
recombination factor Rad51 and the DNA end processing protein Eiplr¢: 3.4.8, Figure:
3.4.9. The same characteristics also apply to MusBdufe: 3.3.1.). This raises the interesting
guestion of how Hhpl kinase could activate the Mus81-Emel complex? As deipdatteapter

4, Srs2 DNA helicase and Hhp1l kinase act in the same camptothgoomse pathway~(gure:
3.3.3.). Since Srs2 is important to fully activate Mus81-Emel, Hhpl phosphorylait either
the Mus81-Emel endonoclease or the Srs2 DNA helicase could promagsdiceation between
these proteins therby promoting the repair of broken forks. An diteznaxplanation is
provided by the interesting observation that loss of Crb2 abolishextineded G2 arrest of
hhpldeletion cells Figure: 4.7.3. While wild type cells arrest only briefly (20-40 min) in G2
after cells were treated with CPFigure: 3.1.54, 4hhplcells arrest for 120-180 mirFigure:
3.1.5B). This prolonged arrest could by linked with the failure to actiladé repair byMus81-
Emel or it could be a failure to switch off the checkpoint signateSthe G2 delay ofisrs2
cells, which display a slightly longer G2 arrest of approxitged® min igure: 4.6.), is also
suppressed upon deletionab2 (272), it is possible that Crb2 needs to be removed from DNA
to either allow the activation of Mus81-Emel or to enable amalige repair pathway to take
over. Crb2 binds directly to methylated DNA via its Tudor domain, an@NA which is
phosphorylated at break sites at histone H2A via its two C-rérBR&T domains(216).
Chapter 4 also provides evidence for a second important role of Cdc2 kinaserggthiation of
this repair process. During mitosis, Cdc2 phosphorylates Crb2 anihee215(272, 557) and
the removal of this phosphorylation sitel{2.T215A is as efficient as the deletion afb?2 to
abolish the extended G2 arrest4dhhpl and 4srs2 cells Figure: 4.6.5, Figure: 4.7.3This
implies that the T215 phosphorylated Crb2 protein blocks the repair of brejleration forks
by Mus81-Emel possible because it still carries the mitofacinh Hhpl kinase (CK1) may be
required for the removal of this imprint thereby switching tidADrepair system from its M/G1
mode to its G2 mod&72)(Figure: 8.1.%.

InChapters 5, 6 and 7 different Hhpl1 point mutants have been studied. This work identified
two important separation-of-function mutants. The enlargement of T nding site upon
replacement of methionine 84 by a smaller glycine residue (MBa&yery little impact on the
DNA damage sensitivity, but results in a prolonged G2 arrest W replication forks break

(Figure: 5.1.8. This difference implies that different levels of Hhpl kinase activityexqaired
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Broken Forks (CPT)
Mitosis/G1 Phosphorylation of Crb2-T215

Mus8§1 Emel

Mus&1 Activation Tw

G2

G2 Phosphorylation of Eme1

Figure: 8.1.2: The alternative activity of Hhpl (OKkinase could be related to the removal of theéotiai
phosphorylation of Crb2 at threonine 215 by Cdcthasmaodification may allow Crb2 to block the réepaf broken
replication forks by Mus81-Emel.

for Hhpl kinase activity are required for the regulation of DNA iregad the cell cycle. While a
small drop in activity affect the cell cycle delay, it does afiect DNA repair. One way to
explain this may be provided by the different modes of targegretion by CK1 (Hhpl). While
most CK1 sites require a priming kinase, which phosphorylates therniiabl serine or
threonine of the S/T (P)-X1-X2-S/T motive first, this priming evesm be substituted by acidic,
negatively charged amino acids). If the phosphorylation of the primed sites were to be more
efficient than the modification of the acidic motifs, a limitedlde in Hhpl activity may affect
the acidic motives first. If this were to be the case, two different kggtsaare important for the
DNA repair and cell cycle activity of Hhpl. The DNA reptirget is most likely Mus81-Emel,

whereas the cell cycle target could be linked with Cdc25.
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Chapter 7reports that the breast cancer mutation L51Q in Hhpl suppresdemiierature
sensitivity of the cdc25.22 mutation Figure: 7.3.2.7. Since the inhibitory tyrosine 15
modification of Cdc2 is removed by Cdc25 phosphatase, 395, 412)normally mutations
which increase Cdc2 activity like the deletiorwegelkinase, which phosphorylates Y15, or the
gain-of-function allele ofcdc2 cdc2.1w which renders Cdc2 insensitive to Weel inhibition
(220, 221, 222, 224, 226, 2{Buppresedc25mutations, it is possible that loss of Hhpl kinase
activity increases Cdc2 kinase levels. If this were tdhieecase, loss of Hhpl could lead to a
prolonged G2 arrest indirectly by increasing Cdc2 activitiegufe: 8.1.3. This conclusion is
supported by the extended G2 arrestdt2.1wcells in the presence of CPFidure: 4.3.3
which is abolished upon mutation of the T215 phosphorylation site in Cib2ré: 4.5.9.
Hence, deletion of Hhpl may extend the mitotic imprint of Crb2 intydy elevating Cdc2

activity.

Cde2 Regulation by Hhpt {CK1)

Hhpl Hhpl Hhpl
d 4 A

S — - B=

Minas81 Emel

Figure: 8.1.3: Cell Cycle regulation by Hhpl (CKLpss of Hhpl (CK1) activity may either reduce
the inhibitory function of Weel kinase or enharfoe activating function of Cdc25 phosphatase. This
would result in an increase in Cdc2 activity, agha cdc2.1w mutant, and the accumulation of the
mitotic imprint on Crb2 which blocks the repair iaitty of Mus81-Emel. Hhpl may also directly
target Cdc2 as indicated by its association wiehaéll cycle regulatof272).
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There is however one problem with this explanation sititgl cells are elongated (i.e.
delayed in G2) and not short (i.e. advance into mitosis lotk2.1wcells), which shows that
the cell cycle promoting activity of Cdc2 is not elevated. Thisuadrum could be resolved by
the finding thatS.pombecells express five phosphorylated and two unphosphorylated forms of
Cdc2 (554). Only two phosphorylated forms regulate cell cycle progression,eatdhe two
unphosphorylated forms regulate DNA repair. There is also one phospédrytam with
unknown function which is not the target of Weel. Hhpl may phosphorylate@timsof Cdc2
directly to coordinate Crb2 and Mus81. A direct link between Cdc2 and Hhpipported by
the physical association between both kinases).

The second interesting separation-of-function mutant is the logeastr mutation L51Q. As
summarised irfChapter 7, this mutation affects the cell cycle delay only when DNAicagbn
forks break in CPT medium but not when cells are exposed to hesst $isereported previously
(229), heat stress triggers an extended G2 arrest in wild type aelipproximately 180 min
(Figure: 7.3.1p which is extended to 340 min in the absence of Hikpdu(e: 7.3.1) (Table:
8.1.7). Why the L51Q mutation in the vicinity of the ATP binding site oaffects the DNA
damage induced G2 arrest but not the heat induced G2 arrest is as yet unclear.

As shown inChapter 5, the DNA repair and cell cycle functions of Hhpl could also be
separated by a mutation in the nuclear localisation sequence. ciRgplgrosine 227
(hhpl.Y227F-HA at the bottom of the cleft which forms the nuclear localisatiomain, had
only a small impact on the cell cycle delay in CPT medibigure: 5.3.4 while turning the cells
highly CPT sensitive Higure: 5.3.2. Deletion of the entire NLS in frame caused a similar
phenotype Kigure: 5.3.6, Figure: 5.39.9This implies that nuclear localisation is important for
the DNA repair activity but not for the cell cycle function of Hhghis is in line with the
proposed regulation of the endonuclease Mus81-Emel in the nu€leuse( 8.1.3. Given that
the cell cycle regulator Cdc2 resides at the spindle pole o&ypombgewhich is accessible
from the cytoplasm210, 556) there may be no need for Hhpl to enter the nucleus to target
Cdc2.
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Resistance to DNA| Lethal G2 delay G2 delay Kinase
damage rate (CPT) (40°C) activity

DSBs- MMS (high/ low)

CPT
hhpl.HA.wt yes yes low 20-40 min 180 min normal

control control

A hhpl no no high »120 min »>340 min ---
hhp1.M84G yes yes low 180 min 60 min low
hhpl.M84G.Y169F | vyes yes low 40 min 200 min low
hhpl.M84G.Y227F| no no high 160 min 220 min high
hhp1.M84G.NLS.del no no high 80 min 200 min high
hhpl.L51Q no no high 80 min 220 min high
hhpl.S183A yes yes high »120 min 240 min low
hhp1.R180C yes yes low 60 min >240 min high
hhp1.R180C.K40R no no high »120 minlong 240 min low
hhp1.R180C.M84G| no no high »120 minshort low
hhp1.R180C.C- yes yes low 60 min 180 min Very low
terminal.del
hhpl.K40R no no high »120 minlong »280 min low
hhp1.mM82I no yes high »120 min 220 min low
hhpl.P49S no no high 80 min 160 min high

Table: 8.1.1: Characterizing summary of Hhpl kisemitants. Some Hhpl mutants are sensitive to D&Bs a
that enhanced lethal ratio, as consequence théyhaite a long G2-arrest. This is theory maybetrighalmost
the Hhpl mutants, but existing of mutant at ang sftthe kinase could make a phenotype and chamegleinase
activities i.e., Hhp1.S183A, and Hhp1.M84G.

Cwtoplas m

HRucleus

-l Repair l

nWMiuussS-1i

Ermm el
Cell CTywole

Figure: 8.1.4: Mutations in the Nuclear Localisati®equence separate the DNA repair and cell cytleitees of
Hhpl kinase. An intact NLS is important to regultiie repair enzyme Mus81-Emel in the nucleus, vithiecell
cycle regulator resides at the spindle pole bod3B)Sand may be accessible from the cytoplasm. bbé<Shk1l

partly suppressed the CPT sensitivity of the NLSants Figure: 5.4.3 probably because Mus81-Emel is not

primed which may allow an alternative repair pathwatake over.

224|Page



New roles ofCKI/e in DNA Replication Stress| 2015

Chapter 6 reports the finding that the three circadian clock mutations (R1BB2I and
P49S) all affect the cell cycle activity but only to a venyall extend the DNA repair function.
This finding is in line with the earlier discussion point that ggdarent of the ATP binding site
(M84G) results in a similar separation of function. All four motag probably only reduce the
kinase activity of Hhpl, which is consistent with similar obseowatiin Drosophila (62, 64)
and could be explained by a different affinity of Hhp1 for primedugeexidic target sequences.
What was however novel are the biochemical changes caused diycttBan clock mutations.
Isoelectric focusing revealed four to five forms of wild typlepl which did not change in the
response to DNA damaggiure: 6.2.1.9, Figure: 6.2.1)10n the tau mutation R180C, which
shortens the clock in hamstér9), caused the change of one form of isoelectric pofatsu(e:
6.2.1.9 which became more positive. This could identify this form of Hhpthadorm which
regulates Cdc2 as the R180C mutant had a cell cycle defectbutal DNA repair response.
Two of these forms, the two more negative forms, disappeared upormaethe C-terminal
tail domain which places both post-translational modifications ingis of Hhpl. It was also
interesting to find that the kinase dead mutant (K40R) containedraikfof the kinase which
strongly implies that auto-phosphorylation is not the cause of these modifications.

8.2. Conclusion

The main conclusions from this work drg that CK1 (Hhpl) has two important cellular
execution points: the repair of broken DNA replication forks and €éRogcle arrests in the
presence of DNA damage or when cells are exposed to heat Siyabst CK1 is an important
regulator of the DNA repair enzyme Mus81-Emel which acts on bra@ication forks;(iii)
that mutations which are linked with cancer and disorders of thedart clock cause a partial
loss of kinase activity which could be explained by different aifigiof CK1 to primed (first
phosphorylated by a priming kinase) and acidic phosphorylation site§yvatitat CK1 exists in
at least six forms in fission yeast with different isolegibints which may explain how one
kinase can cover such a broad range of functions.

Further work is however required to translate these important findiogs the model

organismSchizosaccharomyces pontbenhuman cells.
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10. Appendix 1

Epistatic Relationships AmongS. pombe Proteins
Protein Name Protein Name References

srs2=ATP-dependent DNA helicase Thesis data
chkl=protein kinase Thesis data
rad3 =ATR checkpoint kinase Thesis data
cdsl=replication checkpoint kinase Thesis data
rad22 =DNA recombination protein Thesis data
mus7=DNA repair protein Thesis data
mus81=Holliday junction resolvase subunit Thesis data
ku70=domain protein Pku70 Thesis data

hhp1 styl=MAP kinase Thesis data
hsk1=Dbf4(Dfp1)-dependent protein kinase Thesis data
mrcl =mediator of replication checkpoint 1 Thesisd
fbh1=DNA helicase | Thesis data
cdc25=M phase inducer tyrosine phosphatase Thesis data
weel=M phase inhibitor protein kinase Thesis data
mad2=spindle checkpoint protein Thesis data
mik1 =mitotic inhibitor kinase Thesis data
crb2 =DNA repair protein Thesis data
ku80=domain protein Pku80 Thesis data
cdc2= cyclin-dependent protein kinase Thesis data
hhpl=serine/threonine protein kinase Thesis data
chkl=protein kinase Thesis data
rghl =RecQ type DNA helicase 250, 254, 184
rad51 =RecA family recombinase 238, 255, 184
rad22 =DNA recombination protein 238, 255, 184

srs2 cdc25 phase inducer tyrosine phosphatase Thesis data
cdc2 = cyclin-dependent protein kinase ;285'5 datagnd
hhp1l =serine/threonine protein kinase Thesis data
rad3 =ATR checkpoint kinase 179, 293
cdc2 =cyclin-dependent protein kinase Thesis data

chkl srs2=ATP-dependent DNA helicase Thesis data

tell cdsl=replication checkpoint kinase Thesis data
rghl =RecQ type DNA helicase 184

rad51 rad22 =DNA recombination protein 322,277
fbh1=DNA helicase | 318

rad22 rghl =RecQ type DNA helicase 238, 255, 184

crb2 cdc2 =xyclin-dependent protein kinase Thesis data

mus81 rad22=DNA reco_mbinat?on protein 277
mus7 =DNA repair protein 257

Table: 10.1: Discovery of Epistatic Relationshipm@ng S. pombeProteins. Here in this is table above an
epistatic genatic co-operations were identified agngeast proteins in association of cellular DNpaie events.
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ABSTRACT

Although it is well established that Cdc2 kinase
phosphorylates the DNA damage checkpoint protein
Crb253BP1in mitosis, the full impact of this modifica- tion
is still unclear. Th&udor-BRCTdomain protein Crb2 binds
to modified histones at DNA lesions to mediate the
activation of Chkl by RadSTR kinase. We demonstrate
here that fission yeast cells har- bouring a hypieeac
Cdc2ZCDK1 mutation ¢€dc2.1w are specifically sensitive to
the topoisomerase 1 in- hibitor camptothecin (CR/hjch
breaks DNA repli- cation forks. Unlikeild-type cells,
which delay only briefly in CPT medium by activatiGipkl
kinase,cdc2.1wcells bypass Chk1 to enter an extended cell-
cycle arrest which depends on Cdsl kinase. Intrigghy,

the ability to bypass Chkl requires the mitotic Zdc
phosphorylation sit€rb2-T215.This implies that the
presence of the mitotic phosphorylation Cab2-
T215channels Rad3 activity towards Cdsl in- stdahkl
when forks break in S phase. We also provide ecieldhat
hyperactive Cdc2.1w locks cells inGd-like DNA repair
mode which favouraon-homologougnd joining over
interchromosomal recombination. Taken together, data
support a model such that elevated Cdc2 activitgydethe
transition of Crb2 from its G1 to its G2 mode bpdk- ing
Srs2 DNA helicase and Casein Kinase 1 (Hhp1l).

INTRODUCTION

Despite the importance of cyclin-dependent
kinases(CDKs) for the regulation of the DNA damage
response(DDR) (1,2,3), it is still enigmatic how
CDKs act as activators of DNA repair while being
down-regulatedby the DNA damage checkpoint. Two

possible answers tthis puzzle may lie in the temporal
or spatial organization ofCDKs.

The activity of CDK1-cyclin B kinase peaks early in
mitosis @) and this rise could prime DDR proteins for
their roles in the next cell cycle. Between the end of G2
and the start of the subsequent S phase, cells repair broke
chromo- somes bynon-homologousend-joining (NHEJ)
(5,6). To fa- cilitate NHEJ, the Ku70-Ku80 DNA binding
complexand the chromatinprotein 53BP L2.Rad9preyent
the resectionof broken DNA ends78,9). It is widely
assumed thatthe transitionfrom NHEJ to homologous
recombination(HR) in S phase requires the activity of
CDKs. Interestingly, nei- ther progression through S
phase nor the presence ohhe sister chromatid are
necessary to initiate HRRLO).

Alternative to this temporal regulation, the DNApadr
choice could be controlled by CDKs directly at the
chromatin. In fission yeast, Cdc2-cyclin B kinassaciates
with origins of replication on chromosomal pool @Gélc2
also activates HR is currently unknown. In humaliscéhe
Mrell subunit of the MRN (Mrell-Rad50-Nbsl) complex
recruits CDK2-cyclin A to broken chromosomes torpote
the formation of a comglex between BRCA1 and the
endonuclease Ctf® 522 (12,13). This BRCA1-CtIP
complex stimulates end resection and HR. Such #aspa
separation would allow the DNA damage checkpoint to
stop progression into mitosis by targeting CDK he t
centrosome1(4) while leaving the chromosomal CDK pool
active to promote DNA repair.

A DDR protein which exhibits an oscillating chanip
its activity throughoutthe cell cycle is the BRCT and
tu- dor domain protein53BPL™2RIS |n G1, human
53BP1recruits Rifl to broken DNA to block end
resection, a step which isantagonizedin S/G2 by
BRCA1 in associ-ation with CtlPC®1.Sae2 (139 15).
After the GVs transi-
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tion, 53BP1 turns into an activator to promote délssocia-
tion between the checkpoint kinas&¥M 1 and Chk2Cdst
(16). This activator role is later switched off byl&dike ki-
nase when cells enter mitosis7). Despite this cyclicegu-
lation, therelationshipbetween human 53BP1 ar@DKs
is only poorly understood17). At the mechanistic level,
much more is known about tHeDK1-dependentegula-
tion of the 53BP1 paralog, Crb2, in fission yegthizosac-
charomyces pombe Cdc2 phosphorylateghe N-terminus
of Crb2 at threonine-215 in mitosis which triggéhe for-
mation of a complex between Crb2 and the BR@main
protein Rad4-ut5.bpb11.TopBPIgN the chromatin(18,19). The
cellular activities of the mitoticCrb2-Rad4complex are
not known and are not related to trexruitmentof Crb2
to a brokenchromosomeThe latter process depends
the association of Crb2 withhosphorylatedhistone H2A
through its C-terminal BRCT domains and witk-20
methylated histone H4 through its Tudor domaig).(The
mitotic T215 phosphorylationprimes, however, th&rb2-
Rad4 complex for itsearrangemenh G2. Once Cdcac-
tivity has increased again at the start of G2, Regkfuits
the kinase to the complex where it modifiesan-canonical
Cdc2 site at T187. This enables Crb2 to bind to IClgkd
Rad4 to associate with thRad9-Radl-HusXheckpoint
clamp (21).

Since most studies concerning the DNA repaiegof
CDKs were conducted with inhibitors or proteinskiag a
CDK phosphorylatiorsite 2), we took advantage dhe
hyperactive cdc2.1wallele in S. pombeto investigatehow
the untimely activation o€EDK1°9°2might affect theDDR.
Like mostweemutations(‘wee’ cells are short), thedc2.1w
(wee2-) mutant enters mitosiprematurely(23,24). The
Cdc2.1w kinase carries glycine-to-aspartatéG146D) re-
placement in the vicinity of its ATP binding sitéhieh ren-
ders it insensitive to the inhibition by Weel lsaab). Al-

Nucleic Acids Reseirch, 2014,Vol. 42, No. 27€27¢

cdc25.22 ade6-M210 leul—-32 ura4-D1&1hhpl (h- ade6-
M210 hhpl::hphMX6 leul-32 ura4-Dj84weel(h- ade6-
M210 weel::ura4+leul—-32 ura4-D18 Hhpl-HAg (h- ade6-
M210 leul-32 ura-D1&hhpl::hhpl-HA3-kanMX§4 Ku70-
GFP-HAg (h90 ade6-M210 leul-32 lys1-1Xu70::ku70-
GFPHA3-kanMX¥, Ku80-HAg (h90 ade6-M210 leul-
32 ura-D18 ku80::ku80-HA3-ura4}, Radl16-GFP-HA

(h90 ade6-216 leul-32 lys1l-131 ura4-D18 radl6ifad
GFP-HA3-kanMX%, Srs2-Mygsz (h- ade6-216 leul—-32
ura-D18 srs2::srs2-HA3-kanMXy} Cdcl13-HA (h- ade6—

216 leul-32 ura-D18 cdcl3::cdcl3-HA3-urg4+Chkl1-

HA3; (28), Myci3-Rghl @), Mus81-Mygs (29), Hhpl-

GFP (hhpl-GFP-kanMX4ade6-216 leul-32ira4-D18

(30). To construct multiple deletion strginthe follow-

ing gene deletions were employeddcdsl (ade6-M210
cdsl::urad+ ura4-D1§, Achkl(ade6-M210chkl::kanMX4

leul-32 ura4-D1g Asrs2(ade6-M210 srs2::kanMX4 leul-
32 ura4-D18, Arad3 (ade6-M210 rad3::ade6+ leul-32
ura4-D18, Acrb2 (ade6-M210 crb2::urad+ leul—32 urad-
D18). Thecrb2-T215mutant is described if18).

Biochemicaltechniques

Isoelectric focusing, native protein extracts anthl pro-
tein extracts are described Bl and sizeractionationis
documented 1§32).

Cell synchronisation andDNA repair assays

The preparationof lactose gradients has been reporied
(31) and the inter-sisterecombinationassay isdescribed
in (33). The strains used in theecombinationtests were:
wild type (- ade6-M210 leul-32 ura4-D18de6-L469
urad*-ade6-M37%, Asrs2 (h- ade6-M210 srs2::kanMX4
leul-32 ura4-D18ade6-L469-uad" -ade6-M37%, cdc2.1w
(cdc2.1w ade6-M210 leul—-32 ura4-DH8le6-L469-uad" -

though cdc2.1wand weeldeletion cells share the same cell ade6-M37% and cdc2.1wAsrs2 (h- cdc2.1wsrs2::kanMX4

cycle phenotype, onlylweelcells are known to beensi-
tive to the DNA replication inhibitohydroxyureaJV light
and ionizingradiation(26,27).

We report here that elevated Cdc2 activitpdegs S.
pombecellsspecificallysensitive to theéopoisomerasé poi-
soncamptotheci{CPT), an anti-cancer drug whidineaks
DNA replication forks. While wild-type cells dglanitosis
only briefly in G2 when replication forks collap$y acti-
vating the Rad3*TR-Crb2®3BP1-Chk1l checkpoint pahway,
cdc2.1wcells enter a prolonged G2 arrasidependenyl
of Chkl. Our data suggest that hyperactive Cde2rips
Crb2 in its G1 mode by blocking Srs2 DNA helicass
Casein Kinase 1 (Hhpl). As this correlates withirearease
in NHEJ and a decrease iimterchromosomatecombina-
tion, the repair of broken replication forks mag delayed
leading to theaberrantctivation of Cdsl and asxtended
G2 arrest.

MATERIAL AND METHODS

Strains

The following S.pombe strains were used in thistudy:
wild-type 804 h- ade6-M210 leul—-32 ura4-D),8.4chkl
(h- ade6-M210 chkl::urad+ leul-32 ura4-D18cdc2.1w
(h- ade6-M210 leul-32 ura4-D18 cdc2)lwdc25.22(h-

2719|Page

ade6-M210 ura4-D18ade6-L469-ua4" -ade6-
M375).

Break-induced recombination: The assay uses
the S.cerevisiaeHO (Homothallic switching) endoru-
clease to cleave the ¥RMG minichromosomeat one
defined DNA sequence as described 3d)( The assaywas
performed with the following changes: wild-typellseand
cdc2.1wceells containing CH-MG were transformed with
the plasmidpREP81X-HOLeu2+ and maintainedon min-
imal medium plateg+thiamine,+ uracil). Singlecolonies
were grown intostationaryphase either in the absenoe
presence of thiamine (15 M thiamindug/ml)) at 30°C
in 10 ml of minimal medium (+ uracil). Dilutignwere
plated on minimal medium plateG-thiamine, +uracil).
Colonies were themeplica-platedonto rich mediumplates
with 75 g¢/ml G418 to determine the ration ofcom-
binogenic cells. Adenine was omitted at all stagesvoid
false-positive colonies which can arise due tolttss ofthe
mini-chromosome

Plasmid repair assay: cells weransformedwith equal
amounts of either cut (Sacl) or uncut pRER£L2+ plas-
mid. Cells were plated on minimal medium eatvith
uracil and adenine ankku2" colonies were counteéfter
4-5 days aB30°C.

leul-32
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Antibodies

The following antibodies were used: anfi-H(Santa
Cruz: SC7392), anti-Myc (Santa Cruz SC4a)ti-Cdc2
(Abcam AB70860),anti-GFP (Roche Applied Science
11814460001).

GFP-Trap

Soluble protein extracts were prepared by breplm 10°
cellsin lysis buffer (50 MM HEPES pH 8.0 200 nbAC,
20 mM NaCl, 1 mM EDTA, 0.1% Nonidet, 20 mbkta-
glycerol phosphate0.1 mM NaF, 1:100 dilutedMelford
protease inhibitors (IV, P2402), 1 mM DTT). Proteiused
to the GreenFluorescentProtein (GFP) were purifiethy
adding 10 | ofGFP-nAbAgarose (InsighBiotechnolay,
ABP-NAB-GFPA025)to 1 ml of the lysis buffecontaining
100-200 ul soluble proteiextract.

RESULTS

Elevated Cdc2 activity rendersS. pombecells sensitive to
CPT

We took advantage of thec2.1w(wee2—) mutationin fis-
sion yeast to find out whether elevated CDK lgweter
fere with theDDR. The Cdc2.1w kinase is hyperactidie
to aglycine-to-aspartatéG146D) replacement at then-
trance to its ATP binding site (FiguBd). This mutation
renders Cdc2.1w insensitive to the inhibition \bgelki-
nase 2324). Although loss of Weels1wee) advancesen-
try into mitosis like thecdc2.1wmutation,only Aweelcells
are known to be DNA damage sensit{26,27).

Our own survival assays performed with wild typleyeel
and cdc2.1wcellsconfirmed the previous findings fatweel
cells, but also revealed a yet unknown sensitigitgdc2.1w
cells to thetopoisomeraséd (Topl) poisoncamptothecin
(CPT) (Figurel1B). CPT immobilises Topl at the DNAn
front of advancing replication forks which breakounptheir
collision with this obstacle 36). To test whether th€PT
sensitivity is a consequence of elevated Cdc2 iagtwein-
troduced atemperature-sensitivioss-of-function alleleof
Cdc25phosphatasédc25.22 into thecdc2.1wstrain. This
mutant allele is known to lower Cdc2 activity disethe re-
duced removal of the inhibitory tyrosine-Y$hosphoryla-
tion (Figure 1A) (36). As shown in FigurelC, thecdc2.1w
cdc25.22double mutant was CPT resistant strongidi-
cating that high Cdc2 activity interferes with thepair of
broken replication forks. We alsoonstructeda cdc2.1w
Aweeldouble mutant to test whether Cdc2.1w ahdel
act jointly in the response to CPT. Although takc2.1w
Aweelstrain grew more slowly in the presence of threg,
the sensitivity of the double mutant was not iasedthus
placing both kinases in the same pathw&upplementary
Figure S1A).

Hyperactive Cdc2 prolongs theG2/M arrest whenreplication
forks break

Yeast cells differ in their response to collapseglication
forks from human cells which arrest in S phaasthey
progress through S phase without a delay befoedlp(R0—
40 min) arresting in G237).
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We used lactose gradients to synchronzed wype
4chkl, cdc2.1wand cdc2.1w cdc25.22ells in G2 toanal-
yse their cell-cycle response to 40 M CFEynchronized
cells were released into rich medium with and withthe
drug, and samples were withdrawn every 20 min @&vhr
As shown in FigurelD, wild-type cells progressed witthe
same rate through the fir&1/S phase (first peak ofep-
tation), but delayed entry into the second cygle2b min
in CPT medium. As expected, this checkpoint respaves
abolished upon deletion @hkl (Figure 1E). Cells with el-
evated Cdc2 activity showed, however, an unexpedied
haviour. Theypostponeckntry into mitosis for 2 tbefore
slowly continuing tocycle(Figure 1F). This extended Gar-
rest could be caused lyrepairedeplication forks,which
continue to send &ad3*TR-Chkl signal, or by thénabil-
ity of cdc2.1lwcells to restart the cell cycle. In contraisi
the CPT sensitivity, a reduction in Cdc2.1w atyiviy the
introductionof the cdc25.22allele failed to suppress the ex-
tended arrest (Figur&G). This intriguing observation im-
plies that the CPT sensitivity and the prolongé@/M ar-
rest are two distincinanifestationsf the cdc2.1wmutation.
A possibleexplanationfor the inability of Cdc25.22 t@or
rect the cell-cycle defect lies within mitosis. Wdugh the
point mutationlowers thephosphataseactivity during in-
terphase, this effect may be neutralised by tbdold in-
crease in Cdc25 activity in mitosid)( If this were to behe
case, Cdc2.1w may trigger the cell-cycle defectlevbells
progress through mitosis, whereas the hypgeadtinase
may affect the repair of collapsed forksG2.

The G2arrest in cdc2.1wcells isindependentof Chkl

Intrigued by this finding, we asked whethbyperactve
Cdc2 would also impose @2/M arrest indchkZlcellsgiven
the importanceof the Rad3ATR-Crb23BP1.Chk1 signalling
pathway in the presence of CP38). Rather unexpectedy,
synchronized cdc2.1w/chk1 cells showed a similarly ex-
tended G2 arrest in CPT medium as tlke2.1wsingle
mutant (Figure2C). This shows that hyperactive Cdbg-
passes Chkl to block entry into mitosis wheplication
forks break. Since Rad3 kinase signals either giroGhk1
or Cds£"k? (39), we also tested @lc2.1wAcdsldouble mu-
tant. Elevated Cdc2 activity did also impose a G2siin
the absence of Cdsl but this arrest wdsh shorter com-
pared to thecdc2.lwAchklmutant (Figure2D). The abil-
ity of the cdc2.1lwdcdslmutant to arrest and thebsena-
tion that Chkl is not required kdc2.1wcells (Figure2C)
could be explained in two ways. Either a third umkn ki-
nase is involved, or Chkl is natnportantin cdc2.1lwcells
as long as Cdsl is intact. To distinguish betwéesdpossi-
bilities, we measured the cell-cycle arrest ofahkl Acdsl
cdc2.1wtriple mutant in CPT medium. Interestingly, lasfs
both kinases completely abolished tB&/M arrest(Figure
2E) showing that Cdsl acts first@dc2.1wcells whenforks
break rendering ChktedundantThis is an intriguingob-
servation since Chkl is normally the key kinas¢éhapres-
ence of CPT(38).



281 Nucleic Acids Reseirch, 2014,\ol. 42, No. 12 Nucleic Acids Reseirch, 2014,\ol. 42, No. 281281

G139 i
G146D% D . ] WT
cdec2.1w § 30
Y % :2. f?ﬁ.ﬁlw
ATP ’ 00 60 120 180 240 300 360
E .71 Achk1
3 304
Y15 ; - —o—:;CPT
-g“ i —+—40pM CPT
8 0¥ T T T T T v
e ¢ | Fom cdeztw
Awee1 30°C 5w cdesIW
cdc2.1w i <o CPT
2 = 40pM CPT
WT ‘g 1
:V;ef1 37°C G 0 60 120 180 240 300 340
cdc2.
. cdc25.22 cdc2.1w
WT =40
Awee1 3mM £ w
cdc2.1w o §= o cer
WT 3
Awee1 10uM °0 60 170 180.240 300 360
cdcz 1w CPT Time, min
WT
Awee1 14!&“’(')0
cdc2.1
WT
Awee1 0.008%
cdc2.1w MMS

30°C 37°C 30°C + 12uM CPT
- ot 7] ﬁ =

Figure 1. Cells with hyperactive Cdc2.1w kinase are CPT giasand enter an extended cell-cycle arrésl The G146D mutationin the S. pombe
Cdc2.1w kinase and the highly conserved Yt®sphorylatiorsite have been mapped onto the structure of iheelg related human CDK2-cycli
complex (PDB ID: 1FIN) using the program Polyview B) Drug sensitivity ofcdc2.1wcells. Serial dilutions (10-fold; starting with “6ells’/ml) of the
listed strains were spotted onto YEA plates comairthe indicated drugs. The plates were incubaite80’ C for 3 days. One YEA plate was incubatet

37 C. (C) Introductionof the cdc25.22allele into cdc2.1wcells suppresses the CPT sensiti(iB+~G) Hyperactive Cdc2.1w causes an extended cell-cycle
arrest in the presence of CPT which is not supptedsy thecdc25.22allele. The indicated strains were synchronizedabyose gradiententrifugation in
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Figure 2. The extended cell-cycle arrest afc2.1wcells is independent of Chkl but requires Crb2 e dc2phosphorylatiorsite T215.(A-E, J) Crb2,
its phosphorylatiorsite T215 and Cds1 are required for the extendesbtarThe indicated strains were synchronized ira@@ released into YEAedium
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are dependent o8rb2.
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The G2arrest in cdc2.1wcellsrequires the CDK phosphory-
lation site T215 in Crb2

Although cdc2.1wecells bypass Chk1, we still wanted test
the requirement of th€hk1-adaptoprotein Crb238P1.Rd9
given that Cdc2phosphorylateCrb2 at T215 inmitosis
(18). Deletion ofcrb2in cdc2.1wcells resulted in verghort
cells which were difficult to synchronise (Figug&). To cir-
cumvent this problem, we added 40 M CPT dyeto
asynchronousultures of wild typecdc2.1wAchklcdc2.1w
and Acrb2 cdc2.1wcells and followed the septatiomdex
over 5 h. As shown in Figur@F, the septation indegf
cdc2.1wand 4chkl cdc2.1wcells dropped after thérst
hour to 2% and started to rise again after 4 lis @hcline
in dividing cells is consistent with an extend&2/M ar-
rest. We also took samples at the start of therexrpat (t
= 0) and after 4 h to examine cells under thieroscope
Fission yeast cells which stop in G2 continue towgand
become elongated27). While cdc2.1wand cdc2.1w.chkl
cells clearly elongated in CPT mediukgc2.1wAcrb2 cells
maintainedheir shortcell size(Figure 2G). Consistentwith
the absence of cell elongation, the septationexnaf this
double mutant failed to drop (Figu@F). Thesefindings
show that Crb2 is required for the arrestcit2.1wcellsde-
spite the independence on Chkl. Siode2.1wAcrb2 and
cdc2.1wachkl cells lost their viability to a similaextent
in the presence of CPT (Figug#), the ability topostpone
mitosis is not linked with enhanced cairvival.

To identify Crb2 but not Chkl ascmmponenbf the ex-
tended G2 arrest indc2.1wcells was a surprisespecialy
since our earlieobservationsmplicated Cds1 kinas@hich
is normally activated by Mrcl and not by Crb®0) The
requirement for Crb2 left us, however, withcarundrum
since we and others have found that Chkphiesphory-
lated inundamagedells with hyperactive Cdc2 as wellias
the presence of CPT (Figuit) (41,31). Consistent witlthe
role of Crb2 as a Chkadaptorthe band shift caused lige
phosphorylatiorof Chkl at S345 in response to CWBs
abolished incdc2.1wAcrb2 chk1l-HA cells (Figure2l). An
explanationof why Chkl is modified in &rb2-dependent
manner incdc2.1wcells in the presence of DNA damade-
spite itsunimportancdor the mitotic arrest could bgro-
vided by the two independent modes of Crb2ruitmentto
DNA. Phosphorylatiorof Crb2 at T215 by Cdc2 imito-
sis directs the protein tondamagedNA (18), whereasts
T215-independeninteractions with methylated armmhos-
phorylatedhistones direct Crb2 to damaged DNA G2
(20). Hence, hyperactive Cdc2.1w may only affect 1215
phosphorylategool of Crb2, but not the DNAdamage
activated pool. Consistent with this notion, reglmentof
T215 by an alanine residue (T215A) prevented2-T215A
cdc2.1wecells from arresting the cell cycle in CRWedium
(Figure 2J). Thisimportantfinding suggests that thaitotic
modification of Crb2-T215 by Cdc2 may interferetiwihe
activation of Chkl when replication forks breakcdc2.1w
cells.

Elevated Cdc2 activity locks cells in a G1-like DNArepair
state

Given theimportanceof CdcX928 activity for the recom-
binogenic repair of brokeshromosomem S.cerevisiaél),
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we wanted to test whether elevateetombinationlevels

interfere with the repair of collapsed replioati forks in

cdc2.1wcells. To test this idea, we measurettak-induced
HR by using a genetic system which allows foe ge-
netic exchange between chromosome Il and hibenol-

ogous mini-chromosomeCh!6-MG upon its cleavagdoy

HO endonuclease (FigurdA) (34). Prior to HO expres-

sion from the induciblexmt81 promotor (pREP81X-HO),
cells containing C¥¥-MG grow in the absence aidenine
(ade6 ) and in the presence of the antibiotic G418 (&418
Following HO induction, the cleavage of MG at its

unique HO site within the engineereati21gene willtrigger

DNA repair. While homologousrecombination beteen

the tworad21genes will result in the loss of the G4i&

sistance cassette due to DNA end resection {a@GeBl &),

NHEJ of the HO break will retain the antibiotiesistance
(adeB G418). Approximately30%—40% of wild-type cells
grown in minimal medium without thiamine (represwof

the nmt81 promotor) underwent recombination,whereas
only ~10% were recombinogenic in the presence tio¢

repressor (Figure3B). The latter is due to the leaka-

ture of thenmt81 promotor. Unexpectedly, less than 2%
of cdc2.1wcells underwentrecombinationin thiamine-fee
medium (Figure3B). This intriguing finding suggestihat

elevated Cdc2.1w activity favours NHEJ oweterchomo-
somal recombinationas previously reported fd8. pombe
cells arrested in G13). While this observation coné&dicts
the importanceof CdcX928 activity for DNA endresec-
tion as observed iB.cerevisiadl), it is consistent with ae-
cent report showing that aberranincrease in Cdc2ctiv-

ity blocks interchromosomal recombinatian human cells
(42).

Since this finding suggests an increase IHEN in
cdc2.1wcells, we measured NHEJ using a plasmepair
assay 8). The plasmid pREP41 was linearized atuitsque
Sacl restriction site (Figur8C) and equal amounts ofit
and uncut plasmid wergansformedinto asynchonous
wild type, cdc2.1lwand NHEJ-deficientaku70 cells. While
less than 20% of wild type cells were able to replae plas-
mid, more than 90% afdc2.1wcells were proficient irthis
assay (Figure3D). As G1 cells utilize NHEJ over HR3),
we analysed the DNA content aynchronouwild type
and cdc2.1lwcultures grown in rich and minimal mediuns-
ing flow cytometry 43). Although G2 is~20min shorterin
cdc2.1wcells than in wild type cells (FigurgF, Supplemen-
tary Figure S1B—E), we did not detect an increasg1 cells
in cdc2.1wcultures independentlyof the growth medium
(Figure 3E). Taken together, these experiments supploe
conclusion that elevated Cdc2 activity lockgpombecells
in a G1-like DNA repair state which may compromitees
recovery of collapsed replicatioforks

Cdc?2 associates witlsrs2 DNA helicase, Hhpl kinaseChk1
kinase andthe Ku70-Ku80 DNA binding complex

To find out how Cdc2.1w affects Crb2 and the DNMépair
status of cells, we performed a small-saalenunopecip-
itation screen to identify DDR proteins whicidito the
kinase. Soluble extracts prepared freamdamagedtrains
expressing affinity-tagged versions of Srs2 DN#licase
RghIB™M DNA helicase, Ku70, Ku80, Mus8éndorucle-
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Figure 4. Cdc2 associates with Srs2, Ku70, Ku80, Hhpl @h&l. (A)

Native protein extracts (T) (150 |) preparédm untreatedcells were
incubated with 5 | of an unrelated 1gG antypodr 5 | of ananti-

Cdc2 antibody over nightProtein-antibodycomplexes werénarested
from the supernatanby the addition of 30 | protei®\/G beads(Cal-
biochem) and analysed using an affinity tag-spe@fitibody (Srs2-Myc,

Myc-Rghl, Ku70-GFP-HA, Ku80-HA, Mus81-Myc, Rad16-GFP-HA,
Chk1-HA, Hhp1-HA).(B) Sizefractionationof the affinity taggedstrains
on a Superdex-200 column. dfel = native protein extract). Thigactions
obtained from the Cdc13-HA extract were also pdobéth ananti-Cdc2
antibod.

ase,Rad16*PF, Chk1 kinase or Casein kinase 1 (HhpBre
incubated with an anti-Cdc2 antibody and an utedlam-
munoglobulinG (IgG) antibody and then precipitatedth
protein A/G beads. As shown in Figu#A, small amounts
of Ku70-Ku80, Srs2, Chkl and Hhpl were pullédvn
with the anti-Cdc2 antibody identifying theseotgins as
potential bindingpartners.Casein Kinase 1 wasicluded
in this experiment because we noted a strong geimeger
action between a loss-of-functioneelmutation(weel-5)
and the deletion dihplin an independent experime(fig-
ure 6A).

Sizefractionationof soluble extracts obtained frothese
strains revealed two peaks of Cdc2 and cyclin Bc@@jlat
600 kDa and 250 kDa, respectively (FigutB). All poten-
tial Cdc2 binding partners coeluted with Cdc2ha higher
molecular weight range of 600 kDa suggesting tthey
form larger protein complexes. Interestinglgponomeric
protein was only detected for Ku70 and Hhpl, wasedl
other proteins eluted with aapparentmolecular weight
well above their expected sizes.

For the rest of the project, we focused on Srs2ihgl
since deletion of either gene was epistatic with dtic2.1w
mutation. The biology of theinteractionbetweenKu70—
Ku80 and Cdc2 will be reported somewhere else.

Loss of Srs2 DNAhelicase prolongs the CPT-induced2 ar-
restin acrb2-T215Adependentmanner

Srs2 is amultifunctional DNA helicase which helps tmin
DNA ends withmicrohomologieduring NHEJ 44), pre-
vents unwanted HR by dismantlinBad51-ssDNAfila-
ments 45), promotes HR by resolving D-looptructues
during strand invasion46) and binds to differenteplica-
tion structuresin vitro (47). These opposing activitieare
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regulated by CDK1 irSS.cerevisiaewvhich phosphoryltes
Srs2 at multiple sites to stimulate HR SAG2 (46).

Consistent with the association of Cdc2 with SFEgure
4A), we found an epistaticelationshipbetween asrs2dele-
tion and thecdc2.1lwallele for the survival in theresence
of CPT (Figure5A). Since loss ofrs2increases thepon-
taneous exchange between sisieromatids(48), we mea-
sured intersister recombinationrates by employing ams-
say which monitors theestoratiorof adenineindependence
upon therecombinatiorbetween two tandenade6-negative
heteroalleles which are separated by a ifomat urad*
marker (ade6-L469ura4* -ade6-M37% (33). Theura4* gene
enabled us to distinguishde6 recombinantghat hadlost
(deletion type) or retained (conversion type) th&erven-
ing DNA between theade6repeats. Deletion of thera4*
marker is indicative ofecombinationat collapsedforks
(49), whereas spontaneous recombinatidretween sister
chromatidsn G2 retains the intervening sequer{cerver
sion type). As shown in FiguréB, wild type andcdc2.1w
cells both suffered from a 5-fold increase in gea&etions
in the presence of 10 M CPT (WT: no drug: &80 4;
CPT: 4.3 104 cdc2.1w no drug: 0.8< 10 4, CPT: 3.7
X 1074). This finding confirms the recombinogeniteature
of collapsed forks, but also shows thatcontrolledgenetic
exchange at these structures is not the causeath in
cdc2.1wecells. Although recombinationat broken forks is
normal incdc2.1wcells, thespontaneousxchangebetween
sisterchromatidsn undamagedells was 3-fold highethan
in wild-type cells (WT: 1.3< 10 4; cdc2.1w 3.6 X 10 %)
(Figure 5B). Since such unwantedecombinationis pre-
vented by Srs24@), we measured the conversion ratas
undamagedvild type, cdc2.1w Asrs2 and Asrs2 cdc2.1w
cells. Cells without Srs2 had a 6-fold higher retenpaed
to wild type, which was not further increased lie ¥1srs2
cdc2.1wdouble mutant (WT: 0.% 10 4; cdc2.1w 2.7 X
104, Asrs2 4.5 % 10°%; cdc2.1wAsrs2 4.3 < 1074 (Fig-
ure 5C). In summary, these results imply thiagperactve
Cdc2 has two effects on Srs2. #ati-recombinatioractiv-
ity is down-regulatedn undamagedellsleading toelevated
rates ofspontaneoumter-sister exchange and alsoDM§A
repair function is blocked when replication kercollapse
resulting in CPT sensitivity. This close functione¢laion-
ship between Cdc2 and Srs2 implies that the kimase-
ifies Srs2. Although S.cerevisiaeSrs2 isphosphoryated yb
CdcXd28 (46), a similar modification has not yet bess
ported inS. pombe

Given the close functional link between Cdc2 &ng2,
we measured the G2 arrest in synchroniz¢sts2 Asrs2
4Achkl, Asrs2cdc2.1wand Asrs2 crb2-T215Acells. Intrigu-
ingly, loss of the helicase resembled the hyperaadc2.1w
mutationbecause the extended G2 arrestefs2cellswas
independent of Chkl (FigursE) but required th@hospho-
rylation of Crb2 at T215 (Figur&F). Oneimportant dif-
ference betweerdc2.1wand 4srs2cells was, howevelthe
shorter G2 arrest when forks collapsed in the alEsefthe
DNA helicase. Whilecdc2.1wcells delayed entry intonito-
sis for up to 2 h (FigurdF), Asrs2cells delayed onlyfor
40-60 min (FigurebD).

In summary, these findings imply that Cdc2 kingamets
Srs2 inS.pombeand that the hyperactive kinase nsayitch
Srs2 activity from the prevention epontaneous intesister



28€ Nucleic Acids Reseirch, 2014,\ol. 42, No. 12 Nucleic Acids Reseirch, 2014,\ol. 42, No. 28€28€

A Nodrug 4uM 8uM CPT
I @ & * @@z @ ®R
cdc2.1w [ K ENFSl B EZE

Asrs2 cde2.1w [ X E Bl X B

Recombination Rate +/- CPT Spontaneous Recombination Rate
8 8
7 7
~ 6 g 6
E 5 I g 5 I
-
z 4 % 4 1
e 3 g3
2 2] 2,
i .
g ' ' ' 0
wT WT cdec2.1w cdc2.1w
wT de2.1 2-d 2.d
VG o whiin inid "aid
Strains
D Strains E
50 50
" Asrs2 . Asrs2 Achk1
> 40 S 40
) u
g 30 g 30
T g0 -o-no CPT T g9 ==no CPT
< -+ 40uM CPT k= -+ 40uM CPT
8
a 10 a 10
8 0 @ 0
0 60 120 180 240 300 360 0 60 120 180 240 300 360
F Time, min G Time, min
50
< | Asrs2 crb2-T215A 501 Asrs2 cdc2.1w
P 40 3; 40
8§ % 3 3
2 20 —-ho CPT T g0 ==no CPT
g - 40pM CPT 8 ——40pM CPT
a 10 8
3 a 10
- ]

0 60 120 180 240 300 360

Time, min

0 60 120 180 240 300 360

Time, min

Figure 5. Hyperactive Cdc2.1w blocks Srs2 DNA helicase and ddsrs2arrestscell-cycleprogression in a Crb2-T215 dependent man@&rCdc2.1wand
Srs2 act in the same CPT response path(yCPT induces deletion typecombinatiorevents. Wild type anddc2.1wcells containing theecombinéon
cassette gde6-L469ura4” -ade6-M37% were grown in 5 ml YEA medium with or without 10M CPT from a single colony intstationaryphase.Cell
dilutions were plated onto minimal medium platé®Qmg/L uracil, 100mg/L leucine, 200mg/L guanine) to select for cells with a restorade6gene
(= recombinatiorevent). Loss of therra4 marker € deletion event) was determined by replica-platomgo minimal medium plates (100g/L leucine
200 mg/L guanine). Open boxes deletion events, closed boxesconversion event§C) Cdc2.1w increasespontaneougene conversion events &
Srs2-dependemhanner. Strains of the indicated genotypes weayemin YEA medium without drug intstationaryphase and analyse@©-G) Loss of
Srs2 delays cell-cycle progression in the presefi¢&PT independently of Chk1, but dependent onGte2phosphorylatiorsite Crb2-T215. Cells dhe
Tgic%egp%enotypes were synchronized in G2 arehseld in YEA medium with or without 40 M CPT38f C. Open symbols: no CPT, closegmbols:
recombinatiorto the promotionof NHEJ. They alsoshov suppression was, however, limited to the acuteosxe of
that elevated Cdc2 activity has distinct effectdHi. While cells to thetopoisomerasé inhibitor as it was noevident
break-induced recombinatiometween homologouschro- when cells were grown for several days in the presefthe
mosomes is blocked (Figur@B), sponatenousecombina- drug. This rescue places both kinases in the saRie ré-
tion between sistechromatidswhich are attached hihe  sponse, a conclusiosupportedy their physicabssocition
cohesion complexes, is increased (FigbBeand C). (Figure 4A). Since Hhpl is known to undergautophos-
phorylation(50), we employed isoelectric focusing itoves-
tigate the modificationpatternof the kinase in wildtype
Casein kinase 1 (thl) i$berrant|y modified in cdc2.1w and cdc2.1wcells treated with 40 M CPT for 4 h or lefb-
cells treated. Separatiorof solubleHhp1-HA protein on dinear
We became interested in CK1 because the &mBitivity ~PH strip ranging from pH3 to pH10 revealed two ciee
of the Ahhpldeletion strain was partly suppressed by eleof CK1 (Figure6B). The intensity of the more acidform
vated Cdc2 activityqdc2.1wor weel-5)(Figure 6A). This  (number 1in FigureB) increased ircdc2.1w hhpl-HAcells
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Figure 6. Cdc2 targets Casein kinase 1 (Hhpl) and loss oflHiglays theell cycleindependentlpf Chkl but requires Cdsl and the Cgd¢bsphoryldon
site Crb2-T215.(A) Hyperactive Cdc2.1w partly suppresses the CPT thétysiof A4hhplcells (40 M CPT in YEA medium &0°C). (B) Cdc2tamets
Hhpl kinase. Isoelectric focusing of total proteixtracts prepared fromhpl-HA and Hhpl-HA cdc2.1wcells either treated with 40 M CPT 2@°C
for 4 h or leftuntreated(C) Hhp1-GFPwas purified from wild-type cells in the absencepoesence of CPT (40 M, 4 h) and framtreated Hhp1-GFP
cdc2.1wcells using theGFP-trap.Samples of the total soluble extracts and of ghefied material were probed with anti-GFPand ananti-Cdc2
antibody.Samples of thesupernatanafter the pull-down were probed with thati-GFPantibody. (D) Hhpl kinase acts in the same CPT responsgss
and Chk1.(E-O) Loss of Hhpl delays cell-cycle progression in thesence of CPT independently of Chkl, but depeandarnthe CdcZhosphoryltion
site Crb2-T215, Rad3 and Cdsl. Cells of the inditajienotypes were synchronized in G2 and releas®&@EA medium with or without 40 MCPT

30°C. Open symbols: no CPT, closed symbols: 40 CHT.

independentlyf CPT. Thisobservationtogether withthe
direct association between the two kinases (Figik im-
plies that Cdcphosphorylates Hhpl.

While Hhpl was not further modified i@PT-treaed
wild-type cells, several hypermodified speciaspeaed
when cdc2.1w hhpl-HAvere incubated with the dru@drig-
ure 6B, panel 4). Thesadditionalmodifications couldarise
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from aberrantCdc2 activity in the presence of CPffom
a change irautophosphorylationf Hhpl incdc2.1lwcells
or from a yet unknown kinase targeting Hhpl unthase
conditions

To test whether the association of Cdc2 with Hipaf-
fected by CPTireatmenbr elevated Cdc2 activity, weuri-
fied Hhpl-GFPprotein complexes from growing cells, cell
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treated for 4 h with 40 M CPT emtreatectdc2.1wHhp1-
GFP cells using the nové&FP-trap.As shown inFigure
6C, the high affinityGFP-bindingprotein depleted theol-
uble Hhp1-GFPprotein from the extract. The purifigabol
of Hhp1l-GFPcontained a significant amount of CdkR2
naseindependenthof CPT treatmentand high CdcZactiv-
ity suggesting a stableteractionbetween theinases

Informed by the previous finding that hyperacti@elc2
down-regulates Srs2 (Figufs, we tested the CP3ensitv-
ity of Asrs2Ahhplcells and found an epistatielaionship
between CK1 and the helicase. We also foundepistatic
relationshipbetween Chkl and Srs2, and betwegmkl
and Hhpl (FiguresD). Taken together, thessbseraions
imply that Hhpl and Srs2 both have to be activeGbk1
to become stimulated by broken replicatiforks.

Deletion of Casein Kinasel prolongs the G2arrest in a crb2-
T215A dependentmanner

To test whether Hhpl acts in the G2 arrestduf2.1wcells,
we synchronized wild typeghhpland cdc2.1lwdhhplcells
and measured cell-cycle progression in the poesearf 40

M CPT. Interestingly, deletion dfthplon its own wasuf-
ficient to delay entry into mitosis by2 h (Figure 6F) in a
Chkl-independemanner (FiguregH). In light of theas-
sociation of Hhpl with Cdc2 (FigurdA) and theCdc2.1w-
dependent change in ihosphorylation pattern (Figar
6B), it seems very likely that hyperactive Cdcge Crb2
activities by blocking Hhpl kinase. Consistenith this
conclusion, loss o€rb2 (Figure 6L) or mutationof T215
to alanine (Figure6M) abolished the G2 arrest afhhpl
cellsin the presence GPT.

Since our earlier data otdc2.1wstrongly suggestha
the mitotic Crb2-T215 modification allows Rad8 acti-
vate Cdsl instead of Chkl (FiguBk), we deletedcds],
rad3 or cdsland chklin the Ahhpl mutant.While lossof
Cdsl1 on its own had no effect on the arrest (ighl),
concomitantdeletion ofcdsland chkl or deletion ofrad3
abolished the G2 delay (Figu@& and K). Thesebsera-
tions are in agreement with our previous findingtthcdsl
Achklcdc2.1wcells fail to stop in CPT medium (Figuge)
and show that Chkl becomes omtyportantin 4/hhplcells
when Cds1 is inactivated. In line with the epistatlaion-
ship between Hhpl and Srs2 (FigusB), loss of Srsdn
Ahhplor in 4hhpldchklcells had no further effect atne
arrest although thghhpldchkldsrs2triple mutant reen-
tered thecell cycleearlier compared to thghhpldsrs2dou-
ble mutant (FigureoN and O).

DISCUSSION

We report here that fission yeast cells withhygeractive
Cdc2 kinase qdc2.1wy are specifically sensitive to thepoi-
somerase 1 inhibitor CPT (FiguiB), enter aprolonged
G2 arrest when replication forks break in thespnceof
CPT (FigurelF) and maintain a G1l-like DNA repastae
with high levels of NHEJ and low levels afterchomo-
somal recombination(Figure 3). Our genetic datastrongly
suggest that the CPT sensitivity and the exten@&dar-
rest are two independenmanifestationf elevatedCdc2
activity. While theintroductionof a loss-of-functionmuta-
tion in Cdc25phosphatasécdc25.22, which is knownto
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Figure 7. Model. (A) The domain structure of Crb2. In the presente
DNA damage, the C-terminal Tudor and BRCT domaallow Crb2to
bind to methylated anghosphoryalatehistones, respectively. Cdghos-
phorylates Crb2 at threonine 215 (T215) in mitdkisrebypromoting the
association of Crb2 with Rad4 independently of DAmage. Chkhs-
sociates with Crb2 after thiead3-dependent phosphorylatiohT73 and
S80 in the response to DNA lesions once Crb2 has beelified atT187
by Cdc2 in G2.(B) Model. In wild-type cells, theCrb2-Rad4 comple
changes from it#M/G1 configuration to its G2 configuration when cells
exit S phase. Thigransitionis promotedby Srs2 DNA helicase andihpl
(CK1) kinase, and by the G2 modification of T187 ®gc2. Incdc2.1w
cells, thistransitionis delayed due to the inhibition of Srs2 and Hhgyl
the hyperactive Cdc2.1w kinase. This locks @d2-Rad4complex inits
M/G1 mode. The repair of broken replication forkaynbe delayedas
cdc2.1wcells favour NHEJ ovemterchromosomal recombination. This
leads to the activation of Cdsl instead of Chkid an extended Gar
rest.

lower Cdc2.1w activity Z4), suppresses the CPEnsitivity

(Figure 1C), it fails to restore a normab2/M delay(Figure

1G). This difference could be explained by the dyitanof
Cdc2 throughoutthe cell cycleln vitro kinase assaybave
shown that Cdc2 activity starts to increase haly tteough
G2 in normal fission yeast cells, but starts veayly in G2
and then rises at twice the ratecellswith hyperactiveCdc2
kinase b1). This change in Cdc2 leveisroughouthe cell
cycle could have profoundeffect on Crb2 as Cdctagets
the protein at least twice in one cycle. At itsiaty peak
in mitosis, Cdcphosphorylate€rb2 at T215 whickallows
Crb2 to bind to Rad418,19). The mitotic Crb2-Rad4com-
plex may exist until the start of G2 when suffitieCdc2
activity accumulatedhgain to modify the complex dt187,
anon-canonicaCdc? site closer to the-terminusof Crb2
(Figure 7) (21). The phosphorylatiorof T187 rearrangeshe
Crb2-Rad4complex so that Crb2 can bind to Chidnd
Rad4 to theRad9-Radl-Hustomplex @1). Thistempoal
order of modifications may be affected by thehleigand
faster rising levels of Cdc2 indc2.1wcells as they faito
activate Chk1l when replication forks collapse (fFeg2C).
Intriguingly, cdc2.1wcells activate Cdsl kinase undirese
conditions (Figure2D and E) which implies that thaitotic
Crb2-Rad4complex targets this kinase instead of Chil.
evated Cdc2 activity may either expand the mitpool of
the T215phosphorylated Crb2-Rad®mplex or it mayini-
tiate further modifications like thehosphorylatiorof T187
prematurely.As a result of this, theCrb2-Rad4comple
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may become trapped in its mitotic sta&®)(thereby pro-

moting NHEJ oveinterchromosomal recombination (Fig-

ure 3). If replication forks were to break under thesmdi-

tions, their repair may be delayed explaining &&ended
G2 arrest (Figurer). Interestingly, theaberrant modifica-
tion of theCrb2-Rad4complex incdc2.1wcells requireshe

inhibition of Hhpl kinase and Srs2 DNA helicasefspl
and 4srs2mutants both show an extended G2 arvesich

is abolished upommutationof T215 (FiguresbF and 6M).

Since Hhpl and Srs2 associate both with Cdc2 (Eigur
the hyperactive kinase may either block or moauldteir

activities to promote NHEJnd/or to expand the poobf

T215 modifiedCrb2-Rad4complexes

Budding yeast Srs2 possesses several functwmsh
may help to explain how multifunctional helicasecould
regulate Crb2. SrS2 binds in vitro to junctions between
single- and double-strandedDNA (47) and promotes
NHEJ in G1 44). If Crb2, like human 53BP1, preventise
resection of DNA ends in G1, Srs2 may terminatés ac-
tivity by binding to these junctions at th@&1/S transition.
In normal cells, Srs2 may therefore tewn-regulatedoy
Cdc2 until cells initiate DNA replication. Thighibition
may well be extended beyond the start of S phasddf.1w
cellscausing problems with the activation of the DNiam-
age checkpoint kinases when forks break. Altholngber
active Cdc2.1w clearly blocks Srs2 as indicated th®yin-
crease in thespontaneousnter-sister recombinationrate
(Figure 5C), it is as yet unclear whether this is bydc2-
dependent modification of the helicase. The Haisehow-
ever, supportedby the physical association betwe€udc2
and Srs2 (FigurdA), and by similar findings irs.cerevisiae
(46). Alternatively, Cdc2 could regulate Srs2 indihgcvia
Hhpl given the epistaticelationshipbetween Asrs2 and
Ahhplfor the CPT sensitivity (FiguréD) and the GZrrest
(Figure 60).

Hhpl is most closely related to human Casein kinhs
(53), which performs diverse roles in the circadialock,
DNA repair and wnt- -catenin signaling4]. CK1 en-
zymes are monomeric kinases which are regulatgdub
tophosphorylatiorand require in many cases a primikig
nase to recognize a substrated)( There are severalays
how Hhpl could regulate Crb2. Hhpl could #ubugh
Srs2, but this is less likely since thleirationof the G2ar-
rest is significantly longer inthhplcells (Figure6F) than
in Asrs2 cells (Figure 5D). Alternatively, Srs2 maasso-
ciate with and regulate Hhpl. This idea is basedherre-
cent discovery that human CK1 associates withRINA
helicase DDX3 to control wnt- -catenin signalli(gp). A
third possibility is that Cdc2 primes Crb2 for thhospho-
rylation by Hhpl and that this modification is végd for
Srs2 to act on Crb2. In line with this notiomadditional
phosphorylatiorbands were observed once Crb2 wasd-
ified by Cdc2 at T21518). Whether thishyperphosphory-
lation of Crb2 is dependent on CK1 is not yet ¢léat the
S.cerevisiagaralog of Crb2, Rad9, is modified Pglo-like
kinase and Casein kinase 2 when cells reenter dlheycle
from a G2 arres(56).

In summary, our data entertain a model (Figdyen
which Cdc2 retains th€rb2-Rad4complex in itsM/G1
mode by blocking Srs2 DNA helicase and Hhpl kinase
til cells enter G2 phase. This would silence Chktil wsuffi-
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cient Cdc2 kinase has accumulate at the start2ofn@ich
may be a prerequisite to promote NHEJ in GWwild-type
cells. Incdc2.1wcells, this inhibition of Chkl seems ton-
tinue beyond the start of G2 resulting in thieerrant e-
tivation of Cdsl and a long G2 arrest when fobksak
in a chromatin environmerthat favours NHEJ oventer-
chromosomal recombination. Furtheork is, howeveryre-
quired to establish how Cdsl is activatedcdc2.1lwcells
and how Hhpl and Srs2 are regulated by Cdo2adadlulde
Crb2.
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