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Abstract

This thesis describes the essential roles of Dna2 and the Tim/Tipin complex in the
maintenance of genomic stability. Dna?2 participates in DNA replication and double-
strand break repair by homologous recombination. Meanwhile, the Tim/Tipin complex is
required for efficient checkpoint activation upon replication stress, which can be caused
by stalled DNA replication forks.

While yeast genetics and experiments with purified proteins have revealed much
about yeast Dna2, we chose to pursue characterization of metazoan Dna2 using Xenopus
cell-free extracts. We show that binding of Dna2 to origins of replication is dependent
upon formation of pre-replication complexes but independent of CDK2 activity. Upon
initiation of DNA replication, Dna2 travels with replication forks. Physical interactions
with Mcm10 and And-1, proteins involved in lagging strand DNA replication, are
indicative of a role in replication of the lagging strand; this result is consistent with
genetic results in yeast and in vitro biochemical experiments.

Dna?2 also participates in the response to double-strand breaks and accumulates on
chromatin containing double-strand breaks. We show that Dna2 binds to free DNA ends
after the Mrel1-Rad50-Nbs1 complex and ATM, but before RPA. Dna2-depleted
extracts exhibit delayed processing of DNA ends, indicating that other nucleases do not
easily compensate for the lack of Dna2. Consistent with genetic results in yeast, we find
that the Mrel1-Rad50-Nbs1 protein complex is essential for the processing of free DNA
ends, but inhibition of Mrel 1 nuclease activity only slows processing. This observation

indicates that other nucleases, possibly Dna2, can compensate for loss of Mrel1 nuclease
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activity. Despite the role of Dna2 in double-strand break processing, Dna?2 is not
required for checkpoint activation.

Timeless (Tim) and Tipin participate in the checkpoint response to stalled
replication forks. We demonstrate here that Tim and Tipin form a complex, associate
with chromatin in S phase, and physically interact with many proteins at the replication
fork. Human cells lacking the Tim/Tipin complex do not exhibit robust checkpoint
activation in response to stalled replication forks. Finally, we show that Tipin is also a

target of both the ATR and Cdc7 kinases, which respond to stalled replication forks.



viii

Table of Contents

ACKNOWICAZEIMENTS ...ccuuerirrnriiirricsssnncssrncsssnncssssesssssesssssesssssesssssesssssssssssssssssosssssossnsssssnssss iv
ADSTEACE . uceiueiiiniiitensennsnensnessnensnecsseesnesssesssesssessssssssessssesssnssssssssesssssssssssssssssassssessansssassss vi
Table Of CONLENLS ...cccueeeniiirinienisinieenseensneissenssenssseesssesssessssssssesssssssssssssssssasssssssasssasess viii
TaDIe Of FIGUIES...uccirrcrririverirsricssnicssnnicsssnessssnessssnssssssessssssssssssssssssssssesssssesssssssssssosssssossnss xi
1 INErOAUCTION..cuueeiuieeniiiniiiteentecsneisneisaeesssecssnssssesssnssssesssnssssesssassssesssnssssssssassssessansssansse 1
1.1 DNA Replication INTtation.........c.eevieeriierieeiierie ettt ettt 3
1.2 CRECKPOINES. ...cueieiiieiiieiie ettt ettt ettt ettt e st e et e e s e esbeessaeenseessbeenseesaseenseas 6
1.3 REPIICAION SIESS....ccuviiiiiieiieiieeiieeiieeiteeite ettt e et esete et e saeeesbeessaeeseesaseenseasnseenseas 8
1.4 DSB Resection through Homologous Recombination .............coceveevienieniiniennens 13
1.5 Xenopus Cell-FTee SYSteIM ....c..coiiiiiiiiiiieiieeieeieeeie ettt 19
1.6 RETETEICES . ...cuviiueiiieiieiteeit ettt ettt 20

Strand Break ProcCessing ........ceieiicnviicisnicssnnicssnncssssnessssncssssncssssssssssssssssssssssssssssssssss 46
2.1 ADSIIACE ...ttt b et et sb et st be et eaee 46
2.2 INOAUCHION.....ceutiiiiiiiieteeiteettet ettt ettt sttt sbeetesaeens 47
2.3 RESUIES .ottt ettt sttt 49

2.3.1 Xenopus Dna2 has Both Helicase and Nuclease Activities ..........cccccvveeruennee 49
2.3.2 Dna2 Associates with S-phase Chromatin............cccceeviereiienieniieeniesieeeeee 50
2.3.3 Dna2 Interacts with And-1 and Mcm10..........ooeeviiiiniininiinieecieeeeene 51
2.3.4 Dna2 Interacts with DSB Repair and Checkpoint Proteins .............ccccceeueneee 54
2.3.5 Interplay of Nucleases: Dna2 and MRN.........cccccoeiiiiiiiiniiienieieeeee e 57

2.3.6 Dna2 is Not Required for Induction or Signaling of Checkpoints.................. 59



iX

2.4 DISCUSSION ..euvientieiiiiieteeite ettt sttt ettt et et sat e bt et e ebee bt e tess e e bt entesatenbeebesneens 60
2.4.1 Dna2 is a DNA Replication Protein...........ccceeevieviieriienieniieieeieeiie e 60
2.4.2 Dna2 is Likely Involved in Lagging Strand Replication .............cccceevrennnnne. 61
2.4.3 Dna2 in DSB REPAIL ......ccueiiiiiiieiiieiecie ettt et 63
2.4.4. DNA Damage Checkpoint ACtiVation ...........cccecueeeieeriienieeniienieeiee e e 65

2.5 Materials and Methods...........ooiiiiiiiniiiieiieeeeeeeee e 67

2.6 ACKNOWIEAZEMENTS.......ccuiiiiieiiiciieiie ettt s 70

2.7 FIGUICS...eeuiieiiiieiieeiie ettt ettt et ettt et e et e st e eebeeaeesabeeseeenbeenseeenbeenseesnseenseennns 71

2.8 RETEIENCES . ...cveeutiiiiiiieieee ettt sttt st s 79

Target of Multiple Checkpoint Kinases........cceccveeeercsssnrcssnrcssnicsssnncssssscssssssssssssssseces 89
31 ADSITACE ...ttt ettt 89
3.2 INtrOAUCHION .. .cetiiiiiitietiete ettt sttt sttt sae e 90
3.3 RESUILS ..ttt 92

3.3.1 Tim and Tipin Form a CompleX ........ccceevuieriiiiiienieeiieiecieeee e 92
3.3.2 Nuclear Tim/TiPin ...cceeecueeiieeriieiieeieerte ettt ettt ve e e seaeeeeas 93
3.3.3 Tim/Tipin Interactions in Interphase ..........cccceeveerieeiiienieiiieieceee e 95
3.3.4 Nuclear Tim/Tipin INteractions...........cccueeeueerieerieenieeiienie e eee e 97
3.3.5 Tim/Tipin is Not Essential for DNA Replication ............ccceceevveriienienneenen. 99
3.3.6 Tipin is Involved in Activation of the DNA Replication Checkpoint........... 100
3.3.7 Tipin is a Target of the ATR Checkpoint Kinase and Cdc7 kinase.............. 101
3.4 DISCUSSION .ttt ettt ettt sttt et sttt et st e bt et e sbe e bt eneesaeenaeenees 103

3.5 Materials and MethodS........oooviiiiiiiiiii 109



3.6 Figures..

3.7 RETETEICES ..o e

4 Conclusions

4.1 Dna2.....

4.1.1 Summary of ReSULILS......cccuiiiiiiiieiieeiiee ettt

4.1.2 Significance of Results and Future Directions............ceceveeverieneeninieninne

4.2 TAM/TIPIN ettt ettt ettt e et e st e e bt esaaeenbeessaeensaeesbeenseessnesnseas

4.2.1 Summary 0f ReSULILS......cccuiiiiiiiieiieeiiee ettt

4.2.2 Significance of Results and Future Directions.........c.cceceveeveriieneencniennne.

.3 RETEIENCES ...eeeeeeeeeeeeeeeeeeeeeee ettt ee e eeeaeeeseeeaeaeeeseseneneneneeneennennnnes



xi

Table of Figures

Figure 2.1. Helicase activity of Xenopus Dna2...........cccccooeieviiieiiieniiiinienieeieeie e 71
Figure 2.2. Dna2 associates with S-phase chromatin ...........cccceceveiiiniininneninceee 72
Figure 2.3. Dna2 foci during DNA 1epliCation .........cceeueeiiieniieniienieeiieeieeiee e eiee e 73
Figure 2.4. Dna2 interacts with DNA replication fork proteins ............ccocceevvercieenieennnnns 74
Figure 2.5. Dna2 and double-strand breaks ............ccceevevienieiinieniiiinieceicesceene 75
Figure 2.6. Dna2 at DNA €NdS......ccciriiiiiiiiiieieiieieeieseeeee sttt 76
Figure 2.7. Dna2 and MRN at DNA endS.......cccccoviiriiriieniiiieienienecieseeeeie e 77
Figure 2.8. Assessment of the DNA replication checkpoint in Dna2-depleted extracts.. 78
Figure 3.1. Tim and Tipin associate with replicating DNA.........cccccoceeviniininienienenne. 114
Figure 3.2. Tim/Tipin INEETACTIONS ...cc.vevveereriierieeieeiienieeie ettt ettt 115
Figure 3.3. Characterization of Tim-depleted chromatin.............ccceveeviiniininneneeneenne. 116
Figure 3.4. Tim/Tipin in DNA replication and the DNA replication checkpoint........... 117
Figure 3.5. ATR phosphorylation of Tipin ........ccceeeverirrienieniininienceeeeeee e 118

Figure 3.6.

Tipin is phosphorylated by CdcT........coceeviriiniiiiiiiniieeeeeeeene 119



