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 Abstract 
Maintenance of genomic integrity can be particularly challenged during DNA replication, 

which is critical for cellular viability and proliferation.  Cancer cells exhibit loss of 

genomic integrity, thus it is critical to understand the pathways involved in genome 

maintenance.  We have identified the F-box protein Dia2 as a novel and previously 

unappreciated mediator of genome stability.  F-box proteins are substrate specificity 

subunits of SCF ubiquitin ligases for ubiquitin mediated proteolysis, although most 

remain uncharacterized in their function or targets.  Deletion of the DIA2 gene in 

Saccharomyces cerevisiae leads to genomic integrity defects, and the Dia2 protein 

associates with chromatin and origins of replication, indicating it performs a chromatin-

associated role in DNA replication.  Interestingly, the Yra1 protein was identified to 

physically interact with Dia2 and promotes Dia2 binding to replication origins yet is not a 

proteolytic substrate of SCFDia2.  The Dia2 protein itself is subject to proteolysis, but is 

stabilized by the activation of the replication checkpoint and this suggests it plays a role 

during periods of replication stress and DNA damage during S phase.  Surprisingly, Dia2 

turnover is not controlled by an autocatalytic mechanism involving its F-box domain, but 

instead relies on a region upstream of its F-box that controls both its stability and nuclear 

localization.  Replication checkpoint activation leads to inhibition of late-firing origins, 

stabilization of replication forks, as well as stabilization of the Dia2 protein.  Our 

observations indicate that SCFDia2 activity performs ubiquitin ligase activity at one or 

both of these sites that are regulated by the checkpoint.  These studies establish a novel 

link between DNA replication and genomic integrity to the SCF ubiquitin ligase via Dia2. 
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Accurate DNA replication 

 All organisms begin life as a single cell.  To mature into an adult or propagate the 

species, that cell must duplicate itself and its genome.  This process is called mitotic cell 

division, and is highly ordered to ensure that each resulting daughter cell resembles that 

of the parent cell with equivalent genetic content.  In eukaryotes from yeast to human, the 

mitotic cell cycle is composed of distinct and conserved linear stages; Gap Phase 1 (G1), 

where the cell synthesizes organelles and prepares for the cell cycle; Synthesis Phase (S), 

the stage in which the critical events of DNA replication occur; Gap Phase 2 (G2), where 

further cell growth occurs and prepares for division; and finally Mitosis (M), where the 

replicated chromosomes are condensed, aligned, and separated followed by cytokinesis, 

the physical division of the cell into equal daughter cells. 

 Duplication and faithful segregation of the genome occur in Synthesis Phase (S) 

and Mitosis (M) of the Cell Division Cycle, respectively.  Numerous molecular pathways 

control the linear, unidirectional, and accurate progression through S phase, as well as 

monitor problems that may occur (17, 112, 123).  The critical process of DNA replication 

is perhaps the most genetically vulnerable time of cellular life.  Loss of genome 

maintenance occurs by accumulation of mutations, chromosomal rearrangements, double 

stranded breaks (DSBs) or abnormal gain or loss of genetic material (34, 60).  During 

DNA replication, these problems can occur more readily due to the inherent risks of 

manipulation of DNA during duplication of the genome.  Fortunately, DNA replication 

has evolved to be highly regulated and monitored to promote genomic integrity, which is 

essential to the organism.  However, flaws in proper genome duplication, segregation, or 

control of genome integrity can lead to developmental defects and disease such as cancer 
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(60, 123).  By investigating the molecular pathways that function during such critical 

processes, it is possible to gain insight into how such disease states arise.  Utilizing the 

model organism S. cerevisiae can elucidate the pathways that control DNA replication 

and genome maintenance. 

 

Molecular Components of DNA Replication 

 

Replication Origin Licensing 

 DNA replication is initiated from many origins of replication distributed 

throughout the chromosomes.  In S. cerevisiae, conserved ARS elements (Autonomously 

Replicating Sequences) have been identified as fulfilling this purpose.  These sequences 

were initially found by their ability to promote replication of plasmid DNA in cis, and 

indicate defined eukaryotic origins of replication (11, 21).  Although these ARS 

sequences promote DNA replication and plasmid retention, at the time it was unclear how 

they were recognized.  Later experiments showed ARS elements are recognized and 

bound by a complex of conserved Orc1-Orc6 (Origin of Replication Complex) proteins 

(13, 152).   

 The ORC complex appears to constitutively bind ARS elements throughout the S. 

cerevisiae cell cycle (5, 12).  However, several studies indicate this may not be the case 

in higher organisms.  In Xenopus cells, ORC appears to be removed in metaphase as 

determined by immunofluorescence, and in mammalian cells ORC is also diminished in 

mitosis (12, 27, 120).  ORC promotes the assembly of the pre-RC (pre-Replication 

Complex) onto origins, which is temporally regulated during late M and early G1 and is 
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often called “licensing”.  Proper formation of the pre-RC at origins is essential for DNA 

replication to occur. 

 In addition to ORC, the pre-RC contains Cdc6 (Cell Division Cycle-6) and Cdt1 

(Cdc10-dependent Transcript-1), which together recruit the presumptive heterohexamer 

Mcm2-7 DNA helicase complex (MCM, Figure 1) (17).  In all organisms studied, 

including S. cerevisiae, it has been found that pre-RCs only form in late mitosis when the 

Anaphase Promoting Complex (APC) activity is high, and Clb-CDK (Cyclin-B-Cyclin-

Dependent Kinase) is low (12, 152). Consistent with this separation of biochemical 

states, inactivation of CDK by overexpression of the CDK inhibitor Sic1 during G2 

causes pre-RC formation at origin DNA and rereplication (39, 45).   Conversely, ectopic 

mitotic Clb-CDK activity in early G1 is sufficient to inhibit pre-RC assembly (12, 41).  

Taken together, these suggest that Clb-CDK activity coordinates the separation of pre-RC 

formation and replication states (12).  

 Cdc6 is a protein that binds ORC, displays ATPase activity, and is essential for 

DNA replication and viability in budding yeast (12).  The current model suggests that 

Cdc6 and ORC ATPase activity is responsible for recruitment and loading of the 

proposed DNA helicase MCM complex (17).  Consistent with this, cdc6 mutants fail to 

assemble functional pre-RCs leading to the loss of DNA replication in budding yeast, as 

well as low levels of DNA unwinding (35).  One pathway controlling pre-RC assembly in 

budding yeast is the regulated proteolysis of Cdc6.  Measurements of Cdc6 protein 

abundance during the cell cycle have shown that it is an unstable protein from late G1 to 

late M phase and governed by SCFCdc4 (44, 135).  Upon S-phase entry Clb-CDK 

phosphorylates Cdc6, which triggers its recognition and destruction in budding yeast. As 
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mentioned previously, Clb-CDK is absent in late M phase upon activation of the APC 

ubiquitin ligase, which allows Cdc6 to accumulate and help recruit the Mcm2-7 complex 

to chromatin-bound ORC.  Interestingly, mutants that are stablized for Cdc6 or Cdc6 

overexpression still do not result in rereplication of DNA in a single cell cycle.  Pre-RC 

formation is proposed to be regulated by multiple mechanisms to control origin licensing 

and firing (12, 122, 152).  Many of these appear to be redundant, and controlled centrally 

by CDK activity (122). 

 Mcm2-7 proteins act as a complex (MCM) thought to encircle double stranded 

DNA, and loss of any of the MCM components results in inviability in budding yeast (17, 

45).  MCM is proposed to be loaded onto DNA at origins facilitated by the activity of 

ORC and Cdc6, as stated above.  MCM genes were initially discovered in genetic screens 

for the maintenance of extrachromasomal plasmids or progression of the cell cycle in S. 

cerevisiae (45, 105, 113, 152).  Mcm2-7 proteins were subsequently shown to be a family 

of related proteins, have ATPase domains, and structurally form a hexameric ring (152). 

Temperature sensitive mcm mutants in budding yeast indicate that loss of MCM activity 

results in defective replication initiation, as well as elongation (45, 91).  Also in support 

of this genetic evidence, ChIP (chromatin immunoprecipitation) experiments show MCM 

association with replication origins as well as movement with the replication fork (5, 17).  

Together, these observations suggest that MCM is required for both replication initiation 

and elongation activities during S phase for duplication of the genome. 

 MCM (with Cdt) accumulation in the nucleus in late M phase is also tightly 

controlled with similar timing of Cdc6 stabilization and dependent on low CDK activity.  

Free MCM binds with Cdt1 and this interaction is required for nuclear localization of 
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Mcm proteins and Cdt1 (122, 172).  The role of Cdt1 appears to be recruitment of MCM 

to origins and facilitating loading MCM onto DNA (17, 172).  During late M phase, these 

pre-RC components localize to the nucleus, and are then recruited to chromatin by Cdc6 

and ORC (42).  Upon the transition to replication at START, Mcm proteins and Cdt1 

accumulate in the cytoplasm as S-phase progresses (172). Available evidence indicates 

that CDK also controls the timing of MCM with Cdt1 localization in the nucleus.  cdc28 

temperature sensitive mutants in yeast arrested at G2 show reaccumulation of MCM in 

the nucleus, and overexpression of the mitotic cyclin Clb2 in G1 display distribution of 

MCM to the cytoplasm (89, 121). This pattern of pre-RC subunit localization mirrors that 

of Cdc6 stability, and has been shown to also be dependent on Clb-Cdk kinase activity as 

well (12, 45). In higher eukaryotes, a protein called Geminin interacts with Cdt1 and 

inhibits association with MCM, however a Geminin homolog in S. cerevisiae has not 

been identified. 

 Together, the regulation of pre-RC assembly at replication origins is a process 

called licensing and is responsible for limiting the potential of replication initiation to 

only once per S phase (Figure 1).  Two states exist; low CDK activity promotes pre-RC 

formation, whereas high CDK activity leads to replication initiation and disassembly of 

the pre-RC.  The post-RC (ORC) remains until reassembled beginning at the end of 

mitosis, when Cdk activity is once again low.  Redundant mechanisms controlling 

formation exist, as “firing” of any replication origin more than once per cell cycle can 

lead to rereplication and abnormal DNA content.  Anaphase entry under these situations 

can lead to a severe loss of genome integrity.  Cellular systems that monitor genome 

integrity during the cell cycle will be discussed in “Checkpoints”.  Successful origin 
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licensing is primed for replication firing, where the activities of replication initiation and 

elongation take place in S phase. 

 

Replication Initiation and Elongation 

 For DNA synthesis to occur the MCM helicase must be activated and the 

“replisome” containing the components of the replication fork are loaded onto DNA 

(Figure 1) (152).  DNA polymerases and many other factors must become associated with 

the pre-RC to initiate DNA replication.  Current evidence suggest these components of 

the Pre-RC include Sld2/Sld3, Cdc45, Mcm10, polymerase Pol , polymerase Pol 

, and the GINS complex (54, 90, 152, 200).  Assembly of these components onto pre-

RCs is dependent on the kinase activity of Clb-CDK as well Cdc7-Dbf4 (also referred to 

as DDK, Dbf4-dependent Kinase, see below).   

 At START, CDK and DDK facilitate replication initiation and activation of the 

replisome.  As cells enter S-phase, Clb5 and Clb6 B-type cyclins associate and activate 

the CDK Cdc28, in S. cerevisiae (112). While deletion of either CLB5, CLB6, or CLB5 

CLB6 together is viable, DNA replication initiation is slowed providing evidence for their 

role in S-phase.  Additionally, CLB5 mutants show defects in activation of late origins of 

replication, and Clb5 is regulated by APC-mediated ubiquitination and destruction (68, 

156).  It is also likely that Clb5 is the preferred cyclin for S-phase CDK activity (119).  

The other important S-phase kinase DDK is composed of the kinase Cdc7 with its 

activator Dbf4, and is also regulated by the APC ubiquitin ligase.  Not surprisingly, 

deletions of CDC7 or DBF4 are both inviable in S. cerevisiae and conditional mutants 

arrest at replication initiation (57, 62).  Interestingly, by ChIP analysis, DDK associates 
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with origins as they fire, whereas there is little or no evidence of this association with 

CDK (43, 152).  This suggests that DDK associates and controls origins for individual 

and temporal control during S phase, but CDK is a more global activator of DNA 

replication. 

 At START, both Clb-CDK and DDK become active by APC inactivation.  Sld2 

and Sld3 (Synthetically Lethal with dpb11-1) are phosphorylated by CDK, which then 

recruit the initiation/elongation factors Dpb11 and Cdc45 to origins (Figure 1)(173, 193).  

This appears to be the essential CDK function in replication initiation, as phosphomimics 

of Sld2 in the presence of a Dpb11-Sld3 fusion protein OR a special allele of CDC45 

with high-copy Dpb11 bypasses the requirement for CDK activity (173, 193).   

 DDK phosphorylates several of the MCM subunits, which is also necessary for 

recruitment and stable association of Cdc45, especially during elongation (152, 154).  An 

allele of MCM5, mcm5-bob1 partially suppresses the critical role for DDK (59, 154). This 

provides evidence that Mcms are targets of DDK for DNA replication initiation. It was 

later reported that DDK promotes assembly of a stable MCM-Cdc45 complex on S-phase 

chromatin (154).  Prior to this finding, it was determined that Cdc45 is also an essential 

protein required for DNA replication, however its exact role continues to be elusive (58, 

152). While CDK and DDK are necessary for this assembly, the exact order of kinase 

function and assembly of these factors have yet to be elucidated, and are likely 

interdependent.  The DNA polymerase Pol  and Dpb11 are both required for each 

other’s association at replication origins, yet Pol  is part of the replisome while Dpb11 is 

not (152).  This indicates that both proteins function at replication initiation, but only Pol 

 travels with the replication fork and it functions in elongation.  Mcm10 was identified 
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in the same genetic screen as the other MCM genes, it is not homologous to the Mcm2-7 

subunits and its exact biochemical function has yet to be determined (105, 113, 152). 

Mcm10 has been shown to be required for Cdc45 loading and stabilizing the catalytic 

Polermerase  (Pol  subunit, Cdc17 (141).  MCM10 is essential in budding yeast, and 

inactivation of the Mcm10 protein by the degron system shows parallel destabilization of 

Cdc17, with defects in replication initiation as well as ongoing fork progression (141, 

152).  ChIP experiments also indicate Mcm10 protein is found at replication origins and 

travels with the replication fork.  These findings suggest it is necessary for both initiation 

and elongation processes of DNA replication.  

 The more recently discovered GINS complex is required for both initiation and 

progression of the DNA replication fork (73, 87, 90, 170).  GINS (Go-Ichi-Ni-San) 

represent budding yeast Sld5, Psf1, Psf2, and Psf3 and are all essential for viability (170).  

Additionally, its been found that conditional psf1 or sld5 mutants have reduced efficiency 

of origin firing even at permissive conditions (170).  GINS is recruited to origins and 

MCM at initiation by Dpb11-Sld2-Sld3-Cdc45 (90, 170).  GINS has also been shown to 

physically interact with MCM, and studies suggest it is required for Dpb11 origin 

association and vice versa, further indicating the interdependence of initiation events 

(170). While the exact mechanism and sequence of association have yet to be determined, 

the overall theme is the collaborative assembly of factors promotes replication initiation 

and progression of the replisome (90, 152).  Successful formation of this initiation 

complex, which is likely rapid, activates DNA unwinding by the MCM helicase and 

movement of the replication fork away from origins. 
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 Replication elongation is the coordinated DNA unwinding and synthesis activity 

provided by the replisome (Figure 1).  The MCM helicase is presumed to be responsible 

for the DNA unwinding ahead of the polymerases.  Mcm2-7, Cdc45, Mcm10, GINS, Pol 

, and Pol  all move with the replication fork and are part of the replisome, as evidenced 

by the collection of ChIP data from many research findings (5, 12, 23, 141, 152, 170, 

184).  Dpb11, Sld2, and Sld3 have not been observed to move with the replication fork, 

and are considered to be necessary for initiation only (90, 152).  Once the replication fork 

is initiated, DNA unwinding occurs and additional factors associate with the replisome 

for propagation of the fork.  Interestingly, previous in vitro experiments of intact MCM 

alone has failed to show robust DNA unwinding.  However, a recently purified D. 

melanogaster GINS-Cdc45-MCM complex exhibits helicase activity, suggesting these 

proteins function together for DNA unwinding (114). 

 Different polymerases are thought to be responsible for replicating the leading 

and lagging DNA strands (Figure 1) (54, 90).  The unwinding of DNA by the helicase 

leads to single stranded DNA, which is coated by RPA proteins (Replication Protein A) 

(184).  Pol  with the help of the MCM and Cdc45 proteins, is loaded onto RPA-coated 

ssDNA and then synthesizes a short RNA primer by the Pri2 subunit, which is used for a 

small amount of DNA synthesis by the Cdc17 subunit (23, 54).  Pol  is currently the 

only known polymerase in S. cerevisiae for de novo synthesis of DNA, however it is not 

a processive polymerase (23, 116).  The synthesis of DNA leads to the loading of the 

sliding clamp PCNA (Proliferating Cell Nuclear Antigen) by the RFC (Replication Factor 

C) clamp loader (23, 54, 184).  PCNA then loads Pol  in place of Pol  and continues as 

a more processive DNA polymerase that contains proofreading activity (184). Pol  has 
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been implicated as the lagging strand polymerase by genetic interaction with other 

lagging strand proteins (23).  This polymerase switch takes place many times on the 

lagging strand due to the 5’3’ nature of DNA polymerases and results in the production 

of Okazaki fragments, that are later ligated together by Cdc9 (DNA ligase I in mammals) 

(54, 184).  

  On the leading strand of replication fork, Pol  takes over DNA synthesis for 

processive elongation and is also associated with PCNA.  Strong evidence for Pol  as the 

leading strand polymerase came from determining which DNA strand accumulates 

mutations using a special active-site Pol  mutant (23, 138).  However, complete 

mutation of the catalytic domain is dispensable for growth in S. cerevisiae, and this 

observation needs to be resolved (23, 78). The 5’3’ uninterrupted synthesis of DNA on 

the leading strand moves in the direction of DNA unwinding.  Replication forks move 

bidirectionally away from origins of replication.   As S phase progresses, replication 

forks fired from the many origins eventually fuse to end in the complete replication of the 

genome. 

  

The S-phase checkpoint regulation of DNA replication 

 Eukaryotic cells have evolved mechanisms to promote the accurate completion of 

cell cycle events, such as S phase, called checkpoints.  The presence of DNA damage by 

endogenous or exogenous means does not cause a robust G1 arrest or apoptosis in 

budding yeast as it does in mammalian cells, but induces a system for response to DNA 

damage and replication stress (61, 123).  
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 Checkpoints are signal transduction pathways that halt or stall progression of the 

cell cycle with the ultimate goal of maintaining genome integrity (34, 61, 123).  S phase 

is a very genetically susceptible phase of the cell cycle for mutation.  Checkpoint 

activation during replication slows S-phase progression, prevents activation of late-firing 

origins, stabilizes replication forks, and inhibits anaphase entry (101, 123, 174).  Defects 

in this system leads to a high rate of genomic instability and concomitant decrease in cell 

viability.  In human cells, loss of checkpoints correlate with the loss of stable genomes, a 

prominent hallmark of cancer cells (60). 

 

S-phase checkpoint: Sensing replication stress 

 During S-phase, problems with DNA replication by endogenous or exogenous 

stress lead to activation of the S-phase checkpoint (Figure 2) (18, 20).  In this regard, 

replication stress will be generally used to describe replication fork pausing by intrinsic 

or extrinsic factors.  These may include normal DNA-protein structures that obstruct 

progression, abnormal DNA structures, DNA damage lesions or DNA adducts, problems 

with the replisome itself, or replication block by the depletion of dNTP pools.   

 Strong evidence suggests RPA (Replication Protein A)-coated single-stranded 

DNA (ssDNA) is the recognized signal for the S-phase checkpoint pathway (20, 60, 61).  

Several groups have demonstrated that collision of the replication fork with many forms 

of stress halts fork progression, but the MCM helicase continues to unwind double-

stranded DNA resulting in long tracts of unreplicated ssDNA (24, 175).  RPA rapidly 

coats the ssDNA, like normal replication, but with greatly increased lengths.  In vitro, if 

DNA replication is inhibited in the presence of replication stress, downstream S-phase 
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checkpoint signaling does not occur and RPA does not accumulate (102).  This indicates 

that the active process of DNA replication is required to generate ssDNA for RPA 

association.  Similarly, it was found that an RPA allele (rfa1-t11) in budding yeast 

supports replication but is compromised to induce a checkpoint response in the presence 

of DNA damage (61, 198, 199).  These observations indicate that RPA coating of ssDNA 

is important for checkpoint signaling, and is dependent on DNA unwinding at the site of 

stress.  Not surprisingly, the length of ssDNA (with RPA) correlates with the intensity of 

checkpoint activation (24, 102, 104).  These findings are consistent with the suggestion 

that “uncoupling” of MCM and the replication fork is caused by replication stress and 

leads to the accumulation of ssDNA-RPA, recognized as the S-phase checkpoint signal 

(60).  

 Independent protein complexes recognize ssDNA-RPA, the 9-1-1 clamp and 

Mec1-Ddc2, but are thought to work together to activate the S-phase checkpoint (Figure 

2).  RPA-coated ssDNA adjacent to double stranded DNA is recognized by the “9-1-1” 

clamp (S. cerevisiae Rad17-Mec3-Ddc1) (34, 61, 106, 181, 199).  Studies on these 

proteins indicate they form a heterotrimeric ring structure, similar to PCNA (130).  In 

Xenopus extracts, in vitro depletion of the 9-1-1 clamp compromises checkpoint 

activation (103).  In budding yeast, evidence indicates that strains deleted for any 

component of the 9-1-1 complex are viable, but checkpoint signaling is defective, leading 

to decreased genome integrity and cell viability. 

 While PCNA is loaded onto DNA with the pentameric RFC complex, Rad24 

associated with the Rfc2-5 subunits is required to load the 9-1-1 clamp in response to 

replication stress (14, 46, 55, 199).  Genetically, deletion of RAD24 in S. cerevisiae is 
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viable, but when exposed to replication stress, cell viability dramatically decreases 

similar to other checkpoint mutants (47, 61).  Biochemically, data indicate that Rad24-

RFC interacts with components of 9-1-1 in vitro and in vivo, and load the clamp on to 

sites of ssDNA-RPA (61).  These data provide evidence that both the 9-1-1 clamp and the 

clamp loader are required for downstream checkpoint activation. However, what is the 9-

1-1 actually required for? Some evidence suggests polymerases and other factors become 

associated with the 9-1-1 complex to mediate checkpoint functions and coordinate repair 

(123).  This activity is likely to be important, but this role is largely uncharacterized.  

However, strong evidence supports that its main role is to help recruit and activate Mec1 

(Mitosis Entry Checkpoint-1), a central transducer kinase of the checkpoint and a PI3K-

like kinase family member (34, 61). 

 The 9-1-1 complex is critical in the activation of Mec1, the budding yeast 

homolog of mammalian ATR (Ataxia-Telangiectasia Mutated and Rad3-Related).  Mec1 

has been found to physically interact with RPA, and MEC1 deletion strains in yeast are 

inviable (198).  At least part of its essential role in normal growth is regulation of dNTP 

pools; deletion of an inhibitor of ribonucleotide reductase SML1 (Suppressor of Mec1 

Lethality-1) suppresses this mec1 lethality Zhao, 1998].  It was later determined that 

Mec1 depends on Ddc2 (DNA Damage Checkpoint-2, ATRIP in mammals) for 

recognition of ssDNA-RPA (22 2003, 126, 145, 185).   

 Loss of DDC2 or its homologs in any organism have the same defects as loss of 

MEC1 (61, 126).  Mec1 and Ddc2 form a complex independent of DNA damage or 

replication stress, and are now considered obligate partners (34, 61).  Mec1-Ddc2 

localizes with ssDNA-RPA, independently of the 9-1-1 clamp, but this is not sufficient 
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for Mec1 activation (19, 34).  Indeed, recent observations indicate co-overexpression and 

co-localization of the 9-1-1 clamp and Ddc2 in S. cerevisiae lead to checkpoint activation 

in the absence of DNA damage or replication stress (19).  In summary, the sensor for 

activation of the S-phase checkpoint (and later the G2/M checkpoint) is ssDNA-RPA that 

has colocalized the 9-1-1 complex and Mec1-Ddc2 (ATR-ATRIP).  Mec1 kinase 

activation thus transduces the checkpoint signal for cellular responses such as cell cycle 

progression, maintenance of stalled forks, and coordinating repair. 

 

Checkpoint kinases, downstream effectors, and targets 

 Upon Mec1 kinase activation, downstream effectors are phosphorylated to 

coordinate response to DNA damage and replication stress.  Recently, several large 

proteomic screens have identified many Mec1 targets, but most are not yet characterized 

(111, 115, 161, 164).  In budding yeast, one primary target substrate is a central 

downstream kinase, Rad53 (Radiation sensitive-53, Chk2 in mammalian cells), however 

in metazoan systems Chk1 is the central downstream substrate for the S-phase checkpoint 

(61).  Nonetheless, it has been found that RAD53 deletion is lethal for budding yeast 

cells, however this is suppressed with the sml1 mutant similar to mec1Zhao, 1998].   

 Rad53 requires the Rad9 (Radiation sensitive-9) or Mrc1 (Mediator of Replication 

Checkpoint-1) adaptor proteins for activation.  Rad9 is thought to be required to activate 

Rad53 in response to DNA damage, however, Mrc1 is required to activate Rad53 from 

stalled replication forks by collision with DNA damage or dNTP depletion (2, 61, 123, 

146).  In budding yeast, deletion of RAD9 or MRC1 is viable, yet Rad53 activation under 

stress is defective and further supports their role as checkpoint proteins (61, 146). In mrc1 
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deletion mutants in S. cerevisiae, upon replication fork stalling by depleting dNTPs, 

replication forks collapse (77, 101). This evidence suggests that Mrc1 interacts with and 

stabilizes the replication fork to prevent collapse under conditions of fork stalling (123). 

 The main downstream activities that Rad53 (or Chk1 in mammals) facilitates are 

the inhibition of replication initiation at late firing origins, stabilization of stalled 

replication forks, and inhibition of anaphase entry (Figure 2) (20, 123). Identification of 

proteins that are targets of Mec1 and Rad53 are underway, and not surprisingly include 

components of the replication and cell cycle machinery (60).  Blocking of late origins 

likely occurs through Rad53-dependent phosphorylation of Dbf4-Cdc7, required for 

replication initiation, although the exact mechanism of inhibition remains unclear (152).  

DDK interacts with and promotes replication initiation at each individual origin, as 

opposed to the more global role of CDK, and is therefore a point of replication control 

after replication has already begun (152).  However, it has been argued that the most 

critical function of Rad53 in the S-phase checkpoint is the maintenance of the replication 

fork to prevent fork collapse; While other checkpoint mutants can recover from fork 

stalling by HU, rad53 mutants display irreversible fork collapse and loss of viability (61, 

101, 123, 152).  Replication fork collapse causes DSBs and recombinagenic structures 

that cause loss of genome integrity.  As previously stated, one response of the S-phase 

checkpoint is to inhibit anaphase which is another checkpoint that promotes maintenance 

of the genome. 
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G2/M DNA damage Checkpoint 

 Activation of the S-phase checkpoint leads to the G2/M checkpoint to arrest cell 

cycle progression at the metaphase to anaphase transition.  This allows time for the cell to 

repair and recover from genomic stress prior to the segregation of chromosomes, and is 

also critical for genome integrity.  Segregation of incompletely replicated or damaged 

DNA is associated with high rates of genome instability (61, 123). The G2/M checkpoint 

is activated by the same sensing mechanisms and signal transduction pathway as the S-

phase checkpoint (34, 61, 123).  However, DNA damage post replication or outside of 

regions of active replication can also trigger the checkpoint, such as DSBs (9, 61, 123).   

 The principle role of this checkpoint is to arrest the cell at G2/M by inhibiting 

anaphase entry by maintaining Pds1 abundance (an inhibitor of the separase enzyme that 

cleaves the cohesin proteins which hold sister chromatids together), like the spindle 

assembly checkpoint (61).  While Rad53 is the main transducer of the S-phase checkpoint 

response, both Rad53 and Chk1 directly control the cell cycle machinery (146).  Pds1 

becomes hyperphosphorylated after DNA damage dependent on Chk1, which blocks its 

ubiquitination by the APC (36).  Rad53 also regulates Pds1 stabilization, but instead it is 

thought that inhibitory phosphorylation of the APC activator Cdc20 prevents APC 

activation and Pds1 ubiquitination (61, 146 2003).  However, the exact mechanism of this 

has not been elucidated.  Rad53 has also been shown to regulate mitotic exit by 

maintaining CDK activity, likely through inhibition of Cdc5 (30, 146).   

 Failure of the cell to activate the S-phase checkpoint also results in the loss of the 

G2/M arrest that follows.  Although DNA damage and other forms of replication stress 

persist, the cell cycle machinery is not halted and transition to anaphase is engaged (61). 
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The most critical and sensitive events during the cell division cycle are accurate 

duplication and segregation of the genome. Transmission of mutated and unrepaired 

genetic material causes high rates of genome instability and thus results in the loss of 

viability (34, 60, 61). Perturbations in the processes involved in replication, monitoring 

the state of the genome, or control of the cell cycle machinery are highly deleterious for 

cellular life. 

 

The Ubiquitin-Proteasome System 

 One critical mechanism for specific proteolytic control of proteins is known as the 

ubiquitin-proteasome system (85, 189).  It involves the conjugation of a polyubiquitin 

chain via a cascade of enzymatic reactions to a specific substrate protein, followed by 

recognition and destruction by the 26S proteasome (see Figure 3 for a diagram of this 

pathway with SCF as an example E3 ligase) (85, 136, 189).  Typically, lysine-48 (K48) 

linked chains are thought to be the primary chain-topology for targeting to the 26S 

proteasome, a large and multisubunit protease that recognizes and degrades 

polyubiquitinated substrates in an ATP-dependent manner (81, 85, 189).  Although the 

minimum K48-linked chain length in vivo is not known, in vitro four K48-linked 

ubiquitins are sufficient for degradation (176, 189). 

 The ubiquitin-proteasome system is highly conserved and exists throughout 

eukaryotes.  However, ubiquitin conjugation to a substrate does not only lead to 

degradation.  Monoubuquitination, multi-monoubiqutination, and polyubiquitin-chains 

leading to non-proteolytic roles have all been described (29, 64). 
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Ubiquitin conjugation and the 26S Proteasome 

 

 The conserved 76 amino acid protein ubiquitin (approximately 8 kDa), is 

covalently linked to the -amino group of lysine residues of a substrate or another 

ubiquitin molecule (136).  This process is called ubiquitination.  Ubiquitin is conjugated 

to the substrate by a sequential cascade of enzymatic reactions, and begins with the E1.  

The E1 enzyme, also known as the ubiquitin-activating enzyme, forms a thioester linkage 

with the carboxy-terminal glycine (G76) of ubiquitin in an ATP-dependent reaction.  A 

catalytic cysteine residue within the E1 is responsible for this linkage (136).  

 In the second step of the cascade, the E2 ubiquitin-conjugating enzyme 

temporarily accepts the ubiquitin protein from E1 by its catalytic cysteine and thus also 

forms a thioester intermediate (136).  The last and arguably the most pivotal step require 

the ubiquitin ligase, or E3 (136, 189).   

 Ubiquitin ligases interact directly with a substrate protein, and therefore provide 

the primary specificity for the ubiquitin pathway (Figure 3) (85, 136). There is usually 

only one E1 enzyme in most organisms, but several more E2s.  However, E3s represent 

the most diverse and numerous component of the general ubiquitination pathway (85, 

136).  This 3-step sequential enzymatic cascade is responsible for all ubiquitin reactions, 

regardless of the specific fate of the ubiquitinated substrate.  While it is thought that one 

E2 enzyme interacts with one E3 at a time, some E3s have been shown to interact with 

multiple E2s.  This may represent further specificity and designation of ubiquitin chain 

topology (189).  Repetitions of the conjugation pathway can lead to processive 
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ubiquitination of a substrate (176, 189).  A chain of K48-linked ubiquitin can then be 

recognized for degradation by the 26S proteasome (Figure 3) (176). 

 The 26S proteasome is a large multisubunit cellular protease that predominantly 

recognizes and destroys substrates with K48 ubiquitin linkages (81).  It is composed of 

the barrel-shaped 20S catalytic core, and a regulatory 19S “cap” on one or both ends of 

the 20S core.   The enzymatic activity of the proteasome resides in the 20S core, which 

cleaves proteins into ~15 residue peptides (81, 189).  The function of the 19S core is 

primarily to recognize ubiquitinated proteins and help unfold and channel them into the 

20S core for proteolysis.  The last step of the ubiquitin pathway is catalyzed by the 

ubiquitin ligases, which are a very diverse class of enzymes.   

 

The SCF family of ubiquitin ligases 

 One of the best-characterized and most understood multisubunit E3s is the highly 

conserved SCF (Skp1, Cdc53/Cul1, F-box) ligase (Figure 3).  The SCF ubiquitin ligase 

plays a fundamental role in regulating the stability of critical proteins involved in cell 

cycle control (26, 40, 118, 139).  Within S. cerevisiae the CDC53, CDC34, and CDC4 

components of SCF complexes were initially discovered though the classic genetic screen 

that displayed loss of cell division cycle progression (62).  Consistent with this 

classification, temperature-sensitive mutations in these CDC (Cell Division Cycle) genes 

display cell cycle arrest at the G1/S transitions and CDC53, CDC34, and CDC4 all 

encode essential genes required for viability (62, 110, 150).  It was later shown that cell 

cycle arrest is caused by defective ubiquitination and degradation of critical cell cycle 
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regulators, primarily the B-type cyclin/Cdk inhibitor Sic1 (Substrate Inhibitor of Cyclin-

dependent protein kinase-1) at G1/S (7, 110, 150, 192).   

 The protein Cdc53 (Cell Division Cycle 53) in budding yeast is the rigid Cul1 

scaffold of the SCF complex (132, 134).  Cdc53/Cul1 recruits the small protein Rbx1 

(RING-Box protein 1) by a C-terminal cullin homology (CH) domain (40, 72, 124, 153).  

Rbx1, the RING subunit, was discovered simultaneously by several groups and was 

determined to be an essential gene and obligate component of SCF complexes (72, 124, 

153).  In budding yeast, deletion of RBX1 is lethal, and omission of Rbx1 protein fails to 

robustly ubiquitinate substrates such as Sic1 in vitro which suggest an important function 

(72, 124, 153).  Rbx1 was shown to dock the only currently recognized E2 enzyme for 

the SCF, Cdc34 (Cell Division Cycle protein 34), which is responsible for ubiquitination 

of substrates (134, 153).  While Rbx1 associates with Cdc53 at the C-terminus, the 

adaptor subunit Skp1 interacts at the N-terminal region (40, 134). 

 The human Skp1 (S-phase Kinase-associated Protein-1) subunit was first isolated 

from the Cyclin A-Cdk2 (Cyclin-Dependent Kinase-2) complex from mammalian cells 

(192, 196).  Additionally, genetic evidence showed that Skp1 overexpression led to 

suppression of the temperature sensitive arrest of cdc4-1 (described below) mutants, 

which cause high levels of the inhibitor Sic1 (7, 150).  In S. cerevisiae, SKP1 (known as 

Suppressor/Subunit of Kinetochore Protein mutant-1) is an essential gene like the other 

SCF components (7, 37).  Temperature-sensitive mutants skp1-11 and skp1-12 arrest at 

the restrictive temperature at G1 and G2/M transitions, respectively (7).  Skp1 is 

characterized as an “adaptor” subunit of the SCF and is required for the association of 
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one of many variable F-box proteins, the substrate receptor subunits of the SCF (7, 132, 

192). 

 

F-box proteins are specificity subunits for SCF E3 ligases 

 

 F-box proteins directly interact with substrates; therefore they provide selectivity 

for the entire SCF complex, the archetype being yeast Cdc4 (7, 50, 159).  F-box proteins 

were determined to be the substrate specificity subunits of SCF complexes by several 

lines of research.  Skp2, a human F-box protein, was found in a complex with Cyclin A-

Cdk2 and Skp1 (196).  It was genetically shown that overexpression of SKP1 in cdc4-1 

mutants exhibited suppression of temperature sensitivity (7), and indicated that SKP1 and 

CDC4 interact within the same pathway.  Temperature sensitive mutants in skp1 or cdc4 

displayed Sic1 stabilization in vivo, and SKP1 overexpression in cdc4-1 mutants showed 

that Sic1 proteolysis was restored. 

 The F-box family of proteins was recognized upon sequence alignments of Skp1-

interacting proteins and identified the F-box domain, a structural motif found in many 

proteins and throughout eukaryotic evolution (7).  The F-box domain is a conserved 

sequence of approximately 40 amino acids and is required for its interaction with the rest 

of the SCF complex via Skp1 (7, 131, 159).  Not surprisingly, it was also shown that 

mutation in conserved residues in the F-box domain show loss off interaction with Skp1 

(7).  Furthermore, several studies indicate that the F-box is required to destabilize 

substrates (7, 48, 52, 79).  Additional protein-protein interaction domains were also 
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identified within several F-box protein family members, however many do not have 

common domains (7, 40, 132, 192).  

 Direct evidence of F-box proteins as specificity subunits came with the in vitro 

reconstitution of SCF ligase complexes and their ubiquitination of predicted substrates 

(50, 159).  It was shown that S. cerevisiae Cdc4 1) formed a complex of Cdc4-Skp1-

Cdc53-Cdc34 dependent on Skp1 2) Bound directly to both Skp1 and Sic1 3) Sic1 

interaction with the SCF complex was dependent on Cdc4 4) Disruption of the WD40 

repeats in Cdc4 abrogated interaction with Sic1 and 5) All subunits of the complex were 

required for ubiquitinating phosphorylated Sic1 in vitro (159).   

 It was also shown that another F-box protein, Grr1, could not substitute for Sic1 

ubiquitination, and Cdc4 could not substitute for Grr1 in Cln1 (a Grr1 target) 

ubiquitination in vitro (159).  Thus, the idea that SCF complexes are distinct ubiquitin 

ligase complexes whose substrate specificity was dependent on the associated F-box 

protein is often termed the “F-box Hypothesis” (50, 131, 132, 159).   Nomenclature 

suggests identity of individual complexes be designated in superscript by their associated 

F-box protein, such as SCFCdc4, SCFGrr1, etc.   

 Database searches of F-box family members have indicated up to 21 in S. 

cerevisiae, 110 in humans, 320 in C. elegans, and 700 in A. thaliana (26, 134).  While it 

is currently unknown how many of these actually form SCF complexes or are bona-fide 

F-box proteins in vivo, the regulatory potential of such a modular ligase is immense. 

 Investigation of SCF complexes and F-box protein biology has shown a number 

of interesting trends and a growing number of substrates have been identified in several 

model systems.  
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Common themes in F-box proteins 

  

 As a general observation, the F-box domain is typically found near the amino-

terminal end of the protein (40, 71, 132, 192). F-box proteins identified by database 

searches have also indicated an array of known protein-protein interaction domains 

within family members.  While the F-box usually resides near the N-terminus, additional 

protein interaction domains are typically found in the C-terminal region (40, 71).  As 

previously mentioned, and discussed further below, these additional domains are now 

thought to comprise the substrate interaction motifs necessary for recognition and 

specificity (26, 134, 192).   

 Two large classes or protein-protein interaction domains found in F-box proteins 

contain WD40-repeats or Leucine-rich repeats (LRR), suggesting common types of 

interaction motifs (26, 70, 192).  Two of the initially characterized F-box proteins contain 

such domains; Cdc4 has 7 WD40 repeats, and Grr1 has 12 leucine-rich repeats.  

However, many F-box proteins do not contain any recognizable protein interaction 

domains, but many of which have not be characterized and may not form bona fide SCF 

complexes.  

 F-box proteins often recognize phosphoproteins as substrates.  Characterization of 

Grr1 and Cdc4 has shown an obligate requirement for substrate phosphorylation, 

described as a “phospho-degron”, for recognition by the F-box protein (134, 153, 159, 

192).  During the initial genetic analysis of the cell cycle defects of the temperature 

sensitive cdc4, cdc34, and cdc53 mutants, it was determined that the B-type cyclin 

inhibitor Sic1 was stabilized (150).  Upon further investigation, Sic1 ubiquitination and 
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turnover required phosphorylation by the G1 cyclins Cln1/Cln2 (50, 159, 182).  In several 

studies it has been shown that mutation of phosphorylation sites in Sic1 or deactivation of 

CDK exhibit stabilization of Sic1 (50, 134, 150, 182).  Further analyses of many F-box 

protein-substrate interactions in several systems have suggested this may be a common 

requirement for many F-box protein-substrate interactions (26, 132, 134, 192).  It also 

raises the possibility that other protein modifications such as acetylation, methylation, 

etc., may also act as “triggers” for interaction.  Due to observed phosphorylation 

requirements of substrates for recognition by F-box proteins, this provides a model in 

how individual interaction and targeting is regulated.  This likely explains the observation 

that individual F-box proteins have multiple substrates, however control on the ligase 

side of the interaction can also occur. 

  

Regulation of SCF complexes and F-box receptors 

 Activity of individual SCF complexes can be regulated through several different 

mechanisms (134, 192).  One mechanism that seems universal to all cullin family 

members (E3 ligase scaffolds) is Nedd8/Rub1 conjugation (71, 92, 134, 192).  

Interestingly, Rub1 conjugation to  cullin proteins occurs by a similar E1-E2-E3 pathway, 

yet specific for the small ubiquitin-like protein Nedd8 (human) or Rub1 (S. cerevisiae) 

(67, 92, 97). In higher organisms and S. pombe, Nedd8 modification is essential and its 

loss leads to a decrease in SCF activity in vivo (129, 187).  Cdc53 of the SCF complex in 

budding yeast is also Rub1-conjugated, but is not essential for viability.  However, Rub1 

is essential in combination with conditional alleles in SCF components suggesting it does 

play a role in SCF activity in budding yeast.  It has been proposed that reversible cycling 
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of Nedd8/Rub1 modification of Cullins regulates individual complexes by controlling 

subunit assembly (38, 71, 134, 192).  This is thought to allow the Cullin-RING ubiquitin 

ligases to disassemble and reassemble to increase the modularity of the substrate receptor 

subunits, such as F-box proteins. 

 Another point of SCF ligase regulation is through control of the substrate-receptor 

itself, the F-box protein.  Early in the characterization of F-box proteins it was recognized 

that the receptors are unstable proteins themselves (52, 197).  Deletion of the F-box 

domain in Cdc4, Grr1, and Met30 all stabilize the proteins.  It has also been shown that 

stabilization of these occur in SCF pathway mutants; Temperature sensitive skp1-11, 

skp1-12, cdc53-1, and cdc34-2 strains show loss of turnover of these F-box proteins (52, 

197).  SCF complex assembly is thought to facilitate an “autoubiquitination” mechanism, 

which also occurs in vitro (88).  It is not understood why this occurs, whether it be a 

byproduct of the catalytic ubiquitin cycle involving the SCF or a specific mechanism of 

F-box protein regulation.  Although this mechanism of control is conserved in several F-

box proteins, it may not be universal; the F-box protein Rcy1 is not stabilized by deletion 

of the F-box or in SCF mutants, but also does not assembly into an SCF complex (53).   

 Interestingly, the human F-box protein Skp2 is regulated by another multisubunit 

ubiquitin ligase, the Anaphase Promoting Complex (APC) (10, 26, 188).  SCFSkp2 

function in mammalian cells primarily controls p27, an S-phase CDK inhibitor (28, 117, 

180).  APCCdh1 activity during G0/G1 of the cell cycle leads to an inverse relationship of 

low Skp2 abundance and high p27 levels, which inhibits S-phase CDK activity.  APCCdh1 

inactivation allows SCFSkp2 accumulation for p27 ubiquitination and destruction (10, 

188).  This is an elegant cellular mechanism of E3 ligase crosstalk that helps coordinate 
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cell cycle events as a circuit.  While Skp2 is currently the only F-box protein that has 

been shown to be a target of the APC, it stands to reason that other examples may also 

emerge.  Interestingly, in budding yeast SCFCdc4 controls the stability of the F-box protein 

Ctf13 (74).  However, Ctf13 is unlinked to SCF function and instead is thought to play a 

role in kinetochores (40, 71). These observations suggest it is possible other individual 

ligases control SCF function by regulation of the F-box protein receptors.  

 Subcellular localization of F-box proteins can also play a role in proper SCF 

function toward their substrates.  In S. cerevisiae, SCFCdc4 targets the CDK inhibitor Far1 

for destruction in the absence of mating pheromone. Far1 translocates between cytoplasm 

and nucleus, but is much more stable in the cytoplasm (16). Cdc4 is normally localized in 

the nucleus and mislocalized Cdc4 causes cytoplasmic turnover of Far1 (16).  This 

suggests that regulation of subcellular localization of F-box proteins is also required for 

proper SCF complex formation and cellular homeostasis.  

 

Early Evidence of DIA2 function in S. cerevisiae 

 With the sequencing of the Saccharomyces cerevisiae genome completed, 

database searches for F-box domains have revealed approximately 20 putative F-box 

proteins (26, 71, 134, 192).  Some of these have been well characterized (Cdc4, Grr1, 

Met30), however the cellular roles of the other possible F-box proteins are only 

beginning to be understood (71, 192).  The unstudied ORF YOR080W was identified as 

one of the genes encoding tetratricopeptide repeats (TPR), followed by an F-box domain, 

followed by leucine-rich repeats (LRR).  YOR080w was subsequently named DIA2 (Digs 

Into Agar-2) as its deletion was identified in a genetic screen for haploid invasive growth 
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phenotypes (127).  However, the dia2 mutant phenotype was relatively weak in this 

regard. 

 The F-box protein Pof3 in the fission yeast S. pombe was later found to play a role 

in genome maintenance and telomere function (76).  This F-box protein has a similar 

domain organization as Dia2, with N-terminal TPR repeats and C-terminal LRR repeats 

flanking the F-box (76).  Indeed Dia2 was identified as the proposed budding yeast 

homolog of Pof3. The Pof3 protein formed an SCF complex, and gene disruption of 

pof3+ showed it was viable, but grew slow due to a cell cycle delay.  Genetic evidence 

also showed synthetic interaction with a number of checkpoint genes, and pof3 mutants 

were sensitive to DNA damaging agents. 

 A role for DIA2 was also independently identified in a screen for novel mutants 

that affect the cell cycle (148).  This group sensitized budding yeast to internal damage 

by utilizing the pds1mutant, which is unable to block metaphase to anaphase upon 

DNA damage checkpoint activation.  In this study dia2 pds1 cells were found to be 

synthetically lethal, which indicated that DIA2 normally plays a role in genome 

maintenance.  Loss of DIA2 was hypothesized to cause higher amounts of endogenous 

damage, which required an intact checkpoint response for viability (148).  Similarly to 

fission yeast pof3 mutants, dia2 mutants showed an accumulation of G2/M cells, 

possibly due to an active G2/M DNA damage checkpoint.  This seemed likely, since 

pof3 mutants in S. pombe showed constitutively phosphorylated Chk1, a marker of 

checkpoint activation (76). 

 Dia2 was previously found to interact with several components of the replisome 

by a large-scale mass spectrometry screen of protein complexes in S. cerevisiae (66).  
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Although the significance of this was not known, Dia2 was found to be physically 

associated with Mcm2, Mcm3, Mcm5, and Ctf4.  Additionally, Skp1 and Cdc53 co-

purified with Dia2, indicating the first evidence of bona fide SCFDia2 formation in vivo 

(66). In vitro experiments of purified components also suggested SCFDia2 formation, as 

well as activity measured by autoubiquitination (84,88). 

 Whole genome analyses have further identified genetic interaction of DIA2 with a 

number of pathways related to DNA replication and genome maintenance (15, 128, 177).  

However, while these studies genetically link DIA2 function in genome maintenance, a 

specific physiological role has not yet been described. 

 

Overview of Thesis Research 

 This dissertation is a collection of thesis research on the initial characterization of 

DIA2 in Saccharomyces cerevisiae.  I present primary work that I’ve completed in whole, 

or in part, toward the understanding of the cellular role(s) of Dia2.  Combinations of 

approaches have been used in studying Dia2 including genetic, biochemical, and cell 

biological analyses.  These findings now support a function for Dia2 in DNA replication 

and genome maintenance, and further our knowledge of F-box protein biology.  Chapter 

II provides the initial evidence that Dia2 is a functional F-box protein in vivo and plays a 

role in DNA replication and promotes genome maintenance in S. cerevisiae.  Evidence 

suggests that Dia2 is a chromatin-bound protein that can interact with origins of 

replication. Chapter III highlights findings of genetic and physical interaction of the Yra1 

protein with Dia2.  Yra1 has been previously described as involved in mRNA processing 

and nuclear export; however, we find it performs a novel role outside of this activity. 
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Yra1 helps recruit Dia2 to replication origins and interacts with Dia2 biochemically and 

genetically which suggests a dual role for the Yra1 protein.  Finally, Chapter IV presents 

evidence concerning control of Dia2 protein abundance by a proteolytic mechanism. This 

chapter describes observations of this control by testing domain mutants of Dia2, 

pathways, and nuclear localization for control and function of the Dia2 protein.  Turnover 

is blocked during periods of replication stress dependent on checkpoint proteins.  

Although the physiological role for control of Dia2 protein abundance is not yet clear, the 

data indicate that it may promote Dia2 activity in the cell for proper genome 

maintenance. 
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Figure 1  
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Figure 1: Stages of DNA replication in budding yeast. Only one side of replication 

bubble is shown for simplicity. Early M) Following a previous cycle of DNA replication, 

origins are bound only by ORC and represent an unlicensed state.  Replication cannot 

reoccur again at a fired origin during a single S phase and remains in this state through 

early M phase.   Late M/Early G1) In late M phase Cdc6 accumulates and binds to ORC, 

which recruits Cdt1-bound MCM to origins after these complexes have re-entered the 

nucleus.  G1/S) Transition into S phase activates DDK and CDK, which phosphorylate 

MCM and Sld2/Sld3 respectively.  S) Following phosphorylation of Sld2 and Sld3 by 

CDK, replisome components Cdc45, Dpb11, Mcm10, GINS, and Pol  interdependently 

assemble at the licensed origin to form the pre-initiated complex. S: Initiation) Assembly 

of the replisome activates DNA unwinding by MCM and binding of RPA to ssDNA. Pol 

 synthesizes short RNA primer followed by DNA synthesis.   

S: Elongation) Replication fork progresses by DNA unwinding.  Pol  with PCNA is 

responsible for leading strand DNA synthesis.  Lagging strand synthesis is carried out by 

reiterations of Pol  to Pol  polymerase switch.  Pol  synthesizes DNA with the help of 

PCNA. 
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Figure 2 
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Figure 2: Pathway for activation of the S-phase checkpoint by DNA damage or 

replication stress.  Problems during DNA synthesis such as DNA damage replication 

fork stalling lead to replication stress.  ssDNA accumulates via uncoupling of DNA 

unwinding and DNA synthesis.  Long tracts of ssDNA are coated by RPA and are 

recognized independently by the 9-1-1 ring-like clamp and the Mec1-Ddc2 kinase.  The 

9-1-1 clamp is loaded at the ssDNA-dsDNA junction by the Rad24-RFC clamp loader.  

The colocalization of the 9-1-1 clamp and Mec1-Ddc2 is necessary for proper activation 

of the checkpoint.  Mec1 kinase activates Rad53 with the help of the adaptor protein 

Rad9 in the presence of DNA damage, or the adaptor Mrc1 in the presence of replication 

fork stalling.  Rad53 kinase then signals to downstream pathways to inhibit late origin 

firing, mediate fork stabilization, and inhibit the metaphase to anaphase transition.  Chk1s 

role in replication checkpoint signaling is less established, but may be minor.  However, 

both Chk1 and Rad53 block the metaphase to anaphase transition by similar mechanisms 

in the G2/M DNA damage checkpoint.  This occurs if the replication checkpoint is 

insufficient to address the problems associated with replication stress such as DNA 

damage or fork collapse. 
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Figure 3 
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Figure 3:  The SCF pathway in protein ubiquitination for targeting substrates to 

26S proteasome for degradation.  Ubiquitin (Ub) is activated by Ubiquitin activating 

enzyme (E1, Uba1 is S. cerevisiae) and forms a thioester intermediate.  Ubiquitin is then 

transferred and forms a thioester with the E2 enzyme (Cdc34 for SCF pathway in S. 

cerevisiae).  The multisubunit SCF ubiquitin ligase (E3) recruits Cdc34 by the RING-

containing protein Rbx1, which interacts with the Cdc53 scaffold protein C-terminus.  

The linker protein Skp1 interacts at the Cdc53 N-terminus and recruits a variable F-box 

substrate adaptor protein by interaction with the conserved F-box domain (F).  Additional 

protein-protein interactions in the F-box protein recruit a substrate, which is then 

conjugated to a ubiquitin molecule by Cdc34.  Repetitions of this cascade lead to 

polyubiquitinated forms of a substrate.  A polyubiquitin chain with K48 linkages leads to 

targeting to the 26S proteasome for destruction.  Ubiquitin is recycled for additional use. 
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CHAPTER II 

The F-box protein Dia2 regulates DNA replication 
 

 

Chapter Summary 

Ubiquitin-mediated proteolysis plays a key role in many pathways inside the cell 

and is particularly important in regulating cell cycle transitions.  SCF (Skp1/Cul1/F-box 

protein) complexes are modular ubiquitin ligases whose specificity is determined by a 

substrate-binding F-box protein.  Dia2 is a Saccharomyces cerevisiae F-box protein 

previously described to play a role in invasive growth and pheromone response pathways.  

We find that deletion of DIA2 renders cells cold-sensitive and subject to defects in cell 

cycle progression, including premature S-phase entry.  Consistent with a role in 

regulating DNA replication, the Dia2 protein binds replication origins.  Furthermore, the 

dia2 mutant accumulates DNA damage in both S and G2/M phases of the cell cycle.  

These defects are likely a result of the absence of SCFDia2 activity, as a Dia2 F-box 

mutant shows similar phenotypes.  Interestingly, prolonging G1 phase in dia2 cells 

prevents the accumulation of DNA damage in S-phase. We propose that Dia2 is an 

origin-binding protein that plays a role in regulating DNA replication. 
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Introduction 

 The duplication of a single cell requires multiple complex regulatory networks 

controlled by cyclin/CDK (cyclin-dependent kinase) complexes responsible for cell cycle 

transitions.  It is clear that the ubiquitin-proteasome system is also important for the 

regulation of cell cycle progression, most notably in regulating the degradation of cyclins 

and cyclin-dependent kinase inhibitors (40, 82).  In the ubiquitin-proteasome pathway, 

substrate proteins are covalently attached to the small polypeptide ubiquitin in an 

enzymatic cascade.   The addition of long chains of ubiquitin polymers, linked using 

lysine 48 of each ubiquitin monomer, to substrate proteins leads to destruction of the 

substrate protein via the 26S proteasome (137).  The primary means of specificity in the 

ubiquitination reaction is accomplished by the E3 ubiquitin ligase, as this enzyme is 

responsible for recruiting substrate proteins (33, 63).   

Members of the highly conserved SCF (Skp1/Cdc53/F-box protein) ubiquitin 

ligase family have been shown to control cell proliferation by regulating the ubiquitin-

mediated proteolysis of key cell cycle regulators (28, 50, 84, 110, 159, 160, 167, 180, 

191).  SCF complexes are modular ubiquitin ligases whose specificity is determined by a 

substrate-binding F-box protein (50, 159).  The 40-50 amino acid F-box motif is required 

for binding to Skp1.  Thus, mutation of the F-box motif renders F-box proteins incapable 

of targeting their substrate proteins for ubiquitination (7).  Many F-box proteins have 

been identified in both humans and model eukaryotic systems, suggesting that SCF 

pathways reflect a highly conserved mechanism for controlling protein function.  In 

Saccharomyces cerevisiae, at least 17 F-box proteins have been identified, but many of 

these proteins have not been well characterized (40, 132).   
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The F-box protein Dia2 was initially described as a mutant that exhibits a switch 

from apical to bipolar budding pattern and is hyperinvasive (127).  Dia2 has recently 

been proposed to target a transcription factor in the pheromone-response pathway for 

ubiquitination (8), although this conclusion is controversial (32).  Other evidence 

suggests that Dia2 plays a role in cell cycle progression.  The dia2 deletion mutant 

accumulates large-budded cells, indicative of a block in mitotic progression, and has been 

found to be synthetically lethal with a pds1 mutant, which exhibits sister chromatid 

segregation defects at anaphase (148).  In addition, Dia2 is related to the 

Schizosaccharomyces pombe F-box protein Pof3, which has been shown to be important 

for maintaining genomic stability (76). 

To maintain genomic integrity, the timing of S-phase initiation is linked with 

growth control mechanisms in the G1 phase of the cell cycle.  In budding yeast, the S-

phase cyclins Clb5 and Clb6 are required for proper entry into S-phase from G1 (151).  

The control of the G1 to S phase transition is particularly important, as genes involved in 

this pathway are often mutated in tumor cells.  DNA replication initiates at replication 

origins, called autonomously replicating sequences (ARSs) in S. cerevisiae.  Activation, 

or firing, of origins is precisely controlled to ensure that each chromosome is only 

replicated once per cell cycle (12).  Here we present evidence that Dia2 has a role in cell 

cycle regulation by demonstrating that Dia2 binds replication origins and is involved in 

regulating the timing of the G1 to S phase transition of the cell cycle. 
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Materials and Methods 

 Media and cell culture.  Yeast were maintained and cultured according to 

standard methods (143).  Yeast strains used in this study are listed in Table 1. 

 Strain construction.  CLB5 and CLB6 deletion strains were constructed by 

standard PCR replacement method using the primers DK133, DK134, DK142, DK143.  

Double and triple mutant strains were generated using standard S. cerevisiae genetics 

(143). To generate the 18Xmyc tagged Dia2 allele, a fragment of the DIA2 gene was 

amplified using the primers DK176 and DK359, cloned in frame with 18 copies of the 

myc epitope using Xho I and Nco I sites in plasmid pJBN130.  After linearization with 

Eco RV, the DNA was transformed into Y80 cells and transformants were selected on 

media lacking histidine.  Primer sequences are listed in Supplemental Table 1. 

 Plasmid construction. The DIA2 gene was amplified in fragments using primers 

DK97, DK98, DK99 and DK100.  The fragments were cloned into the Bam HI and Xho I 

sites of pRS316 to generate pDMK465.  The F-box mutant was generated using a two-

step PCR method with the primers DK97, DK9100, DK148 and DK149 and cloned into 

Bam HI and Xho I sites of pRS406 to generate pDMK289.  An Eco RI fragment 

containing the F-box deletion was swapped with the Eco RI fragment of pDMK465 to 

generate pDMK736.  The DIA2 open reading frame was amplified using the primers 

DK95 and DK96 and cloned in frame with the lox site of pUNI-10 using Nde I and Bam 

HI restriction sites to generate pDMK107.  This construct was then recombined with the 

host vector p1210 to generate an HA3-tagged baculovirus expression construct 

(pDMK109) using recombinant Cre (New England Biolabs, Beverly, MA) as described 

by Liu et al., 1998.  Primer sequences are listed in Supplemental Table 1. 
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 Baculovirus production and protein expression.  Baculovirus was produced in Sf9 

cells using Baculogold Baculovirus DNA (BD Pharmingen, San Diego, CA) and 

Lipofectin reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's 

instructions.  Sf9 cells were cultured in Insect-Xpress (Cambrex, distributed by Fisher 

Scientific, Pittsburgh, PA) with 10% heat-inactivated fetal calf serum at 27°C.  

Baculovirus protein expression experiments were performed in HI-Five cells (Invitrogen, 

Carlsbad, CA). Cells were cultured in Excell 405 media (JRH Biosciences, Lenexa, KS) 

without serum at 27°C.  40 hrs after infection, insect cells were collected and lysed in 

NETN buffer (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Igepal, 10 mM 

NaF, 25 mM -glycerophosphate plus Complete Protease inhibitor cocktail (Roche 

Applied Science, Indianapolis, IN)). Proteins were immunoprecipitated with anti-Flag 

antibodies (Sigma, St. Louis, MO) or anti-Myc (9E10) antibodies (Covance Research 

Products, Inc., Berkeley, CA) and ProtA/G plus agarose (Santa Cruz Biotechnology, 

Santa Cruz, CA).  Anti-HA (HA.11) antibodies (Covance Research Products, Inc., 

Berkeley, CA) were used for immunoblotting.  HRP-conjugated secondary antibodies 

were from Jackson Immunoresearch, Inc. (West Grove, PA). 

Immunoprecipitation of yeast proteins.  Cells were harvested at O.D.600 = 1.0 and 

treated with 1% formaldehyde for 15 minutes at room temperature to cross-link proteins.  

Lysates were prepared as for chromatin immunoprecipitation (141).  Proteins were 

immunoprecipitated with anti-Skp1 antibodies (159) and ProtA/G plus agarose (Santa 

Cruz Biotechnology, Santa Cruz, CA).  Samples were boiled for 30 minutes prior to 

SDS-PAGE to reverse cross-links.  Anti-myc (9E10) antibodies (Covance Research 
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Products, Inc., Berkeley, CA) were used for immunoblotting.  HRP-conjugated secondary 

antibodies were from Jackson Immunoresearch, Inc. (West Grove, PA). 

  

 Flow cytometry.  Cells were collected and fixed in 70% ethanol for at least 30 

minutes and then resuspended in PBS (140 mM NaCl, 3 mM KCl, 5 mM Na2HPO4, 2 

mM KH2PO4, pH7.4) + 0.02% sodium azide.  To prepare for flow cytometry, fixed cells 

were treated with FACS buffer (200 mM Tris-HCl, 20 mM EDTA + 0.1% RNAse A) 

overnight at 37°C and then stained in 50 mg/ml propidium iodide in PBS.  Prior to 

analysis, cells were diluted 10-fold in PBS and sonicated for 5 sec at 15% efficiency 

using a Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA).  Data analysis was 

performed with the FlowJo v6.3.3 software and graphs generated using Deltagraph 4.0. 

 Chromatin Immunoprecipitation.  All assays followed the procedure of Ricke and 

Bielinsky, 2004.  ARS305 and ARS603 primers are described (4).  ATP11 primers are 

listed in Supplemental Table 1.  Anti-Myc (9E10) antibodies were from Covance 

Research Products, Inc., Berkeley, CA and anti-Skp1 antibodies were a gift from J. Wade 

Harper (159). 

 Fluorescence microscopy.  Cells were sonicated briefly as described for Flow 

cytometry prior to observation.  YFP signals were observed using a Zeiss Axioscop 2 

microscope equipped with a Zeiss Axiocam R2 digital camera and 100X objective with 

DIC filter.  Images were captured using Zeiss Axiovision software release 3.1 (Carl 

Zeiss, Inc., Thornwood, NY).   

 



   43 

 

Results 

Dia2 assembles with SCF components and is required for normal growth 

 Dia2 is an F-box protein with TPR repeats in the N-terminus and leucine-rich 

repeats in the C-terminus (Figure 1A).  It has previously been shown that recombinant 

Dia2 can assemble with SCF components (88) and that overexpressed Dia2 assembles 

with Skp1 and Cdc53 in yeast cells (66).  We also observed Dia2 assembly with SCF 

components using an HA3-tagged Dia2 baculovirus for expression in insect cells.  As 

shown in Figure 1B, HA3-Dia2 co-immunoprecipitates with both Flag-tagged Skp1 and 

Myc-tagged Cdc53 when coexpressed in insect cells.   We examined whether Dia2 

associates with SCF components under endogenous expression levels in yeast.  To 

facilitate this experiment, we generated a strain that expressed a Dia2 fusion protein 

tagged at the C-terminus with 18 copies of the myc (9E10) epitope.  The Dia2 18Xmyc-

tagged strain complements a deletion strain (Supplemental Figure 1), indicating that the 

tagged protein is functional.  We observe two major forms of Dia2; the larger form 

migrates at the predicted size for full-length Dia2.   The larger form of Dia2 preferentially 

co-precipitates with Skp1 (Figure 1C).  We also observe Cdc53 co-precipitating with 

Skp1 when a myc-tagged version of Cdc53 is expressed in the Dia2 18Xmyc-tagged 

strain.  Consistent with what has been previously observed, we find that Cdc53 exists as 

two forms in yeast cells (110, 191); presumably the larger form that we observe in Figure 

1C is modified by Rub1 as it preferentially interacts with Skp1 (92).  We conclude that 

Dia2 is a bona fide F-box protein and assembles into an SCF complex in yeast cells. 

The dia2 null mutant grows slower at low temperatures.  When individual spores 

from a dissection of a dia2 null heterozygous diploid are grown on rich media at room 
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temperature, a pattern of 2 slow-growing to 2 fast-growing colonies is seen (Figure 1D).  

The slow-growing colonies are resistant to G418, indicating that they are deletions of 

DIA2 as the kanMX gene (183), which confers G418 resistance, was used to replace the 

DIA2 gene in the genome (84).  The slow growth defect of dia2 mutant is rescued by 

introducing a CEN plasmid carrying the DIA2 gene (Figure 3A).  Thus, Dia2 is required 

for normal cell growth in S. cerevisiae. 

 

dia2 mutants enter S-phase prematurely 

 Previous work has established a role for Dia2 in G2/M progression as a 

significant fraction of dia2 cells accumulate as large-budded cells with the nucleus at the 

bud neck (148).  However, we also observed defects that hinted at a role for DIA2 in S-

phase.  As shown in Figure 2A, dia2 mutants are sensitive to hydroxyurea (HU) as are 

skp1-11 and cdc53-1 mutants.  In addition, overexpression of the S-phase cyclins Clb5 

and Clb6 from a galactose-inducible promoter is toxic to dia2 cells but not wildtype cells 

(Supplemental Figure 2). 

 To test whether DIA2 might have role in S-phase, we synchronized dia2 and 

wildtype (WT) cells in G1 with alpha factor, released them from arrest at 25°C and 

prepared samples at 10-minute intervals for flow cytometry.  We observed that the dia2 

mutant cells entered S-phase 10 minutes earlier than wildtype cells under these conditions 

(Figure 2B, compare the 40 and 50 minute timepoints).  We calculated the percentage of 

cells in S-phase for both strains at the 30, 40 and 50 minute time points; these numbers 

are shown next to the profiles in Figure 2B.  Similar premature S-phase entry was 
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observed in dia2 cells when we counted bud emergence as a measure for S-phase entry 

(Figure 2C). 

 To determine if the S-phase defects associated with the dia2 deletion mutant were 

a result of the absence of an SCFDia2 complex, we generated an in-frame deletion of the 

F-box domain in Dia2 (F-box) to prevent association with SCF components.  This 

mutant was placed under the control of the DIA2 promoter on a CEN plasmid and 

transformed into the dia2 deletion strain.  As shown in Figure 3A, the F-box mutant 

exhibits a growth defect and HU-sensitivity similar to the dia2 deletion mutant covered 

by an empty vector.  In addition, the dia2 cells covered by the F-box mutant show an 

early S-phase entry phenotype when cells are synchronized in G1, released at 25°C and 

then examined for DNA content and bud emergence (Figures 3B and C).  We calculated 

the percentage of cells in S-phase for both strains at the 35, 40, 45 and 50 minute 

timepoints in the samples analyzed by flow cytometry; these numbers are listed next to 

the profiles in Figure 3B.  As shown, the defect in the F-box mutant is not as dramatic 

as the dia2 deletion strain, but a significant fraction of the cells do reproducibly enter S-

phase earlier.  A smaller fraction of the dia2 cells covered by the DIA2 plasmid also enter 

S-phase early.  We speculate that the null strain covered by the DIA2 plasmid is not 

entirely equivalent to wildtype cells; this may be because Dia2 protein levels are tightly 

regulated (A.C. Kile and D.M. Koepp, unpublished observations).  Nevertheless, the F-

box mutant clearly exhibits S-phase defects.  Taken together, these data indicate that 

Dia2 plays a role in S-phase timing and that this role is dependent on its function as a 

component of an SCF ubiquitin ligase. 
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Dia2 binds replication origins 

 A large-scale proteomic screen determined that a number of DNA replication 

proteins copurified with the Dia2 protein (66).  Given this observation and the links to S-

phase with the dia2 mutant, we wanted to determine if the Dia2 protein might be 

localized to origins of replication.  To test this possibility, we used chromatin 

immunoprecipitation to assay for Dia2 binding to both an early and a late-firing origin.  

To facilitate this experiment, we used the Dia2 18Xmyc-tagged strain.   

 We observed that the Dia2 protein binds both ARS305 (early-firing) and ARS603 

(late-firing) sequences (4) but not to the non-origin DNA near ATP11, which is 20 kb 

away from an origin in both directions (Figure 4, lanes 1-4).  This binding is dependent 

on the addition of the cross-linker formaldehyde and is not observed in 

immunoprecipitations with a strain lacking the epitope-tagged Dia2 fusion (Figure 4, 

lanes 5-8).  We conclude that Dia2 is an origin-binding protein, which is capable of 

binding both early and late-firing origins. 

 To test whether other SCF components localized to origins, we performed 

chromatin immunoprecipitations using anti-Skp1 antibodies (159) and a myc-tagged 

version of Cdc53 (191).  As shown in Figure 4B, both Skp1 and Cdc53 co-precipitated 

with ARS305 and ARS603 DNA in a cross-linker dependent manner.   These results 

strongly suggest that an SCFDia2 complex is present at replication origins. 

 We next examined the association of Dia2 with origins throughout the cell cycle 

using cells that had been arrested in G1-, S- and M-phases by treatment with alpha factor, 

HU and nocodazole, respectively.    We observe specific association of Dia2 with both 

ARS305 and ARS603 only in nocodazole-arrested cells (Figure 4C), indicating that Dia2 
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likely binds origins after origin firing.  In addition, Skp1 also associates with ARS603 in 

nocodazole-arrested cells (Supplemental Figure 3), consistent with the assembly of an 

SCFDia2 complex at origins at this time during the cell cycle.  

 

 

dia2 mutants accumulate DNA damage in S and G2/M 

 To better understand the role of Dia2 during the cell cycle and because S. pombe 

pof3 exhibits synthetic lethality with several checkpoint mutants, we tested for genetic 

interactions between the dia2 mutant and checkpoint mutants.  We observed synthetic 

interactions between the dia2 deletion mutant and a number of DNA damage and DNA 

replication checkpoint mutants, including mec1, mrc1, chk1, rad9, rad17, rad24, pds1 

and cdc20-1 (Table 2). The synthetic lethal interactions with rad9 and pds1 have been 

previously identified (148).  These interactions suggest that the dia2 mutant accumulates 

damaged DNA and requires functional checkpoint pathways for viability.   

Consistent with this possibility, we found that the dia2 mutant is hypersensitive to 

both exogenous and endogenous DNA damage.  To test the ability of dia2 cells to 

respond to endogenous DNA damage, we used the temperature-sensitive cdc13-1 strain, 

which accumulates single-stranded DNA at the non-permissive temperature.  As shown 

in Figure 5A, the dia2 cdc13-1 double mutant exhibits a faster loss of viability after 

exposure to 37°C than the cdc13-1 mutant does.  We observed no significant loss of 

viability in either the dia2 or wildtype strains after incubation at 37°C.   To examine the 

ability of dia2 cells to an exogenous DNA damaging agent, we used MMS (methyl 

methanesulfonate), a DNA methylating agent.  As shown in Figure 5B, both the dia2 null 



   48 

 

and F-box mutants are sensitive to 0.005% MMS while dia2 cells expressing DIA2 are 

not. 

To examine the possibility that dia2 cells accumulate spontaneous DNA damage, 

we used a Rad52-YFP reporter strain.  Rad52 is involved in recombinational repair and 

has been shown to localize to discrete nuclear foci when cells are treated with DNA 

damaging agents (99).  We generated a dia2 Rad52-YFP strain and examined the cells 

using fluorescence microscopy.  A deletion mutant of the checkpoint kinase Mec1 

(suppressed by deletion of the ribonucleotide reductase inhibitor Sml1) was used as a 

positive control (99).  The dia2 mutant showed an increased number of Rad52-YFP foci 

over wildtype.  Strikingly, the dia2 mutant showed nearly as many Rad52-YFP foci as 

the mec1 sml1 mutant. Representative examples are shown in Figure 6A.  

 We correlated the number of cells exhibiting Rad52-YFP foci with bud 

morphology as a measure of cell cycle stage.  Approximately 40% of both small-budded 

(S-phase) and large-budded (G2/M phase) dia2 cells exhibit Rad52-YFP foci while only 

a small number are seen in unbudded (G1 phase) cells (Figure 6B).  The percentage of 

dia2 cells showing Rad52-YFP foci was similar to the percentage of mec1 sml1 cells 

exhibiting foci.  As expected, a small fraction of wildtype cells exhibit Rad52-YFP foci 

in S-phase, but almost none in G1 and G2/M phases (99). 

 To confirm that the formation of Rad52-YFP foci resulted from a defect in an 

SCF-dependent role of Dia2, we repeated these experiments with the dia2 Rad52-YFP 

strain covered by an empty vector, a plasmid expressing the F-box mutant or wildype 

DIA2 (Figure 6C).  Both the empty vector and F-box samples showed a high percentage 

of S and G2/M cells with Rad52-YFP foci while the strain covered with the DIA2 
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plasmid showed nearly wildtype levels of foci formation. From these data, we conclude 

that the dia2 mutant accumulates DNA damage in S and G2/M phases of the cell cycle.  

Furthermore, this damage is a result of the absence of SCFDia2 activity. 

 

 

 

Delaying S-phase entry alleviates S-phase DNA damage in dia2 cells 

 One possible explanation for the accumulation of DNA damage in dia2 cells is 

that it is a result of the premature entry into S-phase.  Similar precocious S-phase defects 

linked to DNA damage and chromosomal instability have been observed in sic1 mutants 

as well as in cells overexpressing members of the Swi/Snf family of transcription factors 

(96, 158).  To address this possibility, we generated a dia2 clb5 clb6 triple deletion 

mutant.  Deletion of CLB5 and CLB6 has been shown to prolong G1 phase (151) and we 

reasoned that the premature S-phase entry in dia2 cells might be dependent on the 

presence of S-phase cyclins.  As predicted, the early S-phase entry from an alpha factor-

induced G1 arrest in dia2 cells is abolished in the dia2 clb5 clb6 mutant (Figure 7A).   

 We then examined the formation of Rad52-YFP foci in the dia2 clb5 clb6 

background.  As a control, the clb5 clb6 Rad52-YFP strain showed a slightly elevated 

percentage of S-phase cells with foci compared to wildtype (Figure 7B).  Strikingly, we 

found that deletion of CLB5 and CLB6 in the dia2 strain decreased the percentage of S-

phase cells showing Rad52-YFP foci to nearly the same levels as the clb5 clb6 strain.  

However, the percentage of G2/M dia2 clb5 clb6 cells exhibiting foci was not 

significantly different than dia2 cells alone.  These results suggest that prolonging G1 
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phase in dia2 cells can prevent most of the S-phase specific DNA damage that occurs in 

these cells. 
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Discussion 

A role for Dia2 in regulating DNA replication 

 We propose that Dia2 is an origin-binding protein that plays a role in regulating 

DNA replication.  This is supported by the premature S-phase entry in dia2 cells as well 

as the rescue of S-phase DNA damage in dia2 cells by deletion of CLB5 and CLB6.  The 

role of Dia2 in the regulation of DNA replication is most likely the result of its function 

as part of an SCF complex.  Dia2 assembles with Skp1 and Cdc53 in yeast cells and the 

Dia2 DF-box mutant shows phenotypes similar to complete deletion of the DIA2 gene.   

Furthermore, Dia2, Skp1 and Cdc53 all associate with replication origins as measured by 

chromatin immunoprecipitation.  A simple model then would be that an SCFDia2 complex 

targets an unknown factor that promotes DNA replication.  The ubiquitination of this 

substrate prevents premature S-phase entry and likely leads to the substrate's degradation 

via the proteasome.  

Since Dia2 assembles at origins of replication, one intriguing possibility is that 

Dia2 regulates DNA replication by facilitating the ubiquitination of another origin-

binding protein.  In this way, Dia2 might influence the make-up and/or activity of 

replication components found at origins.  Our chromatin immunoprecipitation results 

suggest that Dia2 associates with replication origins after origin firing.  Consistent with 

this, we observe Dia2 association with origins only after bud emergence in cells that have 

been released from a G0/G1 arrest (S. Swaminathan and D.M.Koepp, unpublished 

observations).  One possibility is that Dia2 targets an origin-binding protein for 

ubiquitination after origins fire and in this way, helps to “re-set” the origins for use in the 

next S-phase.  In the absence of Dia2, this substrate protein promotes premature onset of 
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S-phase in the next cell cycle.  Examining in more detail how Dia2 associates with 

origins and determining which other proteins are found at origins at the same time will 

provide additional insight into the functional consequences of SCFDia2 activity. 

 Precocious S-phase entry has been linked to genomic instability in a number of 

mutants that affect the cell cycle (157).  Our results are consistent with these 

observations, in that the premature S-phase entry in dia2 mutants leads to at least some of 

the DNA damage observed in these cells.  Our results predict that the pathway that leads 

to premature S-phase in dia2 cells is dependent on Clb5 and Clb6 activity, although 

whether they act upstream or downstream of the SCFDia2 substrate is unclear.  A 

straightforward explanation for the rescue of DNA damage in dia2 cells by the clb5 clb6 

mutant might be that Clb5 and Clb6 are themselves the targets of an SCFDia2 complex.  

However, we have not observed any changes in the protein stability of either Clb5 or 

Clb6 in dia2 cells (D. M. Koepp and S. J. Elledge, unpublished observations), making 

this scenario unlikely.  Taken together, the results presented here provide an important 

link between SCF-mediated ubiquitination and S-phase entry that has implications for 

understanding genomic stability.  

  

Other roles for SCFDia2 

 There are almost certainly other pathways in addition to DNA replication in 

which the SCFDia2 complex acts.  For example, the dia2 clb5 clb6 mutant still 

accumulates DNA damage foci in large-budded cells, indicating that there is a Clb5 and 

Clb6-independent pathway that is disrupted in dia2 cells, which also causes DNA 

damage.  Like pof3 cells, the dia2 mutant exhibits a chromosome loss phenotype (76) 
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(note that Fcl1 is an alternate name for Dia2).  However, this phenotype is not rescued in 

the dia2 clb5 clb6 mutant (D. M. Koepp and S. J. Elledge, unpublished observations), 

further suggesting that there is also a Clb5 and Clb6-independent role for Dia2.   

 The dia2 mutant was initially identified because it exhibits elongated cells with a 

bipolar budding pattern with enhanced invasiveness (127).  It has recently been proposed 

that Tec1, a pheromone-responsive transcription factor involved in the filamentous 

growth pathway, is a substrate of SCFDia2 (8).  While it is formally possible that the role 

of Dia2 in the filamentation pathway is linked to the DNA replication timing defects in 

dia2 mutants, we think these pathways are independent as the dia2 clb5 clb6 mutant still 

exhibits the elongated cell/bipolar budding pattern phenotype.  Furthermore, the dia2 tec1 

double mutant exhibits the same growth and S-phase defects as the dia2 mutant (A.C. 

Kile, P. Midthun and D. M. Koepp, unpublished observations).  If Tec1 were the 

substrate responsible for the premature S-phase entry in dia2 cells, we would expect the 

dia2 tec1 strain to exhibit normal S-phase timing. 

 The most likely explanation for the pleiotropic phenotypes in the dia2 deletion is 

that the SCFDia2 complex controls the ubiquitination of more than one substrate.  Many F-

box proteins regulate the turnover multiple substrates.  Thus it is possible that one 

SCFDia2 substrate is involved in DNA replication while another is important for 

filamentous growth.  Future studies identifying SCFDia2 substrates will shed light on the 

interplay between these pathways.  The results presented here are an essential step in 

providing a biological framework in which the role of any Dia2 substrate may be 

assessed. 
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Koepp et al. Table 1 

Table 1. Strains used in this study 
Strain Genotype Source 
Y80 (wildtype) MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 Bai et al., 1996 
DKY194 (dia2) As Y80 but dia2::kanMX  Koepp et al., 2001 
Y552 (skp1-11) As Y80 but skp1-11 Bai et al., 1996 
YMT741 (cdc53-1) MATa cdc53-1 can1-100 ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 M. Tyers 
DKY408 (DIA2-18Xmyc) As Y80 but DIA2::DIA2-18Xmyc-HIS3 This study 
W2297-4A (RAD52-YFP) MATa trp1-1 bar1::LEU2 leu2-3,112 can1-100 ura3-1 his3-11,15 

RAD52-YFP 
Lisby et al., 2001 

W2381-10B (mec1 sml1 
RAD52-YFP) 

As W2297-4A but mec1::TRP1 sml1::HIS3 Lisby et al., 2001 

DKY443 (dia2 RAD52-YFP) MATa RAD52-YFP dia2::kanMX ura3-1 his3-11,15 trp1-1 ade2-1 
leu2-3,112  

This study 

DKY399 (clb5 clb6) As Y80 but clb5::HIS3 clb6::LEU2 This study 
DKY444 (clb5 clb6 RAD52-
YFP) 

MATa RAD52-YFP clb5::HIS3 clb6::LEU2 ade2-1 ura3-1 his3-
11,15 trp1-1 leu2-3,112 

This study 

DKY403 (dia2 clb5 clb6) As Y80 but dia2::kanMX clb5::HIS3 clb6::LEU2 This study 
DKY445 (dia2 clb5 clb6 
RAD52-YFP) 

MATa RAD52-YFP dia2::kanMX clb5::HIS3 clb6::LEU2 ade2-1 
ura3-1 his3-11,15 trp1-1 leu2-3,112 

This study 

DKY405 (dia2 mrc1) As Y80 but dia2::kanMX mrc1::HIS3 This study 
DKY404 (dia2 chk1) As Y80 but dia2::kanMX chk1::HIS3 This study 
DKY448 (dia2 rad9) As Y80 but dia2::kanMX rad9::HIS3 This study 
DKY449 (dia2 rad17) As Y80 but dia2::kanMX rad17::kanMX This study 
DKY450 (dia2 rad24) As Y80 but dia2::kanMX rad24::kanMX This study 
JBY257 (cdc13-1) As Y80 but cdc13-1 Sanchez et al., 1999 
DKY396 (dia2 cdc13-1) As Y80 but dia2::kanMX cdc13-1 This study 
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Koepp et al. Table 2 

Table 2. The dia2 mutant interacts genetically with checkpoint mutants 
 
dia2 Double mutants Role Phenotype 
                                     DNA damage 
rad9 Adaptor slower growth at 16°C and 25°C 
rad17 Clamp loader slower growth at 30°C 
rad24 Clamp loader slower growth at 30°C 
   
                                     Kinases 
mec1 sml1 Transducer kinase inviable 
chk1 Transducer kinase slower growth at 25°C 
   
                                     DNA replication 
mrc1 Adaptor slower growth at 25°C, inviable at 37°C 
   
                                     Targets 
pds1 Cohesin inviable 
cdc20-1 APC activator inviable 
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Figure 1. Dia2 is an F-box protein required for normal growth. A) Diagram of Dia2 

domain structure.  Structure adapted from (76, 132).  Modified forms described in the 

text are shown in (a) and (b).  B) Recombinant Dia2 assembles with SCF components.  

Insect cells were co-infected with HA3-tagged Dia2 baculovirus and Flag-tagged Skp1 or 

Myc-tagged Cdc53 baculoviruses.  After 40 hrs, cells were harvested and lysates 

subjected to immunoprecipitation with anti-Flag or anti-myc antibodies.  Immunoblots 

were probed with anti-HA antibodies. I = input, IP = immunoprecipitate. C) Dia2 

assembles with SCF components in yeast cells.  Skp1 was immunoprecipitated using 

anti-Skp1 antibodies (159) from the indicated strains.  Immunoblots were probed with 

anti-myc and anti-Skp1 antibodies.  Due to significant differences in signal intensity 

between Dia2 and Cdc53, two separate blots are shown.  D) The dia2 deletion exhibits a 

slow growth phenotype at room temperature.  Colonies from tetrad dissection of 

DIA2/dia2 diploid induced to undergo meiosis are shown.  Arrows point to representative 

small dia2 colonies, while large colonies are DIA2. 
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Figure 2. The dia2 mutant exhibits S-phase defects.  A) SCF mutants are HU-sensitive.  

Serial dilutions of WT, dia2, skp1-11 and cdc53-1 strains were spotted onto rich media 

containing indicated amounts of HU and grown at 30°C.  B) The dia2 mutant enters S-

phase earlier than wildtype.  WT and dia2 cells were arrested in G1 with alpha factor and 

then released from arrest at 25°C.  Samples were taken at the indicated time points and 

used for flow cytometry. The percentage of S-phase cells was calculated for the 30, 40, 

and 50 minute time points using FlowJo software and is shown next to the profile for 

each strain.  C) The dia2 mutants exhibit early bud emergence.  Cells were treated as in 

(B) and budding morphology was assayed by light microscopy. At least 100 cells were 

counted per time point and the experiment was repeated three times.  Representative 

results from a single experiment are shown.  The identity of each strain and bud stage is 

indicated next to the graph. 
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Figure 3.  The dia2 F-box mutant exhibits growth and S-phase defects.  A) The F-box 

mutant is cold-sensitive and HU-sensitive.  The dia2 strain was transformed with DIA2, 

F-box and empty vector DNA.  Serial dilutions of each were then spotted on rich media 

containing the indicated amount of HU and incubated at either 25°C or 30°C.  B) The F-

box mutant enters S-phase earlier than WT cells. WT and dia2 F-box cells were arrested 

in G1 with alpha factor and then released from arrest at 25°C.  Samples were taken at the 

indicated time points and used for flow cytometry.  The percentage of S-phase cells was 

calculated for the 35, 40, 45 and 50 minute time points using FlowJo software and is 

shown next to the profile for each strain.  C) The dia2 F-box mutants exhibit early bud 

emergence.  Cells were treated as in (B) and budding morphology was assayed by light 

microscopy.  At least 100 cells were counted per time point and the experiment was 

repeated three times.  Representative results from a single experiment are shown.  The 

identity of each strain and bud stage is indicated next to the graph. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   62 

 

 
 
 
 

 
 
 
 
 
 
 
 



   63 

 

Figure 4.  The Dia2 protein binds replication origins.  A) Chromatin 

immunoprecipitation was performed on the Dia2-18Xmyc tagged strain and an untagged 

strain.  After formaldehyde crosslinking, cells were harvested and lysates prepared.  

Equal amounts of total protein were subjected to immunoprecipitation with anti-myc 

antibodies.  Chromatin bound during the reaction was isolated and crosslinks were 

reversed prior to PCR analysis.  Primers specific to ARS305 (an early-firing origin), 

ARS603 (a late-firing origin) and ATP11 (a non-origin control) were used for PCR.  B) 

Skp1 and Cdc53 bind origins. Chromatin immunoprecipitation was performed as in (A) 

using anti-Skp1 and anti-myc antibodies in a wildtype strain carrying a Cdc53-myc 

tagged vector.  C) Dia2 binds replication origins in a cell cycle dependent manner.  

Chromatin immunoprecipitation was performed as in (A) except that cells were arrested 

in G1-, S- and M-phase by treatment with alpha factor, HU and nocodazole, respectively.  
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Figure 5. dia2 mutants are hypersensitive to DNA damage. A) The dia2 cdc13-1 strain 

exhibits greater loss of viability than the cdc13-1 strain.  The indicated strains were 

incubated at 37°C for the indicated times.  Cells were then plated on rich media and 

incubated at room temperature until colonies formed.  Colony counts are expressed as a 

percentage using the 0 time point as 100%.  Error bars indicate the standard deviation of 

at least 3 experiments.  B) dia2 mutants are sensitive to MMS.  Serial dilutions of the 

indicated strains were spotted onto selective media containing the indicated amounts of 

MMS and incubated at either 25°C or 30°C. 
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Figure 6.  The dia2 mutant accumulates Rad52-YFP foci.  A) WT, dia2 and mec1 sml1 

strains containing Rad52-YFP were grown to log phase in rich media and then examined 

by fluorescence and DIC (differential interference contrast) microscopy.  Arrows point to 

examples of foci.  Equal exposure times were used for all strains.  The scale bar indicates 

5 mm.  B) The dia2 mutant accumulates Rad52-YFP foci in S and M phases.  The 

number of Rad52 foci and bud morphology as a measure of cell cycle stage were counted 

in cells treated as in A.  At least 150 cells were counted per strain. Error bars indicate the 

standard deviation of at least 3 experiments.  C) The F-box mutant accumulates Rad52 

foci in S and G2/M phases. The number of Rad52 foci and bud morphology as a measure 

of cell cycle stage were counted in cells treated as in (A) except that the cells were grown 

in selective media to maintain the appropriate plasmid.  At least 150 cells were counted 

per strain. Error bars indicate the standard deviation of at least 3 experiments. 
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Figure 7. Deletion of CLB5 and CLB6 alleviates the premature S-phase in dia2 cells and 

leads to decreased S-phase damage.  A) The early S-phase entry in dia2 is dependent on 

Clb5 and Clb6.  dia2, clb5 clb6 and dia2 clb5 clb6 cells were arrested in G1 with alpha 

factor and then released from arrest at 25°C.  Samples were taken at the indicated time 

points and used for flow cytometry.  B) The S-phase damage in dia2 cells is dependent 

on Clb5 and Clb6.  The number of Rad52 foci and bud morphology as a measure of cell 

cycle stage were counted in cells treated as in Figure 6.  At least 150 cells were counted 

per strain. Error bars indicate the standard deviation of at least 3 experiments. 
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Supplemental Material 

Materials and Methods 

Overexpression studies.  The galactose-inducible CLB4 and CLB5 constructs were gifts 

from S.J. Elledge (Harvard Medical School) and M. Tyers (U. Toronto), respectively.  

The galactose-inducible CLB6 construct was generated by amplification of the CLB6 

gene from genomic DNA using primers DK140 and DK141.  The resulting fragment was 

cloned into the Nde I and Bam HI sites of pUNI-10 to generate pDMK90.  

Protein expression.  Extracts were prepared using a TCA extraction method.  Cells were 

resuspended in 20% TCA and vortexed with glass beads.  Precipitated proteins were 

resuspended in Laemmli buffer and boiled prior to resolving by SDS-PAGE.  

Immunoblotting was performed with anti-myc (9E10) antibodies (Covance Research 

Products, Berkeley, CA) and anti-Pgk1 antibodies (Invitrogen Molecular Probes, 

Carlsbad, CA). 
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Koepp et al. Supplemental Table 1 

Supplemental Material Table 1. Primers used in this study 
Name Restriction site Sequence (5'-3') 
DK95 Nde I CGCCATATGTCGTATAAATTTATTACC 
DK96 Bam HI CGGGATCCCTATGAGTATGAATATGA 
DK97 Bam HI CGGGATCCGTAAAACGACTTCTGTTC 
DK98 Pst I GAGATACTGCAGACTTGT 
DK99 Pst I ACAAGTCTGCAGTATCTC 
DK100 Xho I CCCTCGAGCGATCTATCAATGGTTGG 
DK119B Nde I CCGCATATGGGAGAGAACCACGAC 
DK120 Bam HI GCGGGATCCCTACTTAAGATTAAATAG 
DK133  GCGCTTTTCCCTGTATTTAAAGCCGCTGAACACCTTTACTGAACAGGCCTCCTCTAGTA

CACTC 
DK134  AAAATGTAAAGAGTATGCGAATTCATGAGCATTACTAGTACTAATGCGCGCCTCGTTC

AGAATG 
DK140 Nde I CCGCCATATGAATTGTATCCCTAGTCC 
DK141 Bam HI CCGGATCCTCAACGTTTTTGTTTACAC 
DK142  TTGAAAATTATTATTCTCTGATATTCTCTCCCTCCTTTTAAATTTTTAAACTCAGGTATC

GTAAGATGCA 
DK143  ATGATATTTAAGATGCAGGGGGTTAGCTGGCTATAATTTTGATCTATGTTCACGTTGA

GCCATTAGTATC 
DK148  TGGTGCCAAGTTGAATTCATTGCCAACTAAATGAGTTTT 
DK149  ACTGATTTAGTTGGCAATGAATTCAACTTGGCACCAATA 
DK176 Xho I CTCGAGTTGCCGATAGAATACTACC 
DK359 Nco I CCATGGATGAGTATGAATATGAATTA 
ATP11-1  CATTATGCGCTGTGATTCCTGTC 
ATP11-2  GTGGCCTTGCAAATTCCTGGTGTAG 
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S. Figure 1. The 18Xmyc-tagged Dia2 allele is functional.  A) Dia2-18Xmyc rescues the 

cold-sensitive and HU-sensitive defects of the dia2 allele.  Serial dilutions of the 

indicated diploid strains were spotted on rich media containing the indicated amounts of 

HU and were incubated at 25°C.  B) Expression of the 18Xmyc-tagged Dia2 protein.  

Whole cell extracts of Y80 and the Dia2-18Xmyc strain were subjected to 

immunoblotting using anti-Myc antibodies.  The 18Xmyc tagged Dia2 protein exists as 

two major forms.  Anti-Pgk1 antibodies were used as a loading control. C) The Dia2 F-

box deletion mutant does not bind Skp1.  Skp1 was immunoprecipitated as described in 

the Materials and Methods section from cells expressing either wildtype Dia2 or the F-

box mutant tagged with 18 myc epitopes. 
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S. Figure 2. Overexpression of CLB5 and CLB6 is toxic to dia2 cells.  WT and dia2 cells 

transformed with galactose-inducible vectors expressing CLB4, CLB5 and CLB6 were 

grown on selective media containing galactose at 30°C.  All strains grew on selective 

media containing glucose (data not shown).   

 

 
S. Figure 3.  Skp1 associates with ARS603 in nocodazole-arrested cells.  Chromatin 

immunoprecipitation was performed as described in Materials and Methods. 
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CHAPTER III 

 

Yra1 Is Required for S Phase Entry and Affects Dia2 

Binding to Replication Origins 

 

Chapter Summary 
 The Saccharomyces cerevisiae F-box protein Dia2 is important for DNA replication 

and genomic stability. Using an affinity approach, we identified Yra1, a transcription-

coupled mRNA export protein, as a Dia2 interaction partner. We find that yra1 mutants 

are sensitive to DIA2 expression levels.  Like Dia2, Yra1 associates with chromatin and 

binds replication origins, suggesting that they may function together in DNA replication. 

Consistent with this idea, Yra1 and Dia2 co-immunoprecipitate with Hys2, a subunit of 

DNA polymerase .  The C-terminus of Yra1 is required to interact with Dia2.  A yra1 

mutant that lacks this domain is temperature-sensitive yet has no apparent defect in RNA 

export. Remarkably, this mutant also fails to enter S phase at the non-permissive 

temperature. Significantly, other mutants in transcription-coupled export do not exhibit S 

phase entry defects or sensitivity to DIA2 expression levels. Together, these results 

indicate that Yra1 has a role in DNA replication distinct from its role in mRNA export.  

Furthermore, Dia2 binding to replication origins is significantly reduced when 

association with Yra1 is compromised, suggesting that one aspect of Yra1’s role in DNA 

replication may involve recruiting Dia2 to chromatin. 
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Introduction 

The ubiquitin proteasome system plays an important role in mediating a wide variety 

of cellular process including cell division and DNA replication and repair.  Members of 

the highly conserved SCF (Skp1/Cdc53/F-box protein) ubiquitin ligase family are 

involved in controlling cell proliferation by regulating the ubiquitin-mediated proteolysis 

of key cell cycle regulators (28, 50, 84, 110, 159, 160, 167, 180, 191).  SCF complexes 

are modular ubiquitin ligases whose specificity is determined by individual F-box 

proteins, which act as substrate-specific adapters (50, 159).  Many F-box proteins have 

been identified in both humans and model eukaryotic systems, suggesting that SCF 

pathways are a highly conserved mechanism for controlling protein function.   

In Saccharomyces cerevisiae, the F-box protein Dia2 has been linked to DNA 

replication and genomic stability. The dia2 mutant is hypersensitive to DNA damage, 

exhibits chromosome loss and rearrangement and accumulates DNA damage foci (15, 83, 

128). Two large-scale genomic analyses have identified many synthetic interactions 

between dia2 and mutants involved in DNA replication, replication checkpoint 

signaling, DNA damage and DNA repair, suggesting that Dia2 functions in one or more 

of these pathways (15, 128).   The Schizosaccharomyces pombe Pof3 protein is 

structurally and functionally related to Dia2 (76).  The pof3 mutant also exhibits genomic 

instability, sensitivity to DNA damage and synthetic interactions with checkpoint genes 

(76, 107), suggesting that the function performed by Dia2 and Pof3 is evolutionarily 

conserved.  

The mechanistic role that Dia2 performs in DNA replication is not known. We have 

found that Dia2 associates with origins of replication in a cell cycle-dependent manner, 
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suggesting that Dia2 may regulate DNA replication as a chromatin-bound protein (83).  

Recent work suggests that Dia2 may play a role in helping replication complexes traverse 

the replication fork barrier at the rDNA locus (15).  A third possibility is that Dia2 may 

link DNA replication with sister chromatid cohesion as Dia2 shows genetic interactions 

with the anaphase inhibitor Pds1 and Ctf4, a protein that binds DNA polymerase and is 

important for sister chromatid cohesion (128, 148). Intriguingly, Pof3 interacts with 

Mcl1, the S. pombe homolog of Ctf4 (107). 

Dia2 is a bona fide F-box protein in that it assembles with Skp1, Cdc53 and Rbx1 

into a functional SCF ubiquitin ligase complex (66, 83, 84, 88).  Presumably the role of 

Dia2 in DNA replication involves targeting a substrate protein for ubiquitination, but no 

replication-specific targets have been identified.  Indeed, little is known about Dia2 

interaction partners in general, regardless of whether they might be ubiquitination targets.  

A large-scale proteomic analysis identified a few replication proteins and a large number 

of proteins involved in ribosome biogenesis as interaction partners of Dia2 (66), but the 

relevance of these interactions has recently been called into question (15).  

Using an affinity-based approach, we have identified Yra1 as a new Dia2 interaction 

partner.  We demonstrate that endogenous Yra1 and Dia2 co-immunoprecipitate, 

confirming the validity of the affinity screen.  Furthermore, we find that a fraction of both 

Yra1 and Dia2 protein populations behave as classically defined chromatin-bound 

proteins.  Although Yra1 has been extensively studied for its role in transcription-coupled 

mRNA export [TREX] (65, 69, 94, 95, 165, 168, 194, 195), we present evidence that 

Yra1 also has a role in DNA replication.  Previous studies have found that yra1 mutants 

are sensitive to the DNA replication inhibitor hydroxyurea (75) and that Yra1 contributes 
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to the genomic stability of transcribed sequences (142), but it is not clear if these 

observations are the result of a direct role in DNA replication or are secondary effects of 

Yra1’s function in mRNA export.  We find that Yra1 binds replication origins and a 

subunit of DNA polymerase The association of Yra1 with origins occurs even after 

treatment with RNase A/T1 and inhibition of transcription.  Importantly, we show that a 

yra1 mutant that lacks 17 amino acids at the C-terminus, which has been shown to be 

competent for mRNA export (194), is defective in S phase entry.  Significantly, other 

TREX mutants do not exhibit S phase entry defects or sensitivity to DIA2 overexpression. 

Together, these results indicate that Yra1’s role in DNA replication is distinct from its 

role in mRNA export.  In addition, the yra1 C-terminal truncation mutant is defective in 

binding Dia2.  Furthermore, Dia2 association with replication origins is severely 

compromised in this mutant, suggesting that Yra1 may recruit Dia2 to chromatin. 
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Materials and Methods 

Generation of strains and constructs 

 Saccharomyces cerevisiae strains used in this study are described in Table 1.  

Yeast were maintained and cultured according to standard methods (Rose, 1990).   

Plasmids yra1-1 (gift of Ed Hurt, Heidelberg University), HA-YRA1, HA-yra1RBD and 

HA-yra1-210 (gifts of Françoise Stutz, University of Geneva) were transformed into 

yra1 (DKY456) and dia2yra1 (DKY460) strains carrying a CEN URA3 YRA1 

plasmid. The transformants were then incubated on 5-FOA plates to generate DKY457, 

DKY458, DKY 459, DKY479 and DKY480 respectively.  The strains OAY535 (HA-

MCM4) and OAY617 (HA-CDC45) were provided by Anja K. Bielinksy (University of 

Minnesota).  The pRS404-3HA-HYS2 plasmid (gift of Anja K. Bielinksy, University of 

Minnesota) was linearized with EcoRI, gel purified and transformed into DKY456 and 

DKY408 to generate DKY473 and DKY505, respectively. The HYS2-HA integration and 

expression was verified by western blotting.  The sub2 alleles were provided by Christine 

Guthrie (University of California, San Francisco).  The CLB2-HA construct was obtained 

from Mike Tyers (Samuel Lunenfeld Research Institute). The DIA2 overexpression 

construct, pACK123, was generated by PCR amplification using primers LM31 and 

DK96 (Table 2) and digested with Sal I and Bam HI. The resulting fragment was cloned 

into the Sal I and Bam HI sites of p1223 (100). 

Protein purification and mass spectrometry 

 The GST-Dia2 expression vector was generated by moving the Nde I – Bam HI 

insert from pDMK107 (83) into p1205 (100).  Protein was expressed in the E. coli strain 

BL21 (DE3).  Cells were grown in 4 L of LB at 37°C until O.D.600 of 0.7 and then 
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induced with 0.5 mM IPTG at 25°C overnight.  Cells were lysed by sonication in lysis 

buffer (100 mM NaCl, 50 mM Tris-HCl pH 8.0, 2.5 mM EDTA, 0.1% Tween-20, 1 mM 

PMSF with CompleteTM protease inhibitors (Roche)).  Lysed cells were centrifuged at 

10,000 rpm in a Sorvall SS-34 rotor for 30 min at 4°C.  Supernatant was incubated for 4 

hours at 4°C with rotation with 1 mL GT-Sepharose (Amersham Pharmacia) equilibrated 

with lysis buffer.  GT-Sepharose was washed three times with 10 volumes of lysis buffer 

prior to elution.  GST-Dia2 was eluted in three successive incubations with 1 vol each of 

lysis buffer containing 15 mM glutathione.  Eluted GST-Dia2 was desalted on a BioGel-

P6 column (3 vol, BioRad) using 50 mM HEPES/KOH pH 7.6, 0.5 mM KCl.  The GST-

Dia2 protein was coupled to Affigel-10 (BioRad) according to the manufacturer’s 

instructions. 

To prepare yeast extracts, 2 L of logarithmically growing yeast cells were incubated 

overnight at 30°C.  Cells were treated with 100 mM Tris-HCl pH 9.2, 10 mM DTT for 15 

min at 30°C prior to spheroplasting.  Spheroplasts were generated by incubating cells in 1 

M sorbitol, 50 mM Tris-HCl pH 7.5, 50 mM MgCl2, 50 mM CaCl2 and 1.1 mg 

zymolyase 100T per g of wet cells for 30 min at 30°C.  Spheroplasts were washed once 

in 1 M sorbitol and then centrifuged through a cushion of 2 M sorbitol at 3500xg for 15 

min at 4°C.  Spheroplasts were resuspended in 125 mM KOAc, 30 mM HEPES/KOH pH 

7.2, 3 mM EDTA, 3 mM EGTA, 2 mM DTT, 0.5 mM PMSF and 10 g each of 

pepstatin, aprotinin and leupeptin and then dropped into liquid nitrogen in a pre-cooled 

mortar.  Cells were ground with a pestle while in liquid nitrogen.  Lysed cells were 

thawed and centrifuged at 100,000xg for 45 min at 4°C.  The supernatant was desalted on 
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a Biogel-P6 column (BioRad) using 50 mM Tris-HCl pH 8.0, 150 mM KCl, 0.5 mM 

DTT and 0.5 mM PMSF.   

The GST-Dia2 column was equilibrated with 10 vol of 50 mM Tris-HCl pH 8.0, 150 

mM KCl, 0.5 mM DTT and then loaded with the yeast extract.  After binding, the column 

was washed with 10 vol of 50 mM Tris-HCl pH 8.0, 150 mM KCl, 0.5 mM DTT.  Bound 

proteins were eluted using a step gradient of KCl, beginning at 0.2 M.  Eluted proteins 

were precipitated with 3% TCA and resuspended in loading buffer prior to resolution by 

SDS-PAGE.  Gels were stained with Coomassie Blue and proteins were prepared for 

mass spectrometry as described (186). 

Co-Immunoprecipitations 

 Preparation of lysates was adapted from Ricke and Bielinsky, 2004. 50 ml of 

logarithmically growing yeast culture was harvested and cells were lysed in ChIP lysis 

buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X100, 

0.1% sodium deoxycholate, protease inhibitors (1mM PMSF and CompleteTM protease 

inhibitors (Roche)) by vortexing with glass beads for 40-60 minutes at 4°C. After the 

addition of 1mM PMSF, the samples were subjected to sonication 3 times for 10 seconds 

each. The lysates were recovered after 2 centrifugation steps, one for 20,000xg for 10 

minutes at 4°C followed by 20,000xg for 15 minutes at 4°C. For DNase treatment of 

lysates, samples were incubated with 100 KU of DNase I for 45 min on ice.  Anti-Myc 

(9E10) antibodies (Covance Research Products, Inc., Berkeley, CA), anti-HA (HA.11) 

antibodies (Covance Research products, Inc., Berkeley, CA) and IgG sepharose beads 

(Amersham) were used for immunoprecipitation. For experiments with HA-Hys2 and 

ProteinA-Yra1 from non-crosslinked samples, lysates were desalted on a Centricon-10 
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column (Millipore) using NETN (100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 8.0, 

0.5% Ige-pal plus 1 mM PMSF, CompleteTM protease inhibitors (Roche), 10 mM NaF, 25 

mM -glycerophosphate).  Immunoprecipitates were incubated 4 h to overnight at 4°C 

with rotation and then washed three times with 10 vol of NETN.  For experiments with 

cross-linked proteins, samples were treated with formaldehyde and lysed as described for 

chromatin immunoprecipitations. Immunoprecipitates from formaldehyde-treated 

samples were washed twice in ChIP lysis Buffer, once with ChIP lysis buffer containing 

500 mM NaCl and once with 10mM Tris pH 8.0, 0.25M LiCl, 0.5% Igepal, 0.5% sodium 

deoxycholate.  Anti-Myc (9E10) and anti-HA (HA.11) antibodies (Covance Research 

Products, Inc., Berkeley, CA) and HRP-conjugated anti-mouse antibodies (Jackson 

Immunoresearch, Inc. West Grove, PA) were used for immunoblotting.  

Chromatin Fractionation Assay 

 Chromatin fractionation was performed as described (98), with the following 

modifications.  Strains were grown to ~2x107 cells/ml and 1x109 total cells were 

collected.  Cells were washed twice with 1X phosphate buffered saline (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) and incubated in 1 ml SNH 

buffer (400 mM Sorbitol, pH 7.5, 150 mM NaCl, 50 mM HEPES) with 10 mM DTT for 

10 minutes.  Cells were resuspended in 2 ml SNH + 10 mM DTT and spheroplasted with 

1 mg Zymolyase -20T (ICN Biomedicals, Inc). Spheroplasting was complete when a 

1:100 dilution in water at OD600 was less than 10% of original value.  Spheroplasts were 

washed with 1 ml SNH + 2.5 mM MgCl2, then resuspended in SNH pre-lysis buffer 

(SNH +50 mM NaF, 1X Complete Protease Inhibitor Cocktail (Roche), 1mM PMSF, 2.5 

mM MgCl2).  Spheroplasts were lysed by addition of Triton X-100 to 0.5% final 
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concentration, and incubated on ice with gentle agitation for 10 minutes to generate the 

whole cell extract (WCE).  WCE was separated into supernatant and pellet by 

microcentrifugation at 12,000 rpm for 10 min at 4ºC to generate soluble protein and crude 

chromatin pellet.  The pellet was washed and resuspended to a volume equal to the 

supernatant with SNH lysis buffer (SNH pre-lysis + 0.5% Triton X-100).  For 

micrococcal nuclease (MNase) treatment, the pellet from WCE centrifugation was 

resuspended to half volume with SNH lysis buffer.  The suspension was then incubated at 

37ºC for 2 min, after which 1 unit MNase (Sigma) and CaCl2 to 1 mM were added and 

the incubated at 37ºC for an additional 1 minute.  EGTA was added to a final 

concentration of 1 mM to halt the reaction, and the reaction microcentrifuged at 10,000 

rpm for 2 min at 4ºC.  The pellet was digested once more as above, with 0.2 units MNase.  

Supernatants were combined and mixed and the pellet was resuspended to starting 

volume with SNH lysis buffer.  Half of the MNase supernatant was centrifuged at 

100,000 x g in a Beckman TLA-100.3 rotor for 1 hour at 4ºC to generate high speed 

fractions.  The supernatant was removed and the pellet resuspended with SNH lysis 

buffer.  All pellet and supernatant fractions were brought to same cell equivalents by 

addition of SNH lysis buffer, and 1 volume of 2X Laemmli loading buffer added.  

Samples were boiled for 5 min and then microcentrifuged for 1 min prior to resolution by 

SDS-PAGE.   

Histone association assay  

 Extraction and immunoprecipitation (anti-Histone H3 (Abcam) of proteins for 

histone association assay was performed as described (140). Proteins resolved by SDS-

PAGE immunoblotts were probed with anti-HA (HA.11) antibodies (Covance Research 
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Products, Inc., Berkeley, CA) and HRP-conjugated anti-mouse antibodies (Jackson 

Immunoresearch, Inc. West Grove, PA). 

Chromatin Immunoprecipitation 

 Cultures of 50 mL logarithmically growing cells were harvested after cross-

linking with 1.35 mL of 37% formaldehyde for 15 minutes. Cross-linking was quenched 

by the addition of glycine to 125mM. The whole cell extract was prepared for chromatin 

immunoprecipitation in ChIP lysis buffer as described for Co-IPs (141).  Anti-HA 

(HA.11) antibodies (Covance Research Products, Inc., Berkeley, CA) and IgG sepharose 

beads (Amersham) were used for immunoprecipitation. The samples were washed twice 

in ChIP lysis Buffer, once with ChIP lysis buffer containing 500 mM NaCl, once with 10 

mM Tris pH 8.0, 0.25 M LiCl, 0.5% Igepal, 0.5% sodium deoxycholate and finally with 

1xTE. Formaldehyde cross-linking was reversed by heating the samples at 65°C for 6-12 

hours followed by phenol/chloroform extraction of DNA. ARS1, ARS305, ARS603 

primers (4), Intergenic and PMA1 promoter primers (adapted from (195) were used to 

amplify the immunoprecipitated DNA (Table 2).  RNase (RNaseA/T1 Cocktail, Ambion) 

treatment of samples for the ChIP protocol was performed as described (1).  

Logarithmically growing yeast cells were treated with 1,10-phenanthroline (100 g/ml 

final conc) for 2 h, to inhibit transcription before performing ChIP. Cell cycle arrest was 

induced by the addition of alpha factor, hydroxyurea (200mM), and nocadazole 

(15g/ml) respectively. Cells were harvested when 90% of cells exhibited appropriate 

arrest.    
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RNA extraction and RT-PCR 

 Total RNA from exponentially growing cells was isolated using RNeasy® Midi 

kit (Qiagen Ltd). Total RNA was incubated with RQ1 Rnase-free DNase (Promega) at 

37°C for 15 minutes. DNase-treated total RNA was recovered by acid phenol/chloroform 

(Ambion) extraction followed by ethanol precipitation. The RNA concentration and 

purity was calculated by measuring the absorbance at 260 and 280 nm before and after 

DNase treatment. 

1-2 g of total RNA was reverse transcribed using Oligo dT primers and Superscript II 

RT (Invitrogen) by incubating at 42°C for 1h. The reaction was terminated by incubation 

at 70°C for 15 minutes and then used as a template for PCR amplification.  

Flow cytometry 

 Cells were collected and fixed in 70% ethanol for at least 30 minutes and then 

resuspended in PBS (140 mM NaCl, 3 mM KCl, 5 mM Na2HPO4, 2 mM KH2PO4, 

pH7.4) + 0.02% sodium azide.  To prepare for flow cytometry, fixed cells were treated 

with FACS buffer (200 mM Tris-HCl, 20 mM EDTA + 0.1% RNAse A) overnight at 

37°C and then stained in 50 g/ml propidium iodide in PBS.  Prior to analysis, cells were 

diluted 10-fold in PBS and sonicated for 5 sec at 15% efficiency using a Sonic 

Dismembrator (Fisher Scientific, Pittsburgh, PA).  Data analysis was performed with the 

FlowJo v6.3.3 software and graphs generated using Deltagraph 5.0. 
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Results 

Dia2 interacts with Yra1 physically and genetically 

 To identify Dia2 interacting proteins, we used a biochemical affinity column 

approach.  We generated a recombinant GST-Dia2 fusion protein construct for expression 

in E. coli.  The purified GST fusion protein was coupled to Affi-gel-10 matrix and used 

as an affinity column for proteins extracted from a dia2 strain (Figure 1).   After 

washing in low salt buffer, proteins were eluted from the column with increasing amounts 

of KCl.  Eluted proteins were TCA precipitated, resuspended in loading buffer and 

resolved by SDS-PAGE.  At 500 mM KCl, a number of proteins were observed to elute 

from the column.  We used mass spectrometry to identify some of these proteins (186).  

One of the most prominent bands migrated just above the 25 kD marker (Figure 1) and 

was identified as Yra1 by three peptides, “LNLIVDPNQRPVK”, “EFFASQVGGVQR”, 

and “GQSTGMANITFK”. 

 To confirm that Dia2 and Yra1 interact with each other, we performed co-

immunoprecipitation experiments using our 18xMyc -tagged version of Dia2 (83) and an 

HA-tagged allele of YRA1 (194).    As shown in Figure 1B, HA-Yra1 co-

immunoprecipitates with Dia2-18xMyc.  Likewise, the reciprocal immunoprecipitation 

indicates that Dia2-18xMyc co-immunoprecipitates with HA-Yra1. The interaction is 

specific as no purification is observed when mock immunoprecipitations with normal IgG 

are performed. The larger Dia2 form, which is close to the predicted size, interacts 

preferentially with Yra1 in this assay.  We have observed a similar preference for 

interaction with the larger Dia2 form in anti-Skp1 immunoprecipitates (16). To determine 

whether DNA mediates the interaction between Dia2 and Yra1, we treated protein 
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extracts with DNase I prior to co-immunoprecipitation.  As shown in Figure 1C, HA-

tagged Yra1 still co-immunoprecipitates with myc-tagged Dia2 in extracts treated with 

DNase I.  We conclude that Dia2 and Yra1 physically interact, although whether this 

interaction is direct or is mediated by an intermediary protein remains to be established.  

 A straightforward explanation for the Dia2-Yra1 interaction is that Yra1 might be a 

substrate of the SCFDia2 complex.  To test this possibility, we examined Yra1 protein 

turnover in wildtype and dia2 cells using a protein stability assay (Figure 1D).  

Cycloheximide was added to the cells expressing HA-tagged Yra1 (165) at time 0 to stop 

protein synthesis.  The abundance of the Yra1 protein was determined by immunoblotting 

protein samples collected at 30-minute intervals for 2 hours.  Under these conditions we 

observe no change in the abundance of the Yra1 protein in either wildtype or dia2 cells.  

As a control, we used the mitotic cyclin Clb2.  As expected, HA-tagged Clb2 was 

unstable in both wildtype and dia2 cells.  We also examined Protein A-tagged Yra1 

abundance in cells in G1, S or M phase by immunoblotting samples from wildtype and 

dia2 cells arrested with alpha factor, hydroxyurea or nocodazole, respectively (Figure 

1E).  We observe no change in Yra1 abundance under these conditions as well, 

suggesting that Yra1 is not a proteolytic target of the SCFDia2 complex. 

 As Yra1 has well-documented roles in transcription-coupled mRNA export (69, 94, 

95, 165, 168, 194, 195) and Dia2 has been linked to DNA replication (15, 83, 128), we 

were puzzled as to why they might be in a complex together. To investigate the potential 

role of the Dia2-Yra1 interaction, we used a number of available yra1 mutants that 

exhibited different phenotypes (Figure 2A). The temperature-sensitive yra1-1 allele 

exhibits an mRNA export defect as measured by an in situ hybridization assay for poly 
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A+ RNA (165).  The yra1-1 mutant carries five point mutations, two of which are in the 

conserved central RBD domain and two of which are in a C-terminal motif called the C-

box (165).  The RBD motif, also called a RRM domain, is found in many RNA-binding 

proteins (108). The ability of Yra1 to bind RNA in vitro has been mapped to two 

domains, an N-terminal region following the N-box and a C-terminal region upstream of 

the C-box (194).  The yra1 RBD mutant has the RBD domain deleted in frame whereas 

the C-box is deleted in the temperature-sensitive yra1 1-210 mutant.  The yra1 RBD 

mutant and the yra1 1-210 mutant exhibit indistinguishable binding to RNA in vitro and 

to an mRNA export partner protein, Mex67, when compared to wildtype Yra1 (194).  

However, they exhibit striking differences in growth at 37°C and in the export of poly A+ 

RNA from the nucleus (194). The yra1 RBD mutant exhibits an mRNA export defect at 

37°C but is viable at this temperature, whereas the yra1 1-210 strain shows a dramatic 

growth phenotype but does not exhibit an mRNA export defect (194).  These 

observations suggested that Yra1 might have an additional function. 

 We crossed the yra1 mutants with a dia2 strain covered by a DIA2 URA3 plasmid, 

induced sporulation of the resulting diploid, dissected tetrads and recovered the 

appropriate double mutant strains.  We then tested these strains for growth on media 

containing 5-FOA to examine what happened to the cells when both DIA2 and YRA1 

were mutated.  We observed that the dia2 yra1-1 and the dia2 yra1 1-210 strains were 

inviable (Figure 2B). The dia2 yra1 RBD strain was viable but exhibited slower 

growth than the yra1 RBD strain alone.  We also overexpressed DIA2 in each of the 

yra1 mutants.  We found that overexpression of DIA2 induced lethality in the yra1-1 and 

yra1 1-210 strains at their permissive temperature, whereas the effect of overexpression 
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of DIA2 in the yra1 RBD strain was only moderate (Figure 2C).  Thus, the strongest 

genetic interactions were observed between the dia2 and the yra1-1 and yra1 1-210 

mutants.  Both of these mutants are temperature-sensitive, but they exhibit different 

effects on mRNA export, suggesting that the role of Yra1 shared with Dia2 does not 

involve mRNA export. 

Yra1 associates with chromatin and replication origins  

 As Dia2 is linked to DNA replication and genomic stability, it is possible that the 

Dia2-Yra1 interaction is important for these pathways.  There are a number of reports 

that suggest Yra1 can bind chromatin in chromatin immunoprecipitation assays (1, 95) 

and since Dia2 binds replication origins (83), the interaction between these proteins 

might involve chromatin.  To verify that Yra1 is chromatin-bound, we used two assays: a 

histone association assay (141) and a classic chromatin fractionation assay (98).  The 

histone association assay is similar to chromatin immunoprecipitation, such that cross-

linked proteins are immunoprecipitated with anti-histone H3 antibodies. After reversal of 

the crosslinks, immunoprecipitated proteins are resolved by SDS-PAGE and 

immunoblotted.  As shown in Figure 3A, HA-Yra1 is efficiently immunoprecipitated in 

this assay as is myc-tagged Dia2.  The results of the chromatin fractionation are shown in 

Figure 3B. As expected, a substantial amount of both Yra1 and the positive control 

protein Mcm4, a component of the Mcm2-7 replicative helicase complex, are released 

into the supernatant upon micrococcal nuclease treatment and then found in the 

chromatin pellet fraction after ultracentrifugation.  Similar results are observed with the 

Dia2 protein. Together, our results confirm that Yra1 and Dia2 associate with chromatin. 
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 We used chromatin immunoprecipitation to determine whether Yra1 binds replication 

origins as Dia2 does.  We found that Yra1 binds ARS305, ARS1 (early-firing) and 

ARS603 (late-firing) sequences in a crosslinker-dependent manner (Figure 4A).  As has 

been previously shown, Yra1 does not co-precipitate with DNA sequences from the 

PMA1 promoter or an intergenic region from chromosome IV (195), indicating that the 

interaction with replication origins is specific.  

 As Yra1 has been previously shown to immunoprecipitate with the 3’ end of actively 

transcribed genes in preparation for RNA processing and export (95) and since many 

origins of replication are in highly transcribed areas of the genome, we sought to 

determine whether Yra1 association with origins was dependent on transcription. Using 

an assay described by Abruzzi et al., 2004, we determined that the binding of Yra1 to 

ARS305 and ARS603 is resistant to RNase A/T1 treatment (Figure 4B).  We examined 

Yra1 association with origins in the presence of 1,10-phenanthroline, a metal ion chelator 

that inhibits RNA polymerases in S. cerevisiae (56).  As shown in Figure 4C, treatment of 

cells with 1,10-phenanthroline has no effect on the binding of Yra1 to ARS1 and ARS603 

sequences (Figure 4C, top panel).  To verify that the 1,10-phenanthroline inhibited 

transcription as reported (56), we assayed the abundance of the unstable RPL8B transcript 

by reverse transcription-PCR, using the ACT1 transcript (actin) as a control (Figure 4C, 

bar graph). We quantified the results of these experiments, expressing the abundance of 

the RPL8B transcript as a percentage where the untreated sample is arbitrarily set to 

100%.   By this analysis, we observe a four-fold decrease in the abundance of the RPL8B 

transcript after treatment with 1,10-phenanthroline, which is similar to the decrease 

previously described (56).  Together, these results suggest the Yra1 association with 
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origins is not simply a mere coincidence due to its recruitment to transcriptionally active 

genes. 

 We examined Yra1 association with origins during G1, S and M phases using 

chromatin immunoprecipitation from cells arrested with alpha factor, hydroxyurea or 

nocodazole, respectively.  Yra1 showed association with the early origin ARS305 and the 

late origin ARS603 in cells arrested in all three phases, although binding during G1 may 

be reduced (Figure 4D).  Similar results were observed with early origin ARS607 and late 

origin ARS501 (data not shown).  Interestingly, the association of Dia2 with origins is 

strongest in M phase (83), indicating that Dia2 and Yra1 may interact on chromatin at 

this time.  

A role for Yra1 in DNA replication 

 Given the association of Yra1 with Dia2 and replication origins, we asked whether 

Yra1 might bind other origin-binding proteins involved in DNA replication.  We 

generated strains co-expressing Protein A-tagged Yra1 with either HA-tagged Cdc45, 

required for DNA replication initiation, or HA-tagged Hys2, a component of DNA 

polymerase , to use in co-immunoprecipitation experiments (5).  We performed these 

co-immunoprecipitation experiments using protein samples from either untreated (Figure 

5A) or formaldehyde-crosslinked cells (Figure 5B).  We observed immunoprecipitation 

of HA-Hys2 with Protein A-Yra1 purified with IgG sepharose in both crosslinked and 

non-crosslinked samples (Figure 5A and 5B).  HA-Hys2 did not independently bind to 

the IgG sepharose in either situation, indicating that this reaction was dependent on Yra1.  

Furthermore, we observed no interaction between Cdc45 and Yra1 in either situation 

(Figure 5A, results from crosslinked samples not shown), suggesting that Yra1 does not 
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promiscously interact with HA-tagged proteins. We also examined whether Dia2 might 

interact with Hys2 using co-immunoprecipitation (Figure 5C).  Intriguingly, a fraction of 

the Dia2 protein population also co-purified with HA-Hys2, suggesting that Yra1, Dia2 

and Hys2 may function together in a complex. 

 To determine if yra1 mutants exhibited defects in DNA replication, we performed 

two types of synchronization experiments.  In the first, we arrested cells in late G1 phase 

by alpha factor treatment, released the cells from the arrest at 36°C and examined 

samples at 30-minute intervals by flow cytometry to assay entry into S phase.  As shown 

in Figure 6A, both yra1-1 and yra1 1-210 mutants exhibit defects in S phase entry 

whereas the yra1 RBD mutant enters S phase indistinguishably from wildtype cells.  No 

obvious defects in S phase entry were observed at the permissive temperature in any of 

the mutants (data not shown).  To determine if the yra1 mutants were also defective for S 

phase progression, we released alpha-factor arrested cells into media containing 

hydroxyurea at the permissive temperature to allow them to enter early S phase.  After 2 

hours, the cells were released from HU arrest at 36°C and samples collected at 30-minute 

intervals were prepared for flow cytometry.   In this case, all four strains renewed 

progression through S phase at approximately the same rate (Figure 6B).  As a 

comparison, we performed the same experiments with the dia2 strain and observed no 

defects in S phase entry or progression. These results suggest that Yra1 has a role in S 

phase initiation but not in S phase progression.   

 To determine if the role of Yra1 in DNA replication was linked to the function of the 

TREX complex, we examined conditional alleles of another TREX subunit, Sub2 (69, 80, 

166, 195). The sub2-1 allele is temperature-sensitive and cold-sensitive, whereas the 
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sub2-5 allele is cold-sensitive (80).   Unlike yra1 mutants, neither sub2 allele was 

sensitive to the overexpression of DIA2 (Figure 7A).  Furthermore, neither sub2 mutant 

exhibited S phase entry (Figure 7B) or S phase progression defects (Figure 7C).  These 

results strongly suggest that Yra1’s role in DNA replication is independent of the role of 

the TREX complex.   

Yra1 is important for Dia2 origin association  

 Intriguingly, the two yra1 mutants that are defective in S phase entry have mutations 

at the C-terminus of the Yra1 protein, in the C-box.  In addition, these mutants exhibit the 

most sensitivity to DIA2 expression levels.  We thus sought to determine if the C-box is 

important for binding to Dia2.  We generated strains expressing Dia2-18xMyc and the 

HA-tagged yra1 mutant alleles and used them in co-immunoprecipitation experiments.  

The protein levels of the yra1 1-210 and yra1 RBD mutants are indistinguishable from 

wildtype HA-Yra1 (194). The yra1 1-210 mutant is severely compromised in binding 

myc-tagged Dia2 whereas the yra1 RBD mutant still binds Dia2, although perhaps not 

quite as well as wildtype Yra1 (Figure 8B). Similar results are observed in both 

asynchronous and nocodazole-arrested cultures.  We observe no difference in the ability 

of the HA-tagged proteins to be immunoprecipitated with anti-HA antibodies, indicating 

that the failure to co-purify Dia2 is a result of impaired binding to the Yra1 1-210 protein.  

These results indicate that the C-box is important in Yra1 association with Dia2.   

 Finally, we examined whether Dia2 could still bind replication origins when Yra1 

association is compromised.  We performed chromatin immunoprecipitation of myc-

tagged Dia2 in the yra1 1-210 mutant using both asynchronous and nocodazole-arrested 

cultures.  As shown in Figure 8C, Dia2 origin association is compromised in the yra1 1-
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210 mutant background in both asynchronous and nocodazole-arrested cells, although it 

is competent to bind in the yra1 RBD mutant background under these conditions.   

Together, these results suggest that Yra1 is required to recruit Dia2 to replication origins. 
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Discussion 

 The results of our study support two main conclusions: 1) Yra1 has a role in DNA 

replication that is distinct from its role in mRNA export, and 2) Yra1 binding to Dia2 is 

important for Dia2 association with replication origins. 

Yra1 functions in DNA replication 

 Previous work has suggested the possibility of a role for Yra1 in S phase but it has 

been difficult to determine whether the results observed were an indirect result of Yra1’s 

role in mRNA export.  For example, the yra1-2 mutant has been shown to be sensitive to 

hydroxyurea (75).  Yra1 is part of the TREX complex, which bridges transcription and 

mRNA export (166).  TREX subunits have been shown to be important for the 

maintenance of genomic stability of transcribed sequences (142).  Recent work indicates 

that mutants in the TREX subunit called Hpr1 lead to disrupted transcription and mRNP 

biogenesis that inhibits the movement of replication forks through areas of the genome 

undergoing transcription during S phase (190).  As Yra1 is a member of the TREX 

complex, it is possible that yra1 mutants could also lead to defective mRNP biogenesis 

that disrupts DNA replication.  This might explain the replication defects that we observe 

in yra1 mutants.  However, we show that mutants in another TREX subunit, Sub2, do not 

exhibit S phase entry defects.  Moreover, in such a role, we predict that Yra1 would be 

important for S phase progression and not necessarily S phase entry.  Rather, our results 

suggest that the opposite is the case; that Yra1 is important for S phase entry but is not 

essential for S phase progression. Therefore, we think this possibility is unlikely.   

 All evidence to date suggests that the yra1 1-210 mutant is competent for mRNA 

export, yet we observe an S phase entry phenotype with this mutant. The yra1 1-210 
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mutant does not accumulate poly A+ RNA in the nucleus at the non-permissive 

temperature (194).  In addition, the yra1 1-210 mutant behaves indistinguishably from 

wildtype Yra1 in its ability to bind RNA in vitro and to associate with the Mex67 mRNA 

export protein (194). In principle, it is possible that the yra1 1-210 mutant is defective in 

the export of a subset of mRNAs at sufficiently low abundance that they cannot be 

detected by in situ hybridization and that this defect causes the S phase entry phenotype 

that we observe.  However, in this situation we would expect the C-box to be important 

for binding such RNAs and no RNA-binding activity has been identified for the C-box 

domain (194).  

 A simpler interpretation of our results is that the functions of Yra1 in mRNA export 

and DNA replication are genetically separable.  We demonstrate that two yra1 

temperature-sensitive mutants, yra1-1 and yra1 1-210, with distinct mRNA export 

phenotypes exhibit defects in S phase entry from an alpha factor arrest.  Intriguingly, both 

mutants have mutations in the C-box.  The yra1 1-210 mutant is a complete deletion of 

the C-box and the yra1-1 mutant has two point mutations in this domain.  Interestingly, 

these mutations in yra1-1 appear to be largely responsible for the temperature-sensitive 

phenotype (165), which is consistent with the severe growth defect of the  yra1 1-210 

mutant (194).   Indeed, these results suggest that the essential function of Yra1 may be in 

DNA replication. 

Other RNA-binding proteins have been suggested to play roles in DNA synthesis and 

S phase.  In humans, the DNA- and RNA helicase UPF1 has shown to function in 

maintaining genomic stability by contributing to DNA replication and cell cycle 
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progression (6). In addition, transcriptional complexes are suggested to be critical 

determinants in proper initiation and progression of DNA replication (171). 

 The results presented here likely provide clues to the specific role Yra1 plays in DNA 

replication.  Our results suggest that Yra1 functions on chromatin at replication origins. 

The observation that Yra1 associates with Hys2, a component of DNA pol , coupled 

with the requirement for Yra1 for S phase entry suggests that Yra1 may function at the 

transition from initiation to DNA synthesis. Since Yra1 still binds origins after treatment 

of lysates with RNaseA/T1, it is unlikely that RNA serves as an intermediate for the 

association with chromatin, although we cannot rule out the possibility that an RNA 

transcript is protected from digestion by blocking proteins. As Yra1 does not appear to 

associate with Cdc45, a helicase co-factor important for loading DNA polymerases  and 

 at the origin (12), it is possible that Yra1 interacts with only a subset of proteins found 

at the origin during the transition to DNA synthesis. 

Yra1 is important for Dia2 origin association 

 Our data imply that Dia2 and Yra1 function in the same pathway.  Mutants in YRA1 

and DIA2 exhibit synthetic defects, which is typically associated with function in the 

same or parallel pathways.  Since Yra1 and Dia2 physically interact, they likely function 

together in the same pathway.   As both proteins associate with chromatin and with 

replication origins, it is probable that they function together on chromatin.   We 

demonstrate that the C-box of Yra1 is required to interact efficiently with Dia2 and that 

when Dia2 binding to Yra1 is compromised so is its ability to bind replication origins.  

Thus, Yra1 may a have role in recruiting Dia2 to replication origins.  
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One possibility is that Yra1 might recruit SCFDia2 to replication origins to target an 

unknown substrate for ubiquitination. Yra1 itself is unlikely to be a substrate of SCFDia2 

as we observe no changes in Yra1 protein stability in dia2 mutants nor do we observe 

any obvious modified forms of Yra1.  Finding common interaction partners of Dia2 and 

Yra1 may be key to determining how they function together.  Large-scale proteomic 

analyses have not yet identified any common interaction partners of Dia2 and Yra1, but 

we find that both can immunoprecipitate with Hys2 (66, 86). We look forward to future 

studies examining further the composition of Dia2 and Yra1 complexes. 

 The roles that Dia2 and Yra1 play in DNA replication do not appear to be equivalent 

as the yra1 temperature-sensitive mutants and the dia2 strain exhibit different S phase 

entry phenotypes.  We show here that yra1 mutants are defective for S phase entry.  In 

contrast, dia2 mutants have been suggested to prematurely enter S phase (83) or to be 

defective in replication fork progression through the replication fork barrier at the rDNA 

locus (15).  Thus, the role Yra1 plays in DNA replication encompasses functions in 

addition to recruiting Dia2 to replication origins. 

 Chromatin structure is likely to have a significant impact on DNA replication and a 

number of chromatin-remodeling complexes have been suggested to play a role in DNA 

replication (reviewed in (49)).  We show here that a fraction of both the Yra1 and Dia2 

protein populations behave as classically defined chromatin proteins.  Furthermore, Yra1 

has been shown to associate with chromatin at locations other than replication origins (1, 

95, 195).  In addition, a large scale proteomic screen has identified a number of proteins 

involved either in chromatin modification or DNA replication as interaction partners of 

Yra1 (86).  Perhaps Yra1 has a general role in the assembly of complexes on chromatin 
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that may explain its function in DNA replication.  Future work will be necessary to 

mechanistically define the role of Yra1 in DNA replication.   

In conclusion, we have identified Yra1 as a protein that interacts both physically and 

genetically with the F-box protein Dia2.  We demonstrate that both Dia2 and Yra1 are 

chromatin-associated proteins that bind replication origins.  Importantly, we find that 

Yra1 has a novel role in DNA replication distinct from its role in mRNA export.  Yra1 

and Dia2 bind to a DNA pol subunit and yra1 mutants are defective for S phase entry, 

including a temperature-sensitive allele that is competent for mRNA export.  

Significantly, other TREX mutants do not exhibit S phase entry defects or sensitivity to 

DIA2 overexpression.  Yra1 may recruit Dia2 to chromatin as the yra1 C-terminal 

truncation mutant exhibits reduced binding to Dia2 and Dia2 origin association is 

compromised in this mutant.  Together, these results broaden our understanding of S 

phase entry and the dynamics of chromatin-associated proteins. 
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Swaminathan et al., Figure 1 
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Figure 1. Dia2 binds Yra1. A) Yra1 binds a GST-Dia2 affinity column and elutes at 

0.5M KCl.  Recombinant GST-Dia2 was purified from E. coli and coupled to Affigel-10 

to generate an affinity column.  An extract from dia2 cells was passed over the affinity 

column and proteins that bound were eluted using a KCl step gradient.  Eluted proteins 

were TCA precipitated and resolved by SDS-PAGE.  The arrow indicates the Yra1 band 

identified by mass spectrometry.  WCE=whole cell extract, In=input, FT=flow-through, 

W=wash. B) HA-tagged Yra1 co-immunoprecipitates with Dia2-18xMyc. Dia2-18xMyc 

was immunoprecipitated from lysates of the indicated strains with anti-myc antibodies 

and the immunoprecipitates were probed with anti-HA antibodies (top panel). The * 

indicates the IgG light chain. HA-Yra1 was immunoprecipitated from lysates of the 

indicated strains with anti-HA antibodies and the immunoprecipitates were probed with 

anti-myc antibodies (bottom panel).  C) Yra1 and Dia2 association is resistant to DNase 

treatment.  Immunoprecipitations were performed as in (B) except that lysates were 

pretreated with DNase I.  D) Yra1 is a stable protein and its stability is unchanged in 

dia2 cells.  Cycloheximide was added to the indicated strains expressing HA-tagged 

Yra1 and HA-tagged Clb2 at time 0.  Samples were collected at the indicated time points 

and lysates were prepared for immunoblotting with anti-HA antibodies.  The same blot 

was probed with antibodies against Pgk1 as a loading control.  E) The abundance of Yra1 

is unchanged during the cell cycle.  The indicated cells were arrested with alpha factor 

(F), hydroxyurea (HU) or nocodazole (Noc) and lysates prepared for immunoblotting 

with anti-Protein A antibodies. The same blot was probed with anti-Pgk1 antibodies as a 

loading control. WT=wildtype, =dia2
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Swaminathan et al., Figure 2 
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Figure 2. Dia2 interacts genetically with Yra1. A) Diagram of Yra1 domain structure and 

mutants used in this study.  The diagram shows the changes in each mutant and indicates 

their growth and mRNA export phenotypes (adapted from (165, 195)). B) dia2 is 

synthetically lethal with yra1-210 and yra1-1 mutants and synthetically sick with yra1 

RBD.  The indicated double mutant strains were generated by standard genetics. Either 

a CEN URA3 DIA2 or CEN URA3 YRA1 plasmid was maintained in each cross.  The 

indicated strains were then incubated on media containing 5-FOA.  The left panel shows 

a ten-fold dilution series of the indicated strains. The right panel shows streaks of 

colonies from two complete tetrads from the dia2 yra1-1 cross.  C) Overexpression of 

Dia2 from a galactose-inducible promoter is lethal to yra1-1 and yra1-210 mutants.  The 

indicated strains were transformed with either an empty vector or a DIA2 overexpression 

construct.  Serial dilutions of cultures at equal densities were spotted on media containing 

glucose (as a control) or galactose to induce expression at the permissive temperature. 
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Swaminathan et al., Figure 3 
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Figure 3. Yra1 and Dia2 associate with chromatin. A) HA-Yra1 (top panel) and Dia2-

18xMyc (bottom panel) co-immunoprecipitate with histone H3 in a histone association 

assay (141).  Mock immunoprecipitations were used as negative controls (lane 1).  B) 

Yra1 and Dia2 fractionate with chromatin.  Chromatin was fractionated from the 

indicated strains as described (98).  HA-Mcm4 was used a control chromatin-bound 

protein. WCE=whole cell extract, Sup=supernatant, Pel=pellet, MNase=micrococcal 

nuclease, HSS=high-speed spin. 
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Swaminathan et al., Figure 4 
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Figure 4. Yra1 associates with replication origins.  A) Yra1 binds origins ARS1, ARS305, 

ARS603 but not non-origin regions (intergenic and PMA1 promoter). Chromatin 

immunoprecipitation was performed using either the HA-tagged Yra1 strain or the 

Protein A-tagged Yra1 strain.   After formaldehyde crosslinking, cells were harvested and 

lysates prepared.  Equal amounts of total protein were immunoprecipitated with anti-HA 

antibodies or IgG-sepharose.  Chromatin was isolated and cross-links were reversed 

before PCR analysis.   B) Yra1 origin association is not sensitive to RNase treatment.  

Samples were prepared as in (A) except that lysates were treated with an RNase A/T1 

cocktail prior to immunoprecipitation.  C) Yra1 still associates with origins after 

treatment with 1,10-phenanthroline (top panel).  Cells were treated with 1,10-

phenanthroline (100 g/ml) or ethanol (control) for 2 hours prior to harvesting and then 

samples were prepared as in (A).  1,10-phenanthroline treatment leads to reduction of the 

unstable RPL8B transcript (bottom panel).  Quantitation of the relative abundance, as 

measured by RT-PCR, of the unstable RPL8B transcript relative to the stable ACT1 

transcript in the presence or absence of 1,10-phenanthroline. Results are expressed as a 

percentage where the abundance from the untreated sample is arbitrarily set to 100%.  D) 

Yra1 origin association in cells arrested with alpha-factor (F), hydroxyurea (HU) or 

nocodazole (Noc).  Cells were arrested with alpha factor, hydroxyurea or nocodazole and 

samples were prepared as in (A). 
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Swaminathan et al., Figure 5 
 

 



   111 

 

Figure 5. Yra1 interacts with Hys2.  A) HA-Hys2 co-purifies with Protein A-tagged 

Yra1 from non-crosslinked protein extracts.  Protein extracts were prepared from the 

indicated strains and incubated with IgG-sepharose.  Precipitates were immunoblotted 

with anti-HA antibodies.  B) HA-Hys2 co-purifies with Protein A-tagged Yra1 from 

formaldehyde-crosslinked extracts.  Protein extracts from the indicated strains were 

prepared as for chromatin immunoprecipitation and incubated with IgG-sepharose.  Prior 

to resolution by SDS-PAGE and immunoblotting with anti-HA antibodies, samples were 

incubated at 100°C for 30 min to reverse crosslinks.  C) Dia2-18xMyc copurifies with 

HA-Hys2 in non-crosslinked protein extracts.  Protein extracts were prepared from a 

strain expressing both Dia2-18xMyc and HA-Hys2 and incubated with anti-HA 

antibodies.  Precipitates were immunoblotted with anti-Myc and anti-HA antibodies. 
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Swaminathan et al., Figure 6 
 

 



   113 

 

Figure 6.  yra1 mutants are defective for S phase entry.  A) The indicated strains were 

arrested in G1 using alpha factor at 25°C and then released at 36°C.  Samples were taken 

at the indicated time points and prepared for flow cytometry. B) The indicated strains 

were first arrested in G1 with alpha factor at 25°C, then released into media containing 

200 mM HU at 25°C to synchronize in early S phase.  After 2 hours, the cells were 

released at 36°C.  Samples were taken at the indicated time points and prepared for flow 

cytometry. 
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Swaminathan et al., Figure 7 
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Figure 7.  sub2 mutants are competent in S phase entry. A) The indicated strains were 

transformed with either an empty vector or a DIA2 overexpression construct.  Serial 

dilutions of cultures at equal densities were spotted on media containing glucose (as a 

control) or galactose to induce expression at the permissive temperature. B) The indicated 

strains were arrested in G1 using alpha factor at 30°C and then released at 36°C.  

Samples were taken at the indicated time points and prepared for flow cytometry. C) The 

indicated strains were first arrested in G1 with alpha factor at 30°C, then released into 

media containing 200 mM HU at 30°C to synchronize in early S phase.  After 2 hours, 

the cells were released at 36°C.  Samples were taken at the indicated time points and 

prepared for flow cytometry. 
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Swaminathan et al., Figure 8 
 

 



   117 

 

Figure 8.  Binding to Yra1 is important for Dia2 origin association. A) Protein 

expression in the double-tagged Dia2-18xMyc HA-Yra1 strains is equivalent.  Protein 

extracts from the indicated strains were blotted with anti-Myc (top panel) or anti-HA 

(bottom panel) antibodies.  B) The C-box in Yra1 is important in Dia2 binding. HA-Yra1 

was immunoprecipitated from lysates of the indicated strains with anti-HA antibodies and 

the immunoprecipitates (IP) were probed with anti-myc antibodies or anti-HA antibodies.  

Extracts from both asynchronous (Asy) and nocodazole-arrested (Noc) cultures were 

used.  Mock reactions were incubated with normal IgG. Two different blots using the 

same samples are shown in the middle and bottom panels. C) Dia2 origin association is 

compromised in the yra1 1-210 mutant.  Chromatin immunoprecipitation was performed 

using the indicated strains as in Figure 4 except that anti-Myc antibodies were used.  

Extracts from both asynchronous (Asy) and nocodazole-arrested (Noc) cultures were 

used.  WT = wildtype,  = yra1 RBD, 1-210 = yra1 1-210, IP = immunoprecipitate. 
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CHAPTER IV 

 

Activation of the S-phase checkpoint inhibits 

degradation of the F-box protein Dia2 

Chapter Summary 

A stable genome is critical to cell viability and proliferation. During DNA replication, 

the S-phase checkpoint pathway responds to replication stress. In budding yeast, the 

chromatin-bound F-box protein Dia2 is required to maintain genomic stability and may 

help replication complexes overcome sites of damaged DNA and natural fragile regions. 

SCF (Skp1/Cul1/F-box protein) complexes are modular ubiquitin ligases. We show here 

that Dia2 is itself targeted for ubiquitin-mediated proteolysis and activation of the S-

phase checkpoint pathway inhibits Dia2 protein degradation. S-phase checkpoint mutants 

fail to stabilize Dia2 in response to replication stress. Deletion of DIA2 from these 

checkpoint mutants exacerbates their sensitivity to hydroxyurea, suggesting that 

stabilization of Dia2 contributes to the replication stress response. Unlike other F-box 

proteins, deletion of the F-box domain in Dia2 does not stabilize the protein. Rather, an 

N-terminal domain that is also required for nuclear localization is necessary for 

degradation.  When a strong NLS is added to dia2 mutants lacking this domain, the Dia2 

protein is both stable and nuclear. Together, our results suggest that Dia2 protein turnover 

does not involve an autocatalytic mechanism and that Dia2 proteolysis is inhibited by 

activation of the replication stress response.  
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Introduction 

Maintenance of genomic integrity is required for cellular viability and proliferation. 

During S-phase, problems during DNA synthesis or the presence of genotoxic stress 

activate conserved checkpoint responses (2, 18, 20, 123, 174). These pathways promote 

cell viability by mediating a transcriptional response (3), stabilizing replication forks (2, 

77, 101, 125), suppressing late-firing origins of replication (147, 155), and slowing S-

phase progression (18, 123, 133, 147). In budding yeast, sensing and activation of the S-

phase checkpoint response is dependent on many proteins.  Sensing of DNA damage or 

stalled replication forks relies on the Rad24-dependent loading of the heterotrimeric 

Rad17-Mec3-Ddc1 (9-1-1 complex) sliding clamp onto DNA (61, 106, 181).  This leads 

to Mec1 kinase activation followed by the downstream activation of the primary 

signaling kinase Rad53 (18, 123, 174). Mec1 dependent activation of the replication 

checkpoint also requires the adaptor Mrc1, the S. cerevisiae homolog of human Claspin 

that forms a complex to stabilize replication forks at sites of replication stress (2, 77, 101, 

125). Additionally, although Chk1 is activated by Mec1 to promote anaphase arrest 

following DNA damage, it has also been proposed to play a role in response to 

hydroxyurea (HU)-induced replication blocks (25, 146, 149). 

The ubiquitin proteasome system controls a wide variety of cellular processes 

including cell division and DNA replication and repair. Members of the highly conserved 

SCF (Skp1/Cdc53/F-box protein) ubiquitin ligase family are involved in controlling cell 

proliferation by regulating the ubiquitin-mediated proteolysis of key cell cycle regulators 

(28, 50, 84, 110, 159, 160, 167, 180, 191).  SCF complexes are modular ubiquitin ligases 

whose specificity is determined by individual F-box proteins, which act as substrate-
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specific adapters (50, 159). Many F-box proteins have been identified in both humans 

and model eukaryotic systems, indicating that SCF complexes and their associated roles 

are highly conserved.   

The Saccharomyces cerevisiae F-box protein Dia2 is important for DNA replication 

and genomic stability. The dia2 mutant is hypersensitive to DNA damage, exhibits 

chromosome loss and rearrangement and accumulates DNA damage foci (15, 83, 128). 

Dia2 is a bona fide F-box protein in that it assembles with Skp1, Cdc53 and Rbx1 into a 

functional SCF ubiquitin ligase complex (66, 83, 84, 88). The dia2 strain progresses 

more slowly through S phase than wildtype cells when challenged with the DNA-

damaging agent MMS, suggesting that Dia2 promotes passage of replication complexes 

through areas of damaged DNA (15). 

F-box proteins are key to the assembly of substrate proteins with a complete SCF 

ubiquitin ligase complex. There is evidence that the abundance of individual F-box 

proteins may be regulated to control the ubiquitination of specific target proteins. For 

example, some F-box proteins have been shown to be targeted for ubiquitin-mediated 

destruction via an auto-ubiquitination mechanism (52, 197). Conversely, loss of SCF 

components appears to negatively affect the stability of some   F-box proteins (51, 109, 

132, 162).  Alternatively, F-box proteins may be targeted for destruction by non-SCF 

ubiquitin ligases. The human F-box protein Skp2 is a target of the APC/C ubiquitin ligase 

in a cell cycle-dependent manner (10). In addition, the nuclear localization of yeast Cdc4 

has been shown to be important in the turnover of one of its targets, Far1 (16). 

The mechanistic role that Dia2 performs in DNA replication is not known. To gain a 

better understanding of the activity of an SCFDia2 complex throughout the cell cycle, we 
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examined the regulation of the Dia2 protein. Here we demonstrate that Dia2 protein 

abundance is controlled by ubiquitin-mediated degradation and is independent of an 

autocatalytic mechanism. Importantly, we find that Dia2 protein turnover is blocked by 

activation of the S-phase checkpoint, suggesting that SCFDia2 activity is required for the 

cellular response to replication stress. 
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Materials and Methods 

Plasmid and Strain Construction 

Dia2 expression constructs were generated by PCR amplification of the DIA2 coding 

region with SpeI and BamHI ends using oligonucleotides AK34 and DK96 (Full length), 

AK40 and DK96 (N214), AK41and DK96 (LRR), AK34 and AK43 (TPR), AK51 and 

DK96 (N 189), AK62 and DK96 (N149), AK72 and DK96 (SVFL), and AK73 and 

DK96 (SVN214).  The DIA2 mutant lacking the NLS region (NLS) was generated 

using oligonucleotides AK68 and AK69 using the PCR stitching method.  The SVNLS 

variant was generated by amplification of the NLS mutant with primers AK72 and 

DK96. PCR products were digested with SpeI and BamHI and ligated into the p1219 

vector (100) to generate galactose-inducible proteins with 9 myc epitopes at the N-

termini. The p1219-myc9 Dia2-F construct was generated by replacing the MluI/NotI 

fragment from p1219-myc9-Dia2 with a MluI/NotI fragment from pDMK289 (83). To 

generate the panel of 9MYC-DIA2 integration vectors, a 1 kb Kpn1/XhoI fragment of 

DIA2 5’ untranslated sequence was ligated with an XhoI/NotI fragment from the 

generated p1219-9MYC-DIA2 plasmids, and ligated into the pRS406 vector with 

KpnI/NotI ends. Constructs were integrated using BclI and transformed into dia2 cells 

using established techniques (143). Integration was monitored by PCR using primers 

AK44 and AK45 or AK60 and AK61, and protein expression determined by western 

blotting.  

 

Yeast Cell Culture and Treatments 

Yeast were maintained and cultured according to standard methods (143). 
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For -factor arrests, cultures were grown in liquid minimal media or YPD and pulsed 

with 4 ug alpha factor peptide (F; Genscript) every hour for 2 hours. Hydroxyurea (HU; 

US Biological Corp.) treated cells were grown in minimal or YPD media with a final 

concentration of 200 mM HU for 2 hours. Cells arrested with nocodazole (Noc; Sigma) 

were incubated in minimal or YPD media at a final concentration of 15g/mL for 2 

hours. Arrests were monitored by cell morphology and flow cytometry as previously 

described (169). For proteasome inhibition experiments, the 9MYC-DIA2 rpn4 pdr5 

strain was grown overnight at 30ºC in YPD.  Cultures were diluted mid-log phase and 

incubated for 90 minutes with a final concentration of 50µM MG132 (Sigma) or dimethyl 

sulfoxide (DMSO, drug vehicle).  

 

Reverse Transcription PCR 

Cells were grown in 10 mL YPD media to 2x107 cells/ml and collected by centrifugation 

at 4000 rpm at 4ºC. Cells were processed and total RNA collected using the “PureLink” 

micro-to-midi kit (Invitrogen). Following RNA elution, DNase I treatment was 

performed and the RNA was precipitated. Reverse transcription of 2 micrograms of total 

RNA was performed using Superscript II (Invitrogen) with oligo dT50 primer. The 

cDNA was used in PCR reactions with primers DK96 and AK18 or primers LM16 and 

DK424. Products were analyzed using on 2% agarose gels. 

 

Stability Assays 

Cells were grown at 30ºC in 5mL YPD overnight, diluted to 1x107 cells/mL and regrown 

for 90 minutes. Cell densities of approximately 2x107 cells/mL were then used for cell 



   124 

 

cycle arrest with appropriate chemicals as noted above. Cycloheximide (CHX; Sigma) 

was added to log phase cultures at a final concentration of 100µg/mL. Cells were 

collected at the indicated time points. The 9MYC-DIA2 cdc15-2 strain was shifted to  

37ºC for 2 hours prior to addition of CHX. Cells were collected at indicated time points 

and processed to extract protein using the trichloroacetic acid (TCA) precipitation 

method described below. Samples were resolved by SDS-PAGE and immunoblotted with 

anti-myc (9E10, Covance Research) and anti-Pgk1 (Molecular Probes) primary 

antibodies, followed by anti-mouse HRP (horse radish peroxidase) secondary antibodies.  

Protein abundance was quantified using Image J software and corrected against the Pgk1 

loading control of the same sample. Quantifications were analyzed on images 

representative of abundance based upon linear film exposure times. 

 

Immunofluorescence 

Cells were prepared as described (143) and incubated with 1:500 anti-myc (9E10, 

Covance Research) primary antibody followed by 1:1000 FITC (fluorescein 

isothiocyanate)-conjugated anti-mouse antibodies. Cells were treated with 1:1000 DAPI 

(4’,6’-diamidino-2-phenylindole) for nuclear staining. Cells were visualized using a Zeiss 

Axioscop 2 microscope equipped with a Zeiss Axiocam R2 digital camera and 100X 

objective with DIC (differential interference contrast), FITC, and DAPI filters. Images 

were captured using Zeiss Axiovision software release 3.1 (Carl Zeiss, Thornwood, NY). 
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Immunoprecipitation Experiments 

For cells harboring a plasmid under galactose control, the cells were induced for 1 hour 

with 2% galactose at 30ºC. Cell pellets were resuspended in NETN lysis buffer (20 mM 

Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Igepal,10 mM NaF, 25 mM -

glycerophosphate, 1mM PMSF, 1mM pepstatin, plus Complete Protease inhibitor 

cocktail (Roche Applied Science). Cells were vortexed for 10 minutes at 4ºC with glass 

beads. Lysates were microcentrifuged at 10000 rpm at 4ºC and the cleared supernatant 

was transferred to new tubes. 1mg of lysate was incubated with 1:200 anti-Myc or 1:200 

anti-Skp1 antibodies (a generous gift from J. Wade Harper, Harvard Medical School) 

(159). The samples were then incubated with protein A/G agarose for two hours at 4ºC 

(Santa Cruz Biotechnology). Agarose beads were washed three times with NETN lysis 

buffer and then boiled in 1X Laemmli loading dye prior to SDS-PAGE. 

 

Trichloroacetic Acid (TCA) Protein Precipitation 

Cells pellets were lysed by vortexing in 20% trichloroacetic acid (TCA) for 2 minutes 

with glass beads, and microcentrifuged at 3000 RPM for 10 minutes. The precipitated 

protein was resuspended in 1X Laemmli loading dye and neutralized with Tris Base. 

Samples were boiled 5 minutes, and centrifuged at 3000 RPM for 10 minutes. Protein 

concentration was determined using the RCDC kit (Biorad). 
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Results 

Dia2 is an unstable protein 

We investigated Dia2 protein abundance during cell division using a strain that 

expresses a 9myc-tagged allele of DIA2. The Dia2Myc strain is indistinguishable from a 

wildtype strain in terms of sensitivity to hydroxyurea , MMS, and growth at room 

temperature (Figure S1A).  Additionally, Dia2Myc interacts with Skp1 (Figure S1B) and 

chromatin (Figure S1C) as expected (169).  

We monitored Dia2 protein levels in cells synchronized with alpha factor. Cells 

were released from an alpha factor arrest at 30°C and then alpha factor was added back at 

60 minutes after entry into S phase to capture a single cell division cycle. As shown in 

Figure 1A, Dia2 protein abundance is initially low in late G1 but increases at 15 minutes 

after release, as cells move into S phase (lanes 1 and 2). The protein levels remain high 

until the 120-minute timepoint, after cells have returned to G1. We conclude that Dia2 

protein abundance is low in late G1 and is higher during the rest of the cell cycle.  A 

similar profile is observed when cells are synchronized using an early G1 arrest, 

indicating that this is not a specific response to mating pheromone (data not shown). 

These results are consistent with a requirement for SCFDia2 activity during S phase and 

indeed we observe that SCFDia2 complex formation occurs in cells arrested in S phase 

with hydroxyurea as measured by Skp1 co-immunoprecipitation (Figure 1B, lane 6). As 

previously reported, we observe no obvious change in mRNA transcript levels (Figure 

1C) at different points in the cell cycle (31, 163).  These results suggest Dia2 protein 

levels are modulated through a post-transcriptional mechanism.  
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We hypothesized that if control of Dia2 protein levels were required for normal 

cellular function, then we would observe a cell growth phenotype when the Dia2 protein 

is overexpressed. Thus, we transformed wildtype cells with a DIA2 galactose-inducible 

expression vector. When Dia2 expression is induced on galactose-containing media, we 

find that cells exhibit a mild growth defect. Since Dia2 is important for genomic stability, 

we tested growth of cells overexpressing DIA2 in the presence of the DNA damaging 

agent MMS. In this case we find that cells exhibit a strong growth defect (Figure 1D). 

These results suggest that regulation of Dia2 protein abundance is required for normal 

cellular function and are consistent with a proposed role for Dia2 in genomic 

maintenance.  

We tested whether proteolysis controls Dia2 protein levels. An asynchronous 

culture expressing Dia2Myc was grown to log phase, translation was inhibited by the 

addition of cycloheximide and samples were collected every 30 minutes for 150 minutes. 

As shown, Dia2 protein abundance decreased during the time course (Figure 1E), 

indicating that the Dia2 protein is unstable, with a half-life of approximately 60 minutes.   

The ubiquitin-dependent proteasome pathway is a major regulatory system for 

proteolysis within cells. We investigated the possibility that Dia2 was targeted for 

destruction by the ubiquitin proteasome system by treating cells with the proteasome 

inhibitor MG132. The abundance of Dia2 protein increased in MG132-treated cells 

(Figure 1F, compares lanes 2 and 4), consistent with Dia2 proteolysis via the ubiquitin 

proteasome system. If Dia2 is targeted for ubiquitin-mediated proteolysis, it should be 

poly-ubiquitinated. To test this, 9myc-tagged Dia2 was immunoprecipitated from 

MG132-inhibited cells and immunoblotted using anti-myc or anti-ubiquitin antibodies. 
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As shown, higher molecular weight species of Dia2 accumulate in the presence of 

MG132, which cross-react with anti-ubiquitin antibodies (Figure 1F, lane 6 vs. 8).  No 

ubiquitin conjugates are observed in an anti-myc immunoprecipitation from an untagged 

strain, indicating that the conjugates we observe are specific for Dia2. Together, our data 

provide evidence that the ubiquitin-proteasome pathway controls Dia2 protein turnover. 

Dia2 turnover in G1 is not controlled by the SCF pathway  

We next investigated which regions of Dia2 are important for regulating its 

turnover. A panel of domain and deletion mutants was engineered with an N-terminal 

9myc epitope tag and integrated into the endogenous DIA2 locus (Figure 2A). Protein 

expression was determined by western blot (Figure 2B). Each mutant protein was tested 

for competence in forming an SCF complex by co-immunoprecipitation with anti-Skp1 

antibodies (Figure 2C). As expected, full-length Dia2 bound to Skp1, and a strong 

interaction was seen with the N214 mutant (lanes 6 and 8). We did not observe any co-

immunoprecipitation of the F, TPR (tetratricopeptide repeats), or LRR (leucine rich 

repeats) domain mutants with Skp1 (lanes 7, 9,10), which do not contain the F-box 

domain required for binding Skp1. None of the Dia2 deletions complement the dia2 

strain and mutant cells exhibited similar sensitivity to HU, MMS, and low temperatures 

(Figure 2D). 

 To examine the stability of the Dia2 deletion mutants, we performed stability 

assays in alpha-factor arrested cells. Translation was inhibited by the addition of 

cycloheximide and Dia2 protein abundance followed for three hours at one-hour 

intervals. Strikingly, both full-length Dia2 and the F-box mutant exhibited similar half-

lives (Figure 3A, lanes 1-4,5-8). This suggests that the previously reported in vitro 
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autoubiquitination of SCFDia2 (88) does not control Dia2 protein stability in vivo, at least 

during G1. When the other mutants were analyzed it was clear that both the N214 

mutant and the LRR domain fragment remain stable during the time course of the 

experiment, whereas the TPR domain was turned over with a rate similar to wildtype 

(Figure 3A, lanes 9-20). This suggests that Dia2 protein turnover requires the N-terminal 

domain, deletion of which generates a stabilized form of Dia2.   

To further examine whether Dia2 protein was turned over in an autoubiquitination 

pathway, we performed stability assays in SCF mutants. We determined the stability of 

Dia2Myc in temperature-sensitive skp1-11, cdc53-1, and cdc34-2 mutants. Cells were 

shifted to the non-permissive temperature of 37ºC for 2 hours followed by addition of 

cycloheximide. Samples were collected at one-hour intervals. As shown, none of the SCF 

pathway mutants displayed any detectable stabilization of Dia2 (Figure 3B). Rather, the 

skp1-11 and cdc53-1 mutants appeared to increase the turnover rate of Dia2, as has been 

observed for the Grr1 and Met30 F-box proteins (51, 109, 132, 162). Similar results were 

observed in the skp1-12 temperature sensitive strain (data not shown).  By contrast, a 

known SCF ubiquitination target, the CDK inhibitor Sic1, was stabilized in SCF pathway 

mutants (Figure S2).  We conclude that Dia2 proteolysis occurs independently of an 

autocatalytic mechanism. 

Dia2 turnover requires a 20 amino acid N-terminal domain 

We characterized the domain mutants for possible changes in localization (Figure 

3C). Using immunofluorescence, we observed that full-length Dia2 strongly localized to 

the nucleus at all points in the cell cycle as expected (15). The F-box domain mutant, and 

the N-terminal TPR region also localized to the nucleus, suggesting that sufficient 



   130 

 

information for nuclear targeting resides prior to the F-box domain in Dia2. Moreover, 

Dia2 is not required to interact with Skp1 via the F-box domain for nuclear localization to 

occur. By contrast, both the N214 mutant and leucine-rich repeat domain were 

mislocalized throughout the cell. However, these mutants did not appear to be excluded 

from the nucleus.   

We considered whether Dia2 trafficking to the nucleus influenced the rate of 

protein turnover.  To test this possibility, we sought to restore the nuclear localization of 

the stable, mislocalized DIA2 mutants.  Three predicted nuclear localization signals 

(NLS) exist in Dia2 in a cluster just upstream of the F-box domain (93). The N214 and 

LRR mutants lack all three, and are mislocalized. We therefore generated several mutants 

to probe the requirement for the NLS-containing region (Figure 4A).  These mutants 

included two additional N-terminal deletions that begin before the NLS region (N189 

and N149) and an in-frame deletion of the entire 20 amino acid NLS region (NLS). 

Both the N149 and the N189 mutants localized to nucleus, whereas the NLS mutant 

was localized throughout the cell, similar to the N214 mutant (Figure 4B).  These 

results indicate that the 20 amino acid NLS domain is important for nuclear targeting and 

encodes at least one functional NLS.   

The N-terminal mutants exhibited varying growth phenotypes.  Both the N189 

and N149 mutants exhibited less sensitivity to HU and MMS than dia2 cells, with the 

N149 mutant approaching near-wildtype levels of sensitivity (Figure 4C, left panel).  In 

addition, the NLS mutant is indistinguishable from wildtype under these conditions 
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(Figure 4C, right panel).  These results indicate that the residues between 149 and 189 are 

critical for Dia2 protein function. 

We then tested protein stability of these mutants in G1-arrested cells (Figure 4D). 

Interestingly, we found that the NLS protein is stable, but the nuclear-localized N189 

and  mutants are unstable, with turnover rates similar to wildtype Dia2. These 

results may be explained by a requirement for the 20-amino acid domain in both protein 

turnover and nuclear localization or a requirement for Dia2 to be localized to the nucleus 

for degradation. 

To distinguish between these possibilities, we added the strong NLS sequence 

from the SV40 T antigen (Tag) to stable Dia2 mutants (SVN214 and SVNLS) and 

full-length Dia2 as a control (SVFL), as shown in Figure 4A.  As expected, all three of 

these proteins localized to the nucleus by immunofluorescence (Figure 5A) and exhibited 

growth phenotypes nearly identical to their counterparts lacking the exogenous SV40 Tag 

NLS (data not shown). When we performed stability assays in G1-arrested cells with 

these mutants, we found that the mutants lacking the 20 amino acid NLS region are still 

stable, despite being localized to the nucleus via the added SV40 Tag NLS (Figure 5B).  

The full-length Dia2 protein with the added SV40 Tag NLS exhibited protein turnover 

with similar kinetics as wildtype Dia2, indicating that the addition of the exogenous NLS 

does not interfere with normal Dia2 protein turnover.  We conclude that the N-terminal 

20 amino acid region contains residues required for Dia2 protein degradation as well as 

nuclear trafficking. 

We investigated whether overexpression of stable, nuclear forms of Dia2 

interfered with cell cycle dynamics in wildtype cells.  We examined the cell cycle 
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distribution of wildtype cells overexpressing SVFL, SVN214 and SVNLS from a 

galactose-inducible promoter using flow cytometry.  Cells expressing full-length Dia2 

exhibited a slight increase in the percentage of G1 cells (Figure 5C) coincident with a 

decrease in cells in G2/M, similar to cells overexpressing full-length Dia2 lacking this 

NLS (data not shown).  Interestingly, cells expressing the stable, nuclear forms of Dia2 

(SV214 and SVNLS) exacerbated this phenotype, showing significantly increased 

numbers of cells in G1 and a reduced number in G2/M.  These results suggest that excess 

Dia2 that cannot be efficiently degraded may interfere with either G1 progression or the 

G1-to-S phase transition.  

 

Checkpoint activation blocks Dia2 turnover in response to HU treatment 

We compared Dia2 protein stability in G1-arrested cells to cells blocked at other 

stages of the cell cycle. As predicted from the low abundance of Dia2 in G1 cells, we 

found that Dia2 protein turnover was most rapid in cells arrested with alpha factor 

(Figure 6A, top).  Interestingly, Dia2 was also unstable in cells arrested in late M using 

the cdc15-2 allele and in cells arrested prior to anaphase using the drug nocodazole 

(Figure 6A, lower panels). However, in hydroxyurea-arrested cells we detected very little 

Dia2 proteolysis under the same conditions (Figure 6A).  

Because Dia2 is stable in HU-arrested cells, we considered whether activation of 

the S-phase checkpoint response inhibits Dia2 protein turnover. To test this, we examined 

Dia2 protein turnover in S-phase checkpoint mutants. If Dia2 turnover is inhibited by the 

S-phase checkpoint, we predicted Dia2 to be unstable in mutants that are checkpoint-

defective. We inserted the 9MYC-DIA2 allele in chk1, rad17, rad24, rad53-21, and 
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mrc1 strains. Cells were treated with HU and Dia2 protein stability was assayed as 

previously described. Cell cycle arrest was monitored by flow cytometry (data not 

shown).  As shown in Figure 6B, the Dia2 protein was not stabilized in any mutant 

(Figure 6B, top lanes 5-24). A requirement for Chk1 was unexpected, as the chk1 strain 

is not sensitive to HU treatment and no defect in the S-phase checkpoint response has 

been previously described without the presence of other mutated checkpoint genes (146, 

149).   To rule out an indirect effect of checkpoint mutants on Dia2 protein turnover, we 

examined Dia2 protein stability in these strains in G1-arrested cells and observed similar 

rates of turnover as in wildtype cells (Figure S3). 

We furthered this analysis by testing Dia2 stability during an intra-S DNA 

damage checkpoint. Alpha-factor arrested cells were released into media containing 

MMS to activate the checkpoint and cycloheximide was added to inhibit translation. In 

wildtype cells, the Dia2 protein was stabilized under these conditions, whereas in the 

checkpoint mutant rad53-21, the Dia2 protein was degraded (Figure 6C, lanes 7-12). 

These results suggest that inhibition of Dia2 protein turnover is dependent on functional 

DNA damage and replication checkpoint pathways.   

If Dia2 stabilization is required for the cellular response to replication stress, then 

removal of DIA2 should exacerbate the phenotypes of S-phase checkpoint mutants. We 

and others have shown that dia2 cells exhibit synthetic growth phenotypes on normal 

media in combination with checkpoint mutants (15, 83, 128, 177). We tested a series of 

these double mutants for their sensitivity to HU, which induces replication stress. We 

find that deletion of DIA2 increased sensitivity to HU in chk1, rad17, rad24, and 
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mrc1 (Figure 6D).  Thus, we conclude that blocking Dia2 protein turnover contributes 

to the cellular response to replication stress.  

Altogether our results support a model (Figure 7) in which the ubiquitin-mediated 

destruction of Dia2 is inhibited by induction of the S-phase checkpoint. Dia2 protein 

levels are low in G1 due to ubiquitin-mediated turnover. This is not the result of an 

autoubiquitination or SCF-dependent reaction and is dependent on a 20 amino acid N-

terminal domain in Dia2. These findings are consistent with previous data that suggests a 

role for Dia2 in DNA and genomic maintenance.  
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Discussion 

In this study, we have found that Dia2 is an unstable protein and that it is targeted 

for ubiquitin-mediated proteolysis and that an N-terminal domain that is important for 

both degradation and nuclear localization. The turnover of the Dia2 protein does not seem 

to be the sole result of an auto-ubiquitination mechanism as deletion of the F-box domain 

does not stabilize the protein, despite the SCFDia2 complex exhibiting auto-ubiquitination 

activity in vitro (88). Additionally, other F-box proteins are stabilized in SCF pathway 

mutants, however this is not the case for Dia2 (52, 197). Rather, Dia2 is even less stable 

in skp1-11 and cdc53-1 mutants, consistent with the observation that other F-box proteins 

are destabilized when core SCF components are defective (51, 109, 132, 162).  Some F-

box proteins are targets of other ubiquitin ligases, such as the APC/C. We anticipate that 

Dia2 is also the target of a non-SCF ubiquitin ligase and we look forward to future 

studies that identify such a ubiquitin ligase. 

The observation that the same 20 amino acid domain is required for both nuclear 

localization and protein degradation is interesting.  NLS sequences are rich in positively 

charged residues and the region in Dia2 contains 9 lysine residues but no arginines.  It 

may simply be a coincidence that the NLS sequences in Dia2 could also potentially serve 

as ubiquitination sites.  Alternatively, the regulation of Dia2 localization and 

ubiquitination may be intertwined. Further studies will be necessary to determine whether 

nuclear localization and degradation of Dia2 are linked and to dissect critical residues for 

each in the relevant 20 amino acid domain. 

The inhibition of Dia2 protein turnover by the S-phase checkpoint is consistent 

with the role of Dia2 in genome maintenance and DNA replication. It has been proposed 
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that Dia2 may regulate the activity of replisome complexes as they move through areas of 

the genome that are difficult to replicate and prone to DNA damage (15). The 

accumulation of the Dia2 protein as cells enter S and the stabilization of the Dia2 protein 

in response to replication stress fit this model nicely. Our results suggest that stabilization 

of Dia2 occurs downstream of either Rad53 or Chk1 activation. We do not know how the 

S-phase checkpoint interfaces with the Dia2 protein turnover pathway. Two obvious 

possibilities exist: 1) Dia2 itself could be a target of the S-phase checkpoint pathway or 

2) the ubiquitination pathway that controls Dia2 turnover may be regulated by the S-

phase checkpoint. Regardless of the mechanism, cells are clearly sensitive to Dia2 protein 

levels. In the absence of Dia2, cells are hypersensitive to replication block by HU and in 

wildtype cells, these same conditions lead to a stabilization of Dia2 protein levels. 

Moreover, overexpression of Dia2 in wildtype cells leads to increased sensitivity to 

MMS. Together, these observations suggest that during times of replication stress, 

SCFDia2 activity is maintained to promote genomic integrity but that there is an optimal 

level of SCFDia2 activity. One mechanism used to control SCFDia2 activity appears to be 

regulation of the abundance of the Dia2 protein itself.  

 In summary, by studying the regulation of the F-box protein Dia2, we have found 

that it is targeted for proteolysis by a ubiquitin-mediated pathway. The turnover of Dia2 

is distinct from other F-box proteins in that it is independent of an auto-ubiquitination 

mechanism. Dia2 protein turnover is inhibited by the activation of the S-phase checkpoint 

and we propose that SCFDia2 activity is required for the cellular response to replication 

stress.   
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Table 1. Strains used in this study 
Strain Description Source 
Y80 MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 Bai et al. (1996) 
DKY194  as Y80 but dia2::kanMX Koepp et al. (2001) 
AKY149 as DKY194 but dia2::kanMX::9MYC-DIA2 URA3 This Study 
AKY182 as AKY149 but cdc15-2 This Study 
AKY184 as AKY149 but MCM4::MCM4-3HA TRP1 This Study 
AKY168 as AKY149 but rpn4::HIS3 pdr5::LEU2 This Study 
AKY188 as AKY149 but DIA2-F (bp 670-792) This Study 
AKY189 as AKY149 but DIA2-N214 (bp 640-2241) This Study 
AKY190 as AKY149 but DIA2- LRR (bp 793-2241) This Study 
AKY192 as AKY149 but DIA2-TPR (bp 1-669) This Study 
AKY193 as AKY149 but DIA2-N189 (bp 565-2241) This Study 
AKY199 as AKY149 but DIA2-N149 (bp 447-2241) This Study 
AKY238 as DKY194 but dia2::kanMX::9MYC-SV40NLS-DIA2 URA3 This Study 
AKY239 as AKY149 but DIA2-NLS (bp 580-639) This Study 
AKY240 as AKY238 but DIA2-NLS (bp 580-639) This Study 
AKY241 as AKY238 but DIA2-N214 (bp 640-2241) This Study 
DKY404 as Y80 but dia2::kanMX chk1::HIS3 Koepp et al. (2006) 
DKY405 as Y80 but dia2::kanMX mrc1::HIS3 Koepp et al. (2006) 
DKY449 as Y80 but dia2::kanMX rad17::kanMX Koepp et al. (2006) 
DKY450 as Y80 but dia2::kanMX rad24::kanMX Koepp et al. (2006) 
AKY203 as DKY404 but dia2::kanMX::9MYC-DIA2 URA3  Koepp et al. (2006) 
AKY204 as DKY449 but dia2::kanMX::9MYC-DIA2 URA3 This Study 
AKY205 as DKY450 but dia2::kanMX::9MYC-DIA2 URA3 This Study 
AKY206 rad53-21 but DIA2::9MYC-DIA2 URA3 This Study 
AKY207 as DKY405 but dia2::kanMX::9MYC-DIA2 URA3 This Study 
AKY170 as AKY149 but skp1-11 This Study 
AKY174 as AKY149 but cdc53-1 This Study 
AKY180 as AKY149 but cdc34-2 This Study 
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Table 2. Plasmids used in this study 
 
Plasmid Relevant Features Source 
p1219 GAL1,10 promoter CEN TRP1 AMPR Liu et al., 1998 
pACK135 GAL1,10 promoter 9MYC-DIA2 CEN TRP1 AMPR This Study 
pACK136 GAL1,10 promoter 9MYC-DIA2-F CEN TRP1 AMPR This Study 
pACK137 GAL1,10 promoter 9MYC-DIA2-N214 CEN TRP1 AMPR This Study 
pACK138 GAL1,10 promoter 9MYC-DIA2-LRR CEN TRP1 AMPR This Study 
pACK140 GAL1,10 promoter 9MYC-DIA2-TPR CEN TRP1 AMPR This Study 
pACK154 GAL1,10 promoter 9MYC-DIA2-N189 CEN TRP1 AMPR This Study 
pACK171 GAL1,10 promoter 9MYC-DIA2-N149 CEN TRP1 AMPR This Study 
pACK176 GAL1,10 promoter 9MYC-SV40NLS-DIA2 CEN TRP1 AMPR This Study 
pACK177 GAL1,10 promoter 9MYC-DIA2-NLS CEN TRP1 AMPR This Study 
pACK178 GAL1,10 promoter 9MYC-SV40NLS-DIA2-NLS CEN TRP1 AMPR This Study 
pACK179 GAL1,10 promoter 9MYC- SV40NLS-DIA2-N CEN TRP1 AMPR This Study 
pACK142 pRS406 1kb 5'DIA2 UTR 9MYC-DIA2 URA3 AMPR This Study 
pACK143 pRS406 1kb 5'DIA2 UTR 9MYC-F-DIA2 URA3 AMPR This Study 
pACK144 pRS406 1kb 5'DIA2 UTR 9MYC-N214-DIA2 URA3 AMPR This Study 
pACK145 pRS406 1kb 5'DIA2 UTR 9MYC-DIA2-LRR URA3 AMPR This Study 
pACK147 pRS406 1kb 5'DIA2 UTR 9MYC-DIA2-TPR URA3 AMPR This Study 
pACK155 pRS406 1kb 5'DIA2 UTR 9MYC- DIA2-N189 URA3 AMPR This Study 
pACK174 pRS406 1kb 5'DIA2 UTR 9MYC- DIA2-N149 URA3 AMPR This Study 
pACK181 pRS406 1kb 5'DIA2 UTR 9MYC- SV40NLS-DIA2 URA3 AMPR This Study 
pACK182 pRS406 1kb 5'DIA2 UTR 9MYC- DIA2- NLS URA3 AMPR This Study 
pACK183 pRS406 1kb 5'DIA2 UTR 9MYC- SV40NLS-DIA2-NLS URA3 AMPR This Study 
pACK184 pRS406 1kb 5'DIA2 UTR 9MYC- SV40NLS-DIA2-N URA3 AMPR This Study 
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Table 3. Oligonucleotides used in this study 

Oligo Sequence 5'  3' 
LM16 TTAGAAACACTTGTGGTGAACGATAG 
DK424 GACTGACTACTTGATGAAGA 
AK34 GCGACTAGTATGTCGTATAAATTT 
DK96 CGGGATCCCTATGAGTATGAATATGA 
AK40 GGACTAGTACCAAGAAAACT 
AK41 GGACTAGTTTCAACTTGGCACCA 
AK43 CCGGATCCCTAATTGCCAACTAAATC 
AK44 AAACGGATTCATCATGAG 
AK45 GCCACGCCTGAATTCCCTG 
AK51 
AK60 
AK61 

GGACTAGTGAGACCAAAATAGCA 
TTGTTCACCACTAGCCATGG 
GCAGTACGATATCACCAACGG 

AK68 GAGGAGACCAAAATAAGTACCAAGAAAACT 
AK69 AGTTTTCTTGGTACTTATTTTGGTCTCCTC 
AK70 TGTTCTCGTGGACTGGAGGAGACCAAAATA 
AK71 TATTTTGGTCTCCTCCAGTCCACGAGAACA 
AK72 GGACTAGTCCGAAGAAGAAACGGAAGGGTATGTCGTATAAATTT 
AK73 GGACTAGTCCGAAGAAGAAACGGAAGGGTAGTACCAAGAAAACT 
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Kile and Koepp, Figure 1 
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Figure Legends 

Figure 1.  Dia2Myc protein abundance fluctuates throughout the cell cycle. A) Dia2 

protein levels in synchronized cells.  The 9MYC-DIA2 strain was synchronized in G1 with 

alpha-factor pheromone and released into rich media at 30ºC. After 60 minutes F was 

added back to the media for re-arrest in G1. Immunoblots were probed with anti-myc or 

anti-Pgk1 antibodies (as a loading control).  Cell cycle progression was monitored by 

flow cytometry. B) Dia2Myc associates with Skp1 during S-phase.  Skp1 was 

immunoprecipitated with anti-Skp1 antibodes (159) from Dia2Myc lysates from 

asynchronous (Asy), alpha-factor (F), or HU-arrested cultures.  Immunoblots were 

probed with anti-myc or anti-Skp1 antibodies. C) DIA2 transcript abundance does not 

fluctuate.  Total RNA was extracted and RT-PCR was performed as described in 

Materials and Methods. ACT1 was monitored as a control. Cell cycle stage was 

monitored by flow cytometry. D) DIA2 overexpression leads to a growth defect in the 

presence of MMS.  Wildtype cells containing empty vector or DIA2 under the control of 

the GAL1,10 promoter were spotted in 10-fold serial dilutions to minimal media with 2% 

glucose or 2% galactose.  Plates were incubated at room temperature. MMS was included 

at the indicated amount.  E) Dia2 is an unstable protein. Dia2Myc cells were treated with 

100g/mL CHX and samples taken every 30 minutes.  Samples were immunoblotted 

with anti-Myc antibodies and anti-Pgk1 antibodies were used to control for loading. 

Quantitation of three independent experiments is shown on the graph. F) Dia2Myc is 

ubiquitinated.  WT or Dia2Myc cells were treated with DMSO (lanes 1-2) or MG132 

(lanes 3-4) for 90 minutes and immunoprecipitated with anti-myc antibodies (lanes 5-8) 
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and immunoblotted with anti-myc or anti-ubiquitin antibodies. Pgk1 was monitored as a 

loading control.  
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Kile and Koepp, Figure 2 
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Figure 2.  Analysis of Dia2 mutants. A) Diagram of Dia2 domains and mutants used in 

this study.  Relevant amino acid residues or changes are indicated. TPR = 

Tetratricopeptide repeats, F = F-box domain, LRR = Leucine Rich repeats, NLS = 

nuclear localization sequence.  B) Expression of Dia2 deletion mutants.  Asynchronous 

strains expressing Dia2Myc (lane 2) or the various mutants (lanes 3-6) were grown at 30ºC 

and collected.  TCA precipitates were prepared as described in Materials and Methods 

and immunoblotted with anti-myc or anti-Pgk1 antibodies.  Extract from a wildtype strain 

was included as an untagged control (lane 1).  C) Mutants lacking the F-box do not 

associate with Skp1.  Dia2 mutants were expressed from plasmids using the GAL1,10 

promoter and co-immunoprecipitated with anti-Skp1 antibodies.  Immunoblots were 

probed with anti-myc or anti-Skp1 antibodies. The identity of the protein in each band is 

indicated. Asterisks (*) indicate breakdown products. D) Dia2 mutants do not rescue 

dia2 phenotypes.  Strains expressing integrated Dia2Myc and variants were spotted to 

YPD plates containing the indicated amounts of hydroxyurea (HU) or MMS in 10-fold 

dilution series.  Plates were grown at room temperature.  
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Kile and Koepp, Figure 3 
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Figure 3. Dia2 protein turnover is not controlled by the SCF pathway.  A) N-terminal 

deletion mutants of Dia2 are stabilized. Dia2Myc strains were treated with alpha-factor for 

2 hours and translation inhibited by CHX. The indicated time points (h=hours) were 

collected after inhibition and protein samples were resolved on SDS-PAGE prior to 

immunoblotting with anti-myc antibodies.  Pgk1 was monitored as a loading control. 

Quantitation of three independent experiments is shown on the graph. B) Turnover of 

Dia2 does not require the SCF pathway.  The 9MYC-DIA2 allele was inserted into skp1-

11, cdc53-1, and cdc34-2 strains.  Cultures were grown in YPD at 25ºC and shifted to 

37ºC for 2 hours prior to the addition of CHX.  Samples were collected at the indicated 

times and immunoblotted with anti-myc or anti-Pgk1 antibodies. Quantitation of three 

independent experiments is shown on the graph. C) Deletion of the N-terminal region 

mislocalizes Dia2.  Dia2 variants were expressed in dia2 cells and protein was 

visualized by immunofluorescence as described in Materials and Methods. Scale bar, 

5m. 
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Kile and Koepp, Figure 4 
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Figure 4. Dia2 degradation requires an NLS-containing domain.  A) Diagram of N-

terminal Dia2 deletion mutants used in this study. Expression of the mutant proteins is 

shown in the lower panel.  Samples were prepared and blotted as described in Figure 2B.  

B) Dia2 mutants lacking the NLS region are mislocalized. Immunoflorescence was 

performed as in Figure 3. Scale bar, 5m. C) Growth phenotypes of Dia2 N-terminal 

deletions. Indicated strains were spotted to YPD with the indicated amounts of 

hydroxyurea or MMS-containing media in 10-fold dilution series and grown at room 

temperature. D) Nuclear-localized Dia2 mutants are susceptible to proteolysis. Dia2 

mutants were subjected to stability assays as described in Figure 3. Quantitation of three 

independent experiments is shown on the graph.  
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Kile and Koepp, Figure 5 
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Figure 5. An N-terminal domain required for Dia2 protein turnover overlaps the NLS 

region. A) Addition of the SV40 T antigen NLS to Dia2 N-terminal deletions restores 

nuclear localization. Immunoflorescence was performed as in Figure 3. Scale bar, 5m.   

B) Nuclear, N-terminal Dia2 deletions are stable. Dia2 mutants were subjected to stability 

assays as described in Figure 3. Quantitation of three independent experiments is shown 

on the graph. C) Overexpression of stable, nuclear forms of Dia2 alters cell cycle 

distribution.  Wildtype cells expressing the indicated DIA2 alleles from a galactose-

inducible promoter were grown to log phase in galactose-containing media.  DNA 

content was measured by flow cytometry.  Quantitation of three independent experiments 

in shown in the graph. 
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Kile and Koepp, Figure 6 
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Figure 6. Checkpoint proteins inhibit Dia2 turnover in response to replication stress. A) 

Dia2 proteolysis is cell cycle regulated. Cells were arrested as described in Materials and 

Methods, and indicated time points (lanes 1-6) were taken after addition of CHX.   The 

9MYC-DIA2 cdc15-2 strain was shifted to the non-permissive temperature for 2 hours 

prior to the addition of CHX.  The T=0 timepoint of each arrest was monitored by flow 

cytometry. Quantitation of three independent experiments is shown on the graph.  B) 

Checkpoint pathway mutants fail to stabilize Dia2 in response to HU treatment. 9MYC-

DIA2 alleles were generated in the indicated checkpoint mutants and arrested with HU as 

described above.  Dia2 protein turnover was monitored for the indicated time after the 

addition of CHX and immunoblotted with anti-myc and anti-Pgk1antibodies (upper 

panel). Quantitation of three independent experiments is shown on the graph. C) rad53-

21 mutants fail to stabilize Dia2 during replication stress caused by MMS. 9MYC-DIA2 

or 9MYC-DIA2 rad53-21 cultures were arrested in G1 with alpha-factor for 2 hours.  

Cultures were washed and released into fresh media containing 0.033% MMS.  Protein 

synthesis was halted after 60 minutes by the addition of CHX and the indicated time 

points were collected.  Dia2 was monitored with anti-myc antibodies and anti-Pgk1 

antibodies were used as a loading control. D) dia2 and checkpoint mutants show 

synthetic growth defects in response to HU. The specified strains were spotted in 10-fold 

serial dilutions on YPD plates containing the indicated amount of HU and grown at room 

temperature.  
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Kile and Koepp, Figure 7 
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Figure 7. Model for S-phase checkpoint regulation of Dia2.  Dia2 is targeted for 

ubiquitin-mediated destruction by the 26S proteasome and an unknown E3 ligase.  

Replication stress activates S-phase checkpoints and leads to stabilization of Dia2.  
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Kile and Koepp, Supplementary Figure S1 
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Figure S1. 9MYC-DIA2 behaves as wildtype. A) Growth of the Dia2Myc strain is 

indistinguishable from wildtype on rich media with the indicated amounts of HU or 

methyl methanesulfonate (MMS) at room temperature. Ten-fold serial dilutions are 

shown. B) Dia2Myc associates with Skp1.  Skp1 was immunoprecipitated with anti-Skp1 

antibodes (159) from an untagged strain or 9MYC-DIA2 strains (lanes 3 and 4, 

respectively). Immunoblots were probed with anti-myc or anti-Skp1 antibodies. The 

bottom panel shows Dia2Myc is immunoprecipitated (IP) with anti-Skp1 antibodies, but 

not with preimmune serum (PI) or protein A/G beads (Beads) in the absence of antibody.  

C) A fraction of Dia2Myc is chromatin-bound. Dia2Myc cells were fractionated as 

described (141).  Crude pellet-associating Dia2Myc is released with DNase I (compare 

lane 3 vs. 5) or high salt treatment (compare lane 3 vs. 7). Mcm4HA was monitored as a 

positive control. WCE = whole cell extract, Su = supernatant, Pel = pellet.  Total protein 

was stained using Ponceau S to visualize overall protein fractionation from equal loaded 

volumes. 
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Kile and Koepp, Supplementary Figure S2 

 

Figure S2. The SCF substrate Sic1 is stabilized in SCF mutants.  Stability assays were 

performed as in Figure 3B except that Sic1 was expressed from a galactose-inducible 

promoter.  Quantitation of the experiment is shown on the graph. 
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Kile and Koepp, Supplementary Figure S3 

 

 

Figure S3. During G1, Dia2 shows turnover rates comparable to wildtype in checkpoint 

mutants.  Stability assays were performed as in Figure 6B except that cells were arrested 

using alpha factor. Quantitation of a representative experiment is shown on the graph. 
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CHAPTER V 

SUMMARY AND DISCUSSION 
 

 DNA replication and maintenance of genome integrity are fundamental processes 

necessary for the faithful propagation of cells and organisms.  Defects in pathways that 

control these biological activities can result in disastrous outcomes.  A prominent 

hallmark of cancer in humans is often the loss of genomic stability. Genome integrity is 

threatened when DNA is damaged, and the genome is particularly susceptible during 

DNA replication (20, 34, 123).  As a result, cells have finely tuned processes to replicate 

and repair DNA. The last decade has brought advancements in understanding the 

molecular mechanisms involved in genome duplication.  Insight into how DNA damage 

and replication stress are monitored and the cellular responses that follow has also 

emerged (60).  The mechanistic details of these pathways are far from complete, and 

novel proteins and pathways involved continue to expand our understanding.  It is 

important to further investigate how these processes are regulated to fully understand 

how genomes are replicated and accurately maintained.  Protein turnover mediated by 

SCF ubiquitin ligases control substrate abundance, and have many established links to 

cell cycle control and other biological processes (28, 50, 84, 110, 159, 160, 167, 180, 

191).  F-box proteins provide the critical function of recruiting individual substrates to 

the core SCF machinery, yet many remain uncharacterized in the particular biological 

processes they control (50, 159, 192).  Therefore, investigation of individual F-box 
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protein provides further insight into the biological roles that are regulated by SCF-

mediated ubiquitination. 
We have demonstrated that the F-box protein Dia2 plays a role in DNA 

replication and genome maintenance in budding yeast.  The Dia2 protein physically 

associates with several origins of replication and DIA2-deleted cells are sensitive to 

replication stress or DNA damage (83). dia2 cells exhibit a G2/M delay due the loss of 

genomic integrity and activation of the DNA damage checkpoint, even in the absence of 

additional replication stress. Yra1 has been identified as a protein interaction partner for 

Dia2 and affects Dia2 recruitment to replication origins.  yra1 mutants show loss of 

genome stability, genetically interact with DIA2, and are defective in Dia2 protein 

recruitment to origins (169).  These observations suggest that Dia2 and Yra1 are involved 

in the same pathway that promotes genome maintenance.   

Control of Dia2 protein abundance further supports a role for it in DNA 

replication and genome maintenance.  Dia2 becomes more abundant and stable during 

DNA replication or during periods of replication stress.  Control of Dia2 proteolysis is 

dependent on its N-terminal region, and not via autoubiquitination similar to other F-box 

proteins (52, 197).  Intriguingly, Dia2 stabilization during HU or MMS-induced 

replication stress requires checkpoint genes, indicating that Dia2’s role may intersect with 

the DNA replication checkpoint.  Together, these key findings support the interpretation 

that Dia2, with Yra1, performs a chromatin-associated role to regulate one or more 

substrates during DNA replication to promote genomic integrity. 

Events such as pre-RC assembly and licensing, replication initiation, and 

regulation of origin-bound proteins occur at replication origins (12, 17, 152).  
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Interestingly, Dia2 protein is chromatin-bound and Dia2 associates with origins of 

replication.  We have not experimentally tested if Dia2 affects one or more of these 

processes, although Dia2 origin association indicate these are intriguing prospects.  The 

premature S-phase in DIA2 deletion strains suggest that origins may be prematurely firing 

due to loss of regulatory action by SCFDia2.  This may lead to genome instability followed 

by activation of the DNA damage checkpoint.  Comparing replication intermediates 

between wild-type and dia2 cells would help determine if there is such a defect.   

Blake and colleagues propose a role for Dia2 in replisome progression in 

problematic regions of the genome or under general replication stress (15). They have 

shown that completion of DNA replication is problematic in the presence of replication 

stress in dia2 mutants and supports a model for regulating replisome progression (15).  

Dia2 was not shown to interact with chromatin or replisome components in that study.  

Origin firing is a point of control during replication stress, and may also result in a failure 

to complete DNA synthesis (123, 152).  Again, inquiry into the role of Dia2 in origin 

firing may help to distinguish between these possibilities.  

Another scenario could be that Dia2 is involved at origins as well as the traveling 

replisome.  Many DNA replication proteins associate with origins as well as travel with 

the replisome complex (23, 152, 184).  We have not investigated if Dia2 travels with the 

replication fork, but Dia2 could potentially have similar dynamics since Dia2 interacts 

with replisome proteins that associate with replication origins as well as travel with the 

replication fork.  It would have to be demonstrated that Dia2 associates with additional 

proteins known to travel with the replication fork by protein interaction.  Likewise, it 

could be formally tested if Dia2 migrates with the replication fork using chromatin 
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immunoprecipitation to determine if it associates with regions flanking the origin after 

initiation occurs.  These experiments could be very informative to further understand the 

dynamics of Dia2 chromatin interaction.  The current data suggests that Dia2 can at least 

associate with replication origins, and is supported by its interaction with Yra1(169), but 

further experiments are required to determine if is associates with the traveling replisome. 

An interesting question is whether Dia2 activity is most important at replication 

origins, additional regions of the genome, or actually travels with the replisome to 

perform a continuous role during replication progression.  While we have shown 

enrichment of Dia2 at several replication origins, other regions of the genome may also 

require SCFDIA2 function.  It has been suggested that Dia2 promotes replisome 

progression in regions of the genome such as the rDNA locus, as Dia2 can localize in the 

nucleolus (subnuclear site containing rDNA), and there is an increase of rDNA circles in 

dia2 mutants (15).  The rDNA locus comprises tandem repeats of elements essential for 

ribosome biogenesis and is a region of heavy transcriptional activity, which can be 

troublesome for DNA replication (20, 144, 178, 179).  Intriguingly, Dia2 physically 

associates with this region of the genome as determined by chromatin 

immunoprecipitation, suggesting a role for Dia2 here as well (A. Ritter and D. Koepp, 

unpublished observations).  Whether this recruitment to rDNA correlates with Dia2’s role 

in genomic integrity remains to be determined, but nevertheless indicates Dia2 can 

associate with other genomic regions beside origins of replication.   

We have shown that Yra1 also is origin-bound and does not appear to be a 

proteolytic target of SCFDia2, but instead promotes Dia2 origin association. We propose 

that Dia2 and Yra1 reside in a complex together to perform a yet undefined mechanistic 
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role that affects genome maintenance (169).  We suspect the C-terminal 17 amino acids 

of Yra1 specifically recruit Dia2 to promote DNA replication and genome maintenance. 

It is not yet known if Yra1 and Dia2 directly interact or if other proteins mediate the 

interaction.  The regions within Dia2 that are important for Yra1 binding have not been 

examined either, however the generation of Dia2 domain mutants now make this analysis 

possible.  Since we detect genetic interaction between YRA1 and DIA2, but not another 

TREX component, this would further support a role for these proteins in genome 

maintenance that is distinct from mRNA processing.  We have not specifically 

investigated or observed defects in transcription-coupled export in dia2mutants, but our 

current analysis would indicate that this is unlikely. 

Both Yra1 and Dia2 co-purify with Hys2 (a subunit of Pol ), which provides 

evidence that both proteins interact with components of the replication fork (169).  It 

would be informative to know if these interactions occur at replication origins, other 

distinct genomic locations, travel with the replisome, or chromatin in general.  Another 

question is whether Dia2 (or Yra1) interact with other members of the replication fork as 

stated earlier.  Preliminary results suggest that Dia2 can interact with MCM proteins (66, 

S. Swaminathan and D.Koepp, unpublished observations).  Does Yra1 link Dia2 to MCM 

or are both Yra1 and Dia2 linked through other factors? Indeed, there are many proteins 

involved in DNA replication and at replication forks and this would likely require 

extensive analysis.  Association of Dia2 and Yra1 with replication proteins is likely to 

occur with the onset of S phase as well, due to the increase in Dia2 abundance and 

stabilization.  
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Dia2 abundance increases upon the onset into S phase and remains high for the 

rest of the cell cycle until G1 arrest.  It is likely that control of Dia2 function is at least 

partly regulated by its stability, which may be important during periods of replication 

stress.  Replication stress stalls replication forks and induces a replication checkpoint 

response that stabilizes the fork, inhibits further origin firing, coordinates repair of 

collapsed forks, as well as other processes (20, 34, 123, 152).  Checkpoint-defective 

strains exposed to replication stress do not block turnover of Dia2. These results suggest 

that activation of the checkpoint response inhibits turnover of Dia2, which may promote 

SCFDIA2 activity for optimal genome integrity.   

An interesting avenue for further investigation will be to understand how control 

of Dia2 interfaces with the replication checkpoint. While it is certainly possible that 

checkpoint proteins signal directly to Dia2 and inhibit its turnover, this has not been 

extensively investigated and several scenarios exist.  The replication checkpoint response 

is mediated by the Mec1 and Rad53 kinases (20, 123). Phosphorylation of Dia2 by these 

kinases may play a role in its turnover or function, but needs to be more formally 

examined.  Posttranslational modification of Dia2 during the cell cycle or during times of 

replication stress, such as with hydroxyurea, is not known, but has the potential for 

controlling Dia2 proteolysis. 

It also remains possible that the replication checkpoint affects Dia2 stability by its 

known downstream effects: stabilizing replication forks to prevent collapse, inhibiting 

late origins from firing, and preventing the metaphase to anaphase transition (20, 101, 

123, 147, 174, 175).  It has recently been proposed that preventing replication fork 

collapse is the critical function of the checkpoint for genome maintenance (60, 101, 152, 



   165 

 

175).  We have identified links to Dia2 with the replisome as well as replication origins.  

With these observations in mind, Dia2 stabilization might be promoted by intact 

replication forks and/or unfired origins.  Failure to promote these activities during 

replication stress could thus expose Dia2 to ubiquitin-mediated destruction, and could be 

further evidence linking Dia2 stability to DNA replication events.   

Alternatively, the replication checkpoint may control the ubiquitin pathway of 

Dia2 turnover directly.  Other ubiquitin ligases may be controlled by the checkpoint, one 

of which may in turn regulate Dia2.  As discussed in more detail below, Dia2 turnover is 

not dependent on autoubiquitination, suggesting a non-SCF ubiquitin ligase controls its 

proteolysis. Indeed, many substrates have been recently identified in the mammalian 

Ubiquitin-Proteasome pathway in the DNA damage response (which shares many of the 

same replication checkpoint components) (60, 111, 115).  It would seem reasonable to 

assume a similar finding in budding yeast is likely.   

A key finding is that proteolysis via autoubiquitination of Dia2 is clearly not the 

sole mechanism that affects its turnover.  Sequences that promote Dia2 nuclear 

localization interestingly also control turnover of the protein. An outstanding question is 

whether Dia2 ubiquitination and/or proteolysis occur in the nucleus or cytoplasm.  Since 

deletion of the NLS region contributes to nuclear localization and turnover of Dia2, it is 

impossible to determine if Dia2 proteolysis normally occurs in the cytoplasm based upon 

the current data.  It may be necessary to further engineer a Dia2 variant driven 

constitutively into the cytoplasm and compare turnover rates between full length nuclear 

and non-nuclear Dia2. Dia2 could be nuclear ubiquitinated and destroyed in the nucleus, 

nuclear ubiquitinated and transported to the cytoplasm for turnover, or transported to the 
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cytoplasm and ubiquitinated for destruction.  We cannot currently distinguish between 

these possibilities.  This could also help determine the localization of a non-SCF ligase 

that controls Dia2 proteolysis. Thus, nuclear trafficking and turnover of Dia2 may be 

interrelated, and could be a point of further investigation to understand these dynamics of 

Dia2 turnover. 

As a complement to testing Dia2 protein stability with domain mutants, I also 

tested these for growth on media containing MMS and HU, which are useful to monitor 

DIA2 function.  These mutants are the first extensive mutational analysis of Dia2 to 

dissect overall functional domain relevance.  Deletion of the N-terminal TPR domain 

(N214) displayed equivalent sensitivity to MMS and HU as dia2, suggesting this 

region is also critical for Dia2 function.  Not surprisingly, the TPR region or LRR 

(leucine-rich repeat) regions alone did not show any rescue of DIA2 function.   Several F-

box proteins interact with their substrates through LRR motifs (26, 132, 192).  It is 

currently unknown if the TPR region is responsible for substrate binding, or another 

activity such as recruiting interaction partners such as Yra1.  It will be necessary to 

determine what regions of Dia2 play a role in its function in future studies. 

Deletion of the NLS region mislocalizes and stabilizes the Dia2 protein, but 

paradoxically sensitivity to HU or MMS was not detected.  Because Dia2 is nuclear, 

chromatin and replication origin-bound, and promotes genomic integrity this result would 

seem to be counter-intuitive to proposed role for Dia2 on chromatin.  However, several 

observations may reconcile these data.  First, the NLS mutant is not actually excluded 

from the nucleus, and residual or lower amounts of Dia2 may be sufficient for genome 

maintenance.  It remains possible one or more unidentified NLS sites remains in Dia2 to 
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provide this activity.  In the same line of reasoning, deletion of the NLS region also 

increases Dia2 abundance and stability, which may actually suppress nuclear trafficking 

effects.  An interaction partner with Dia2 could also promote nuclear localization, such as 

Yra1.  Lastly, HU and MMS treatment inhibit turnover of Dia2, which in combination 

with higher Dia2 abundance, may also mask any sensitivity to these agents.  The 

mechanism of Dia2 function in genomic integrity has not yet been directly tied to a 

chromatin-bound or nuclear localized substrate, so a non-nuclear substrate that affects 

genome maintenance remains possible.  However, given the clear nuclear localization of 

Dia2, this scenario is seems unlikely. 

DIA2 genetically interacts with replication and DNA damage checkpoint genes.  

As discussed earlier, we observe dia2 cells are sensitive to additional replication stress 

and DNA damage by chemical or endogenous insults (15, 83). Synthetic lethal or sick 

phenotypes of dia2 in combination with DNA damage checkpoint genes further indicate 

evidence that DIA2 is required for proper genome maintenance (83).  Indeed, other 

groups have performed larger whole-genome studies in which DIA2 has been shown to 

have synthetic growth defects with numerous other genes, many of which are in genomic 

integrity or DNA replication pathways (15, 128). Since dia2 cells exhibit higher 

endogenous rates of DNA damage and Rad53 activation, it is clear an intact checkpoint 

response is required for cell viability upon Dia2 loss (15, 83, 128, 148).  

Interestingly, HU sensitivity was exacerbated in dia2 double mutants with 

checkpoint genes as compared to single mutants.  Since Dia2 is stable during HU-induced 

stress, this indicates SCFDIA2 function is required.  dia2 mutants could thus be predicted  

to be further problematic for the cell and show greater growth defects, which is indeed 
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what we detect. Perhaps the most striking observation is that chk1 shows no sensitivity 

to HU (149), dia2 is modestly sensitive (15, 83), but the combination of both shows a 

robust growth defect in response to HU.  Additionally, we detect Dia2 protein turnover in 

chk1 strains, which is unexpected since Chk1 does not have a defined role in the 

replication checkpoint in budding yeast. However, links to the replication checkpoint of 

Chk1 have been made, but require the additional loss of the Dun1 kinase (25, 149).  In 

these studies, it appears that the loss of DUN1 with CHK1 results in synthetic lethality in 

response to replication block/stress by hydroxyurea.  Here, Chk1 is proposed to be 

required for the survival of cells in response to defects in stalled replication forks at early 

replication origins (25, 149).  Since we detect Dia2-binding at early replication origins, it 

is an intriguing possibility that it may play a role in this pathway.  

Regardless, the growth phenotypes of all double mutants genetically support an 

interpretation that DIA2 functions within the same or similar genomic integrity pathways, 

and blocking Dia2 protein turnover may play a role in the replication stress response.  

However, while it appears that DIA2 is not required for activation of checkpoints, the 

interactions uncovered with checkpoint genes as mentioned above require further 

investigation, as well as identifying the mechanism of checkpoint control of Dia2 

turnover and function. 

What is the precise role Dia2 plays in S-phase? One possibility could be that 

SCFDIA2 ubiquitinates a substrate (which is then presumably degraded) at origins which is 

required for a proper “resetting” for the next round of DNA replication.  Overabundance 

of such a substrate could lead to the early S phase we have detected.  A premature S-

phase has the potential to disrupt the fidelity of DNA replication, decreasing genomic 
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stability and causing sensitivity to replication stress.  Another model could be proposed 

that Dia2 is at origins and also travels with the replication fork after initiation with 

similar dynamics as other proteins with known roles in DNA replication.  Dia2 could 

help the replisome move with the replication fork in problematic regions, and may be 

needed to a greater extent in the presence of replication stress. Here, Dia2 would target a 

substrate that hinders optimal DNA replication and loss of this turnover leads to genome 

instability, possibly by fork stalling and collapse.  However, we have not directly 

examined if the “firing” patterns of any origins are altered in dia2 cells, or if Dia2 

moves with the replication fork.  These investigations could help elucidate the 

mechanism for SCFDIA2.  Since Dia2 is abundant during S, and is stabilized in the 

presence of replication stress dependent on checkpoint signaling, this would also indicate 

a role at origins OR the replisome.  As discussed earlier, inhibition of late origin firing 

and replication fork stabilization occur upon checkpoint activation, and correlates with 

Dia2 stability.  However, since we do not know the exact role for Dia2, stabilization of 

Dia2 in response to either of these activities is plausible, and will require a more detailed 

analysis. 

A definite substrate for Dia2 that would explain genome integrity defects remains 

to be identified.  It has previously been suggested that Tec1, a transcription factor that 

affects the budding yeast filamentation pathway, is a substrate of SCFDIA2 (8).  However, 

this conclusion is controversial; SCFCdc4 is also implicated in Tec1 ubiquitination and 

turnover, and direct evidence for SCFDia2 has not been shown (8, 32).  Additionally, Tec1 

as a substrate for SCFDIA2 is not intuitive, as how it could affect genomic integrity is not 

readily apparent.  Nonetheless, a bona fide substrate for Dia2 that explains its role in 
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genome maintenance remains to be discovered.  Determination of one or more Dia2 

substrates would clearly help explain the defects that are observed upon DIA2 deletion. 

The aim of this work has been to investigate the function and control of a novel 

and previously uncharacterized F-box protein Dia2 in Saccharomyces cerevisiae.  F-box 

proteins provide the critical function of recruiting specific substrates to the core SCF 

ubiquitin ligase for ubiquitin modification followed by 26S proteasome-mediated 

destruction (28, 50, 84, 110, 159, 160, 167, 180, 191).  The identification of the cellular 

roles that F-box proteins regulate continues to expand, and identifying that Dia2 plays a 

role in genome maintenance significantly advances our knowledge.  We detect Dia2 is a 

chromatin-bound protein and it seems likely that a substrate will also be chromatin 

bound.  It is not yet known whether such a substrate plays a role at replication origins, 

during replisome progression, or replication stress but such possibilities may not be 

independent. While a direct mechanistic role or substrate(s) for Dia2 remains unclear, this 

body of work nonetheless establishes Dia2 as a bona fide F-box protein important in 

genomic integrity and DNA replication.  Budding yeast is often used as a model for DNA 

replication and genomic stability, with a high degree of conservation of proteins and 

pathways with humans.  Genomic integrity is of critical importance to the cell and 

organism, and loss of which is strongly correlated with deleterious effects such as cancer.  

By studying Dia2, we have identified it as a novel factor and a new link between the SCF 

ubiquitination pathway and its relevance to DNA replication and genome maintenance. It 

will be exciting to further investigate Dia2 and identify substrates to explain its 

mechanistic role, which will support a greater understanding of genomic integrity. 
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