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ABSTRACT OF THE DISSERTATION

DE-CAF-EINATED:

LIFE WITHOUT CHROMATIN ASSEMBLY FACTORS

by

Ellen Simona Kats

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2006

Professor Richard D. Kolodner, Chair

Proper replication and repair of DNA is critical for cell survival and accurate

propagation of genetic information.  Chromatin assembly and disassembly is required

for DNA replication and repair in a healthy cell.  There are several chromatin

assembly factors, of which chromatin assembly factor-I (CAF-I) and replication-

coupling assembly factor (RCAF) are the most studied due to their involvement in

both replication and repair.  This dissertation utilizes genetic and molecular biology

approaches to investigate the joint and separate roles CAF-I and RCAF play during



xviii

DNA replication and repair, suppression of genomic instability, and checkpoint

activation.

          The dissertation is arranged as follows:

Chapter 1 is an introduction to chromatin assembly, focusing specifically on what

was known about CAF-I and RCAF prior to the commencement of this research.

Chapter 2 reports our findings of the involvement of CAF-I and RCAF in the

suppression of gross chromosomal rearrangements and provides a model for the

suppression of GCRs through the activation of various checkpoints.

Chapter 3 provides evidence for checkpoint activation in CAF-I and RCAF mutants;

reports that CAF-I and RCAF mutants are not checkpoint defective; and proposes a

model for the action of RCAF at replication forks.

Chapter 4 focuses on the role of RCAF (specifically the Asf1 histone chaperone)

during post-replication repair by examining genetic interactions between Asf1 and the

Rad6-epistasis pathway.

Chapter 5 summarizes my finding, discusses their implication to the field and

outlines future directions.
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CHAPTER 1:   OVERVIEW OF GENOMIC INSTABILITY AND

CHROMATIN ASSEMBLY

1.1 GENOMIC INSTABILITY AND DISEASE

Normal cell growth and survival is dependent on the maintenance of genomic

stability. There are a number of different types of genomic instability such as elevated

mutation rates, alterations in chromosome number, or aneuploidy, as well as gross

chromosomal rearrangements.  Genomic instability, in some form, is a hallmark of

most human cancers (1).  Many cancer-predisposition disorders have been identified

that are characterized by ongoing genomic instability (2-4).  Among these disorders

are ataxia telangiectasia, Bloom's syndrome, Fanconi anemia, xeroderma

pigmentosum, and Nijmegen breakage syndrome.  In some cases, a single genomic

instability event can lead to cancer progression, as in the case of chronic myelogenous

leukemia, which is caused by the fusion of the BCR and ABL genes due to a

chromosomal translocation (5).  Genome rearrangements also occur in a variety of

other diseases, such as hemophelia and heart disease (6, 7).

While in some cases the causes of elevated mutation rates are understood, as in

the case of cancers caused by errors in mismatch repair genes (3), much less is known

about the mechanisms underlying formation of gross chromosomal rearrangements.

In recent years, great strides have been made by using the budding yeast

Saccharomyces cerevisiae to gain insight into the potential genes that may play a role

in either promoting or suppressing gross chromosomal rearrangements, in the hope
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that this information will aid in understanding genomic instability seen in human

cancers.

1.2  GENOMIC INSTABILITY ASSAYS IN SACCHAROMYCES CEREVISIAE

Several assays have been developed over the years looking at different types of

gross chromosomal rearrangements (GCRs).  A number of assays utilize HO

endonuclease-induced double strand breaks to study genomic rearrangements,

particularly telomeric additions (8-10).  Other studies have utilized loss of the URA3

marker to monitor chromosomal rearrangements that are mediated by repeat

sequences, such as mating-type loci (11, 12).  In addition, the CAN1 gene has been

used to study mitotic recombination and chromosome loss in diploid cells (13).

More recently yeast artificial chromosomes (YACs) have been used to screen the

yeast genome for possible novel regulators of gross chromosomal rearrangements

(14).

An assay developed several years ago in our lab has enabled us to simultaneously

detect a broader spectrum of gross chromosomal rearrangements.  This assay utilizes

the left arm of chromosome V containing the CAN1 gene and a URA3 gene inserted

telomerically to CAN1, in a region that does not contain any other essential genes.

This assay allows us to measure the rate of rearrangements on this section of

chromosome V and, in combination with breakpoint mapping, allows us to detect the

formation of the following types of GCRs:  translocations and interstitial deletions,

chromosome fusions, and terminal deletions associated with de novo telomere

additions (15, 16).  Using this assay, we have been able to begin to compile a list of
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GCR regulators, many of which have human orthologs, with the hopes of getting

insight into the mechanisms underlying genomic instability.

1.3  MECHANISMS OF GROSS CHROMOSOMAL REARRANGEMENTS

By using the assay for GCR detection described above, several major pathways

for the suppression of GCRs have been discovered.  Some of the main suppression

pathways of GCRs involve the S-phase checkpoints:  the DNA replication checkpoint

and the intra-S checkpoints.  The DNA replication checkpoint causes S-phase arrest

in response to replication blocks through the inhibition of the firing of late-replication

origins (17, 18). A study looking at the disruption of the DNA replication checkpoint,

in genes such as RFC5, DPB11, MEC1, DDC2, and DUN1, found a significant

increase in the rate of GCRs (15), suggesting that the DNA replication checkpoint

plays a critical role in the suppression of GCRs.  Another S-phase checkpoint, the

intra-S checkpoint, which is responsible for the slowing of replication in response to

DNA damage during S-phase (19, 20), consists of two partially redundant branches:

one involving RAD17 and RAD24 and the other involving SGS1.  Studies looking at

the inactivation of the intra-S checkpoint found that simultaneous inactivation of both

of the branches resulted in a synergistic increase in the GCR rates compared to

inactivating one of the branches at a time (21, 22).  These findings suggest that both

branches of the intra-S checkpoint are redundant in the suppression of genomic

instability arising from DNA replication errors.

In recent years, several other pathways required for suppression of GCRs as well

as a number of pathways required for the formation of GCRs have been identified.
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Some of the additional pathways implicated in the suppression of GCRs are:

homologous recombination pathways resembling break-induced replication (23),

pathways of suppression of de novo telomere additions (23), pathways that detoxify

reactive oxygen species (24), and pathways involved in post-replication repair (25).

Among pathways involved in the formation of GCRs are:  telomerase and its

accessory proteins which promote de novo telomere additions (23, 26-28), the mitotic

checkpoint (29), the Rad1-Rad10 endonuclease complex (30), and non-homologous

end joining involving DNA ligase 4 with its interacting protein Lif1 (23).

One important implication of the combined studies into mechanisms of GCR

formation is that replication errors may be the underlying cause of the formation of

genomic rearrangements. Among the unexplored pathways involved in DNA

replication and repair at the start of the research described in this dissertation was the

chromatin assembly pathway.  The role of chromatin assembly in the regulation of

genome rearrangements, as well as DNA repair in general, had at the time not been

elucidated.  Furthermore, most DNA repair studies performed in vitro were

performed outside of the context of higher order DNA structures.  We have focused

our studies on two evolutionarily conserved chromatin assembly factor complexes:

the chromatin assembly factor 1 (CAF-I) complex and the replication-coupling

assembly factor (RCAF) complex.

1.4  CHROMATIN ASSEMBLY FACTORS

DNA has to be organized and packaged into higher order structures in order to be

contained within the nucleus.  To achieve this, DNA is coiled around a histone
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octomer to form a nucleosome, a fundamental building block of chromatin (31).  New

chromatin must be assembled during DNA replication and repair.  This process is

essential in human cells, as in the absence of proper chromatin assembly DNA

synthesis cannot be completed (32, 33).  Gene transcription is also directly related to

chromatin formation (34, 35) since chromatin structure affects gene activation and

repression:  heterochromatin is tightly packaged and causes silencing of genes,

whereas euchromatin is packaged more loosely and allows gene transcription to

occur.  Thus, chromatin plays a crucial role in all DNA metabolic processes.

Nucleosomes are made up of two coils (approximately 146 base pairs) of DNA

wrapped around four core histones: two H2A/H2B dimers and a H3/H4 tetramer.  The

four histones have corresponding histone chaperones, or chromatin assembly factors,

responsible for neutralizing highly charged histones and depositing them onto DNA.

Histones H2A/H2B have two histone chaperones:  nucleosome assembly protein 1,

NAP-1, a cytoplasmic-nuclear histone transfer factor (36), which functions during

DNA synthesis (37, 38), and histone regulator A, HIRA (Hir1 and Hir2 in

Saccharomyces cerevisiae), proteins that act during transcription (39, 40).   Histone

H3/H4 tetramers are deposited onto DNA by chromatin assembly factor 1 (CAF-I)

which functions during both DNA replication and repair (41-44).  Histones H3 and

H4 also bind anti-silencing function 1 (Asf1) and form the replication-coupling

assembly factor (RCAF) complex, which is thought to synergize with CAF-I (45-48).

These two latter chromatin assembly factor complexes are the focus of the studies

presented in this dissertation.
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1.5  CHROMATIN AND REPAIR

The first model linking chromatin dynamics to DNA repair was the “access,

repair, restore” (ARR) model proposed by Smerdon in 1991 (49).  This model stated

that in order for nucleotide excision repair (NER) to occur, the initial step must

involve permitting access of the repair machinery to the damaged DNA and the latter

steps involved the restoration of the nucleosomal organization once the DNA had

been repaired.  This model was based on data demonstrating that the ability of repair

machinery to repair damaged DNA was reduced on damaged DNA templates pre-

assembled into nucleosomes compared with naked DNA templates (50).

Ten years later, this model was expanded by Green and Almouzni (50) to

include specific chromatin remodeling complexes, such as ACF and STAGA

complexes, at the “access” stage of NER and the CAF-I complex at the “restore”

stage.  Greene and Almouzni went on to suggest that the ARR process may not be

unique to NER, but most likely applies to other DNA repair pathways such as

homologous recombination (HR), non-homologous end joining (NHEJ) and post-

replication repair (PRR).  They further suggested that it was possible that Asf1/RCAF

might play a “restoring” role in repair processes unrelated to NER, specifically repair

by homologous recombination.  This hypothesis was influenced by the

contemporaneous discovery of the RCAF complex and its unusual interaction with

the checkpoint protein Rad53, the biological significance of which had not been

elucidated at the time.  Thus, while CAF-I has been implicated in NER, the

mechanisms of chromatin assembly and disassembly in other repair processes

remained to be investigated.
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1.6  CAF-I

CAF-I is the first isolated and, therefore, the most studied of the chromatin

assembly factors.  It is evolutionarily conserved among eukaryotes as a multiunit

complex consisting in humans of subunits p150, p60, and p48 and in our model

organism, the budding yeast Saccharomyces cerevisiae, of subunits Cac1, Cac2 and

Cac3.  While, CAF-I requires all three subunits to function in proper chromatin

assembly, the three subunits do not always exist as a complex and may have other

cellular functions when separated from the CAF-I complex (51-53).

CAF-I interacts preferentially with newly synthesized forms of histones H3 and

H4 and has been shown to assemble chromatin in vitro onto newly synthesized DNA

during replication, as well nucleotide excision repair (NER).  CAF-I is thought to

facilitate the deposition of these histones through a direct interaction with

proliferating cell nuclear antigen (PCNA) (54).  Furthermore, CAF-I has been shown

to localize in foci to sites of DNA replication during S-phase in both euchromatin and

heterochromatin regions (55, 56), as well as during G1 and G2 phases of the cell

cycle after exposure to UV irradiation (57).  These findings have implicated CAF-I as

a major coordinator of nucleosome assembly during DNA replication and repair in

vivo.

A number of studies have led to the suggestion that deregulation or loss of

function of CAF-I may play a role in cancer development and/or progression.  In one

study, the largest subunit of human CAF-I (p150) has been shown to interact with

Bloom’s Syndrome protein, BLM, both in vivo and in vitro (58).  Bloom’s Syndrome
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is one of several inherited recessive cancer susceptibility disorders characterized by

genomic instability (59).  Another study linked over-expression of CAF-I to tuberous

sclerosis, an inherited syndrome associated with a variety of tumors in different

organs that is thought to be linked to defects in cell cycle control (60).  Yet another

study suggested that CAF-I might be a good diagnostic marker for proliferation in

breast cancer cells (61).  These studies suggest that CAF-I could be a clinically

significant regulator of genomic instability and cancer susceptibility in humans.

In S. cerevisiae, CAF-I is not required for cell viability, while in mammalian

cells DNA cannot be successfully replicated without the proper function of CAF-I.

However, yeast cells lacking CAF-I function do show sensitivity to UV irradiation as

well as silencing defects at certain loci, such as the mating type loci HMLα and

HMRa.  The fact that CAF-I is unnecessary for DNA replication in yeast is

potentially indicative of critical roles for other pathways of de novo chromatin

assembly, most likely facilitated by the replication-coupling assembly factor (RCAF)

complex.

1.7  RCAF

In the attempt to find novel de novo chromatin assembly factors, RCAF was

originally discovered through the purification of chromatin assembly factors from

Drosophila embryo extracts.  The RCAF complex consists of anti-silencing function

1 (Asf1), which is evolutionarily conserved from yeast to humans, and newly

synthesized versions of histones H3 and H4 (48, 62).  RCAF was found to synergize

with CAF-I in nucleosome assembly during DNA replication in vitro (45, 48).
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Furthermore, genetic defects affecting Asf1 and CAF-I showed synergistic

interactions with regard to telomeric and mating-type loci silencing (63, 64).  The

results of these initial studies let to a model suggesting that RCAF and CAF-I were

involved in a linear pathway required for the deposition of histones H3 and H4 onto

newly synthesized DNA, although there are clearly other interpretations of these

genetic data.  This model proposed that RCAF acts as a histone chaperone shuttling

histones H3 and H4 to CAF-I, through a direct interaction between the Cac2 subunit

and Asf1, thus facilitating chromatin assembly by CAF-I.

However, subsequent studies have implicated Asf1 in other cellular functions

besides direct chromatin assembly.  Unlike yeast mutants lacking CAF-I, which

showed few defects, asf1 mutants showed a wider range of sensitivity to DNA-

damaging agents, such as hydroxyurea (HU) and methyl methanosulfonate (MMS)

(45, 63).  In addition, defects in Asf1 led to an apparent growth defect, not observed

in cells defective for CAF-I (45).  Furthermore, Asf1 turned out to physically interact

with a diversity of proteins, besides the Cac2 subunit of CAF-I, and these proteins

play different cellular roles.  One of these interactions was with the Hir1/Hir2

complex (ortholog of human HIRA), involved in transcriptional silencing in S.

cerevisiae, with which Asf1 seemed to interact synergistically (46).  Another

important physical interaction discovered was between yeast Asf1 and the checkpoint

protein Rad53 (ortholog of human Chk2).  While there is no evidence that hAsf1

interacts with Chk2 in human cells, S. cerevisiae Rad53 and Asf1 appear to have a

DNA damage-dependent interaction: Asf1 dissociates from Rad53 in the presence of

DNA damage (65, 66).
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Despite mounting evidence that Asf1 played other roles in the cell besides

those of a chromatin assembly factor, at the time that the research described in this

dissertation was initiated Asf1 was still thought of primarily as a histone chaperone

that facilitated the activity of CAF-I.  The extent of the overlap between these two

chromatin assembly complexes and their individual roles contributing to DNA

replication and repair remained poorly understood.
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CHAPTER 2:   SACCHAROMYCES CEREVISIAE CHROMATIN

ASSEMBLY FACTORS THAT ACT DURING DNA REPLICATION

FUNCTION IN THE MAINTENANCE OF GENOME STABILITY

2.1 ABSTRACT

Some spontaneous gross chromosomal rearrangements (GCRs) appear to

result from DNA replication errors.  The CAF-I and RCAF complexes function in

chromatin assembly during DNA replication and repair and could play a role in

maintaining genome stability.  Inactivation of CAF-I or RCAF increased the rate of

accumulating different types of GCRs including translocations and deletion of

chromosome arms with associated de novo telomere addition.  Inactivation of CAF-I

appears to cause damage that activates the DNA damage checkpoints whereas

inactivation of RCAF appears to cause damage that activates the DNA damage

checkpoints and the replication checkpoint.  Both defects result in increased genome

instability that is normally suppressed by these checkpoints, RAD52-dependent

recombination and PIF1-dependent inhibition of de novo telomere addition.

Treatment of CAF-I or RCAF defective cells with methyl methane sulfonate (MMS)

increased the induction of GCRs compared to that seen for a wild type strain.  These

results indicate that coupling of chromatin assembly to DNA replication and DNA

repair is critical to maintaining genome stability.
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2.2 INTRODUCTION

Maintaining the stability of the genome is crucial for cell survival and normal

cell growth.  The presence of specific genome rearrangements and the ongoing

accumulation of genome rearrangements is seen in many types of cancer cells (1-5).

Similarly, the inheritance of genome rearrangements underlies other human genetic

diseases (6, 7).  Studies using model organisms have identified multiple mechanisms

by which genome rearrangements arise and multiple pathways that act to maintain

genome stability (8).  A number of studies have suggested that spontaneous genome

rearrangements result from errors during DNA replication that possibly lead to stalled

or broken replication forks (9-15).  A number of pathways appear to act on these

errors to promote their correct repair and prevent their conversion into genome

rearrangements (8, 16).  Among these pathways are (i) at least three different

checkpoints that act during S-phase, (ii) recombination pathways similar to those that

promote break-induced-replication, (iii) a pathway that prevents de novo addition of

telomeres to broken DNAs and (iv) possibly mismatch repair that prevents

recombination between divergent DNA sequences (8).  An alternative source of DNA

damage that can lead to genome instability is degradation of telomeres in the absence

of telomerase (8, 16, 17); these degraded chromosomes appear to be acted on by

many of the same pathways that have been suggested to act on DNA replication

errors.  Interestingly, the human homologs of many of the S. cerevisiae genes that

function in suppression of genome instability and human genes encoding interacting
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proteins have been implicated in pathways that suppress the development of cancer

(18-28).

DNA replication and chromatin assembly are coordinated and S-phase in

human cells is not completed in the absence of chromatin assembly (29-32).  At least

two chromatin assembly complexes, CAF-I and RCAF function in the assembly of

chromatin linked to DNA synthesis (33-39).  CAF-I is a three-subunit complex

consisting of CAC1, CAC2 and CAC3 in S. cerevisiae, which interacts with Histones

H3 and H4 and targets them to DNA through an interaction between CAC1 and

PCNA (34, 40-42).  CAF-I can promote the assembly of nucleosomes in vitro (33, 36,

40).  Mutations that inactivate CAF-I cause defects in silencing at telomeres and

mating type loci as well as mild sensitivity to UV-irradiation, but do not affect

viability or generally cause sensitivity to other DNA damaging agents or hydroxyurea

(36, 40, 43-47).  Recently, it has been shown that expression of a dominant negative

CAC1 protein in mammalian cells appears to induce DNA damage during S-phase

and activation of S-phase checkpoints (32).  Interestingly, several genetic studies

have suggested that CAC1, CAC2 and CAC3 may also have independent functions

(48-52).  RCAF consists of ASF1 and Histones H3 and H4 and can also promote

assembly of nucleosomes in vitro (36).  RCAF binds CAF-I through an interaction

between ASF1 and CAC2 and biochemical studies have indicated that RCAF and

CAF-I cooperate in in vitro chromatin assembly assays (53, 54).  Mutations in ASF1

cause weak defects in silencing as well as a broader range of defects than CAF-I

mutants including slow growth and sensitivity to a broader range of DNA damaging

agents and hydroxyurea (36, 55).  The slow growth phenotype of asf1 mutants is
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associated with a defect in transiting S-phase and asf1 mutants show a defect in

response to hydroxyurea treatment similar to that seen in checkpoint defective

mutants (36, 56, 57).  Consistent with this, ASF1 physically interacts with the

checkpoint protein RAD53 and asf1 mutations have been shown to cause defects in

some checkpoint responses to hydroxyurea (56, 58).  Inactivation of both CAF-I and

RCAF results in stronger defects than inactivation of either complex alone (36, 55,

59).  This suggests that CAF-I and RCAF likely have distinct roles in chromatin

assembly as well as possibly a joint role implied by the physical interaction between

the two complexes.

Because chromatin assembly is important for DNA replication and repair,

correct chromatin assembly may also be important for maintaining genome stability.

Since mutations in CAF-I and RCAF cause defects in S-phase and/or DNA repair, we

tested whether mutations in the genes encoding these two chromatin assembly factors

cause genome instability.  The results reported here indicate that CAF-I and RCAF

defects cause the accumulation of DNA damage resulting in increased rates of

accumulating genome rearrangements.  Our results also support the view that CAF-I

and RCAF play different roles in suppression of genome instability consistent with

the view that these complexes have both distinct and common roles in chromatin

assembly.
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2.3 RESULTS

Chromatin assembly factors suppress genome instability

Mutations in each of the three genes encoding components of CAF-I were

tested for their effect on the GCR rate (Table 2-1).  A cac1 mutation increased the

GCR rate by 340-fold and the resulting GCRs were a mixture of de novo telomere

additions and translocations with microhomology or non-homology breakpoints

(Table 2-2).  In contrast, mutations in the CAC2 and CAC3 genes encoding the other

two subunits of CAF-I increased the GCR rate, but not to the same level as that

caused by a cac1 mutation (P=0.0003 and P=0.0005, respectively).  Interestingly,

compared to the increased GCR rate caused by a cac1 mutation, the cac1 cac2 double

mutant strain had a decreased GCR rate (P=0.0036) and the cac1 cac3 double mutant

strain had an increased GCR rate (P=0.0001).  The cac2 cac3 double mutant strain

had a GCR rate that was not different from that caused by a cac2 mutation (P=0.42).

The cac1 cac2 cac3 triple mutant had a GCR rate that was similar to the GCR rate of

the cac2 and cac3 single mutants (P=0.43 and 0.25, respectively) and asf1 mutant

(see below; P=0.1); this GCR rate was reduced compared to the GCR rate of either

the cac1 or the cac1 cac3 mutant strains.  One interpretation of these results is that

the increased GCR rate of the cac1 single mutant and the cac1 cac3 double mutant

may in part be due to the aberrant activity of sub-complexes of CAF-I containing

CAC2 and possibly ASF1 (see below).  It should also be noted that other studies have

also suggested that the different CAF-I subunits may also have distinct functions in
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addition to a shared function implied by their presence in the CAF-I complex (48-52)

and defects in these different functions could also contribute to the differences

between the effects of the cac1, cac2 and cac3 mutations seen here.

To analyze the role of the RCAF complex in suppression of genome

instability, a mutation in the ASF1 gene was tested for its effect on the GCR rate.  An

asf1 mutation increased the GCR rate by 70 fold (Table 2-1) and the resulting GCRs

were a mixture of mainly de novo telomere addition GCRs and a low proportion of

translocations with microhomology breakpoints (Table 2-2).  The GCR rate of the

asf1 cac1 double mutant strain was reduced relative to that observed in the cac1

single mutant strain (P=0.012) but was not significantly different from the GCR rate

of the cac1 cac2 double mutant (P=0.32).  The GCR rate of the asf1 cac2 double

mutant was somewhat less than but not significantly different than that of either the

asf1 or cac2 single mutants (P=0.13 and P=0.5, respectively).  These results are

consistent with the observation that ASF1 and CAC2 interact and may function

together (53, 54).  These results further support the idea that the increased GCR rate

of the cac1 single mutant may in part be due to the aberrant activity of ASF1 as well

as CAC2 (see above).  The GCR rate of the asf1 cac3 double mutant was not different

from that of the cac3 mutant (P=0.41) and somewhat less than that of the asf1 mutant

(P=0.028).
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cac1 and asf1 mutations seem to activate different checkpoints

The increased GCR rate caused by cac1 and asf1 mutations could be a results

of cac1 and asf1 mutations causing either replication defects or damage to the newly

replicated DNA.  If this is true, cac1 and asf1 mutations might show synergistic

interactions with mutations that cause defects in the replication checkpoint and DNA

damage checkpoints that act during S-phase to suppress spontaneous GCRs (60, 63).

To investigate this possibility, the effect of combining cac1 and asf1 mutations with

mutations that inactivate different checkpoint sensor functions was tested (Table 2-3).

Combining a cac1 mutation with mutations that inactivate different DNA damage and

intra-S DNA damage checkpoint functions (rad9, rad24, sgs1) resulted in a

synergistic increase in the GCR rate.  However, combining a cac1 mutation with

either rfc5-1 or dpb11-1 mutations that cause defects in the replication checkpoint did

not increase the GCR rate above that caused by the cac1 mutation (P=0.13 and P=0.1,

respectively).  In contrast, when an asf1 mutation was combined with rad9, rad24,

sgs1, rfc5-1 or dpb11-1 mutations, a synergistic increase in the GCR rate was

observed.  We do not know why the rfc5-1 and dpb11-1 mutations showed different

effects in these experiments although we note that neither of these mutations is a

complete loss of function mutation.  These results suggest that the errors that lead to

increased GCR rates in a cac1 mutant are recognized by the DNA damage

checkpoints, whereas the errors caused by an asf1 mutation are recognized by both

the DNA damage checkpoints and the replication checkpoint.
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cac1 and asf1 mutations interact differently with mutations in genes encoding

components of the checkpoint signal transduction cascade

Signals generated by activation of different cell cycle checkpoints are

transduced to effector proteins by a signal transduction cascade (57).  To determine

which checkpoint transducer functions play a role in suppressing cac1-induced

GCRs, double mutants containing mutations in the CAC1 gene and genes encoding

transducer proteins were analyzed (Table 2-3).  When a cac1 mutation was combined

with mec1, dun1, or chk1 mutations, a synergistic increase in the GCR rate was

observed.  The rearrangement breakpoints formed in the cac1 mec1 strain were all de

novo telomere addition events (Table 2-2) consistent with previous observations that

mec1 mutations result in a large increase in the rate of de novo telomere additions

(60).  This result is consistent with the idea that a checkpoint involving MEC1,

DUN1, and CHK1 acts in suppressing cac1-induced GCRs.  This role of MEC1,

DUN1, and CHK1 parallels their role in the DNA damage checkpoints and the

observed interaction between cac1 mutations and intra-S DNA damage checkpoint

sensor-defective mutations.

When an asf1 mutation was combined with either a mec1 or chk1 mutation, a

modest synergistic increase in the GCR rate was observed (Table 2-3).  In contrast,

the GCR rate of dun1 asf1 strain was not increased compared to that of dun1 strain

(P=0.07). This suggests that the MEC1 CHK1 signal transduction cascade branch is

most important in suppression of asf1-induced GCRs.  The lack of an interaction

between asf1 and dun1 mutations could suggest than this signal transduction cascade

branch is less important for suppressing asf1-induced GCRs.  However, it is known
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that asf1 mutations cause a partial checkpoint defect in response to hydroxyurea

including a defect in activating the RAD53 kinase and, by inference, potentially a

defect in activating DUN1 because it lies downstream of RAD53 in regard to some

checkpoint responses (36, 56).  We have previously suggested that three different

checkpoints function to suppress genome instability and that each functions through

distinct, but partially overlapping signal transduction cascade components (60, 63).

Thus, an alternative explanation for the limited interaction between an asf1 mutation

and mec1, chk1, and dun1 mutations is that an asf1 defect may result in damage that

activates multiple checkpoints and hence multiple signal transduction cascades.

Consequently, inactivating only one signal transduction cascade may cause little

defect in suppressing the genome instability induced by an asf1 mutation.

cac1 and asf1 mutations interact differently with mutations in genes encoding

telomere maintenance functions

Combining a tel1 mutation with a cac1 mutation resulted in a ~2- to 3-fold

reduction of the GCR rate compared to a cac1 single mutant (Table 2-4).  Analysis of

GCR breakpoints formed in the cac1 tel1 strain revealed a decrease in the proportion

of de novo telomere addition events, although the number of events analyzed was

small (Table 2-2).  Calculating the rate of accumulating de novo telomere additions

and translocations in the cac1 tel1 strain suggested that inactivation of TEL1

exclusively reduced the rate of de novo telomere additions.  This indicates that a

TEL1 dependent pathway is important for the formation of de novo telomere addition
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GCRs, consistent with the role of TEL1 in telomere maintenance (16, 60, 64).  As

predicted by this observation, combining a pif1-m2 mutation (16, 65) with a cac1

mutation resulted in a synergistic increase in the GCR rate, whereas combining a tlc1

mutation (66) with a cac1 mutation reduced the GCR rate.  This indicates that GCR

formation in the cac1 strain by de novo telomere addition is suppressed by PIF1 and

requires telomerase.

Combining an asf1 mutation with a tel1 mutation resulted in a large decrease

in the GCR rate indicating that a major proportion of the GCRs that occur in an asf1

mutant are TEL1-dependent.  Because most of the GCRs in an asf1 mutant are

telomere additions, this could reflect the role of TEL1 in telomere maintenance.

Consistent with this hypothesis, combining an asf1 mutation with a pif1-m2 mutation

resulted in a large increase in the GCR rate, indicating that most of the GCRs in an

asf1 mutant are suppressed by PIF1 (16).  Surprisingly, combining an asf1 mutation

with a tlc1 mutation resulted in a large increase in the GCR rate rather than the

predicted decrease in GCR rate if asf1-induced telomere additions require telomerase.

It seems unlikely that the de novo telomere additions that occur in an asf1 mutant do

not require the activity of telomerase.  A possible explanation for this effect is that in

the absence of ASF1 chromatin structure may be altered near telomeres, resulting in

the disruption of telomere integrity in a tlc1 mutant leading to increased genome

instability (16, 17).  Consistent with this idea, it has previously been shown that an

asf1 mutation enhances the growth defects caused by a cdc13 mutation that causes a

defect in telomere maintenance (55).  Alternatively, because this effect is similar to

the increase in the GCR rate observed in a tel1 tlc1 double mutant compared to the
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respective single mutants (16), it is possible that asf1 and tel1 mutations may cause

similar checkpoint defects in response to telomere damage.

Double-strand-break repair pathways are required for suppression and

formation of GCRs in cac1 and asf1 strains

Previous studies have suggested that the break-induced replication (BIR)

pathway of recombination, presumably by promoting recombination with sister

chromatids, plays a role in suppressing GCRs and that non-homologous end joining

(NHEJ) can act on damage that leads to GCRs and sometimes results in the formation

of translocations (11, 16).  The role of these pathways in the formation and

suppression of GCRs observed in cac1 and asf1 strains was investigated combining

mutations that cause defects in different double-strand-break (DSB) repair pathways

with cac1 and asf1 mutations (Table 2-4).  Break-induced replication (BIR) is highly

dependent on RAD52 but shows less dependence on other RAD50 epistasis group

genes due to redundancy between different gene products or only a partial

requirement at normal growth temperatures (67, 68).  Combining a rad52 mutation

with either a cac1 or asf1 mutation resulted in a synergistic increase in the GCR rate.

Synergistic effects were also seen with rad51, rad54, rad55, rad57 and rad59

mutations (data not shown), which suggests that the GCRs induced by cac1 and asf1

mutations are partially suppressed by the homologous recombination.  Inactivation of

non-homologous end joining (NHEJ) by a lig4 mutation (69) in combination with

cac1 mutation caused a significant increase in the GCR rate compared to that caused
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by a cac1 mutation (P=0.028).  The rearrangement breakpoints that occurred in a

cac1 lig4 double mutant were all de novo telomere additions (Tables 2-2 and 2-4)

indicating that cac1-induced translocation events require NHEJ.  In contrast,

combining a lig4 mutation with an asf1 mutation did not change the GCR rate

compared to that seen in an asf1 single mutant strain (P=0.46).  We did not analyze

the GCRs formed in an asf1 lig4 double mutant due to the low rate of formation of

translocations induced by an asf1 mutation (Table 2-2).  These results suggest that

ligase 4 plays a role in suppressing some of the cac1-induced GCRs but not in

suppressing asf1-induced GCRs.  Inactivation of the yKU80 gene in both cac1 and

asf1 strains reduced the GCR rates observed to almost wild type levels.  This is

consistent with previous observations that yKU80 is required for both efficient NHEJ

and efficient de novo telomere addition (16), although it is also possible that asf1- and

cac1-induced GCRs are lethal in the absence of Ku.  While our favored hypothesis is

that recombination and NHEJ act to suppress GCRs induced by asf1 and cac1

mutations, it is also possible that in the absence of recombination or NHEJ, there are

increased levels of broken DNAs whose repair is less efficient in the absence of ASF1

or CAC1.

Histone H2A is phosphorylated in response to DNA damage and

phosphorylated Histone H2A becomes localized to the site of DSBs in DNA

suggesting an involvement in DSB repair (61, 70).  Mutations that eliminate the

phosphorylation sites in Histone H2A cause increase sensitivity to agents that cause

DSBs (61).  The effects of cac1 and asf1 mutations were tested in combination with

hta1 and hta2 mutations that eliminate the Histone H2A phosphorylation sites (Table
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2-4).  The hta1 and hta2 mutations had no effect on the GCR rate by themselves.

When these mutations were combined with a cac1 mutation, the GCR rate was

significantly reduced (P=0.0001) whereas they had no effect on the GCR rate when

combined with an asf1 mutation (P=0.1).  These results suggest that phosphorylation

of Histone H2A in response to DNA damage contributes to the formation of GCRs

when CAC1 is not functional.

cac1 and asf1 mutations increase the frequency of DNA damage induced GCRs

Treatment of cac1 or asf1 strains with 0.05% MMS, an MMS concentration

that only activates the intra-S checkpoint (71, 72), did not result in a further increase

the GCR frequency, whereas treatment of a wild-type control strain with 0.05% MMS

significantly increased the GCR frequency (Figure 2-1A).  However, when cac1 or

asf1 strains were treated with higher doses of MMS (0.1% or 0.2%), which are MMS

concentrations that activate both the intra-S checkpoint and G1 and G2 DNA damage

checkpoints (71, 72), a large increase in GCR frequency was observed (Figure 2-1B).

The cac1 mutant was no more sensitive to killing by all doses of MMS tested than the

wild-type strain whereas the asf1 mutant was 10 to 20-fold more sensitive to killing

by MMS (data not shown) consistent with other studies (36, 55).  These results

suggest that chromatin assembly involving CAC1 and ASF1 plays an important role

in the repair of high dose, but not low dose, MMS-induced DNA damage.

Alternatively, it is possible that the intra-S checkpoint is already activated in cac1 and

asf1 strains resulting in suppression of low dose MMS-induced GCRs.  As a result,
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induction of GCRs is only observed in response to treatment with higher

concentrations of MMS.
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2.4  DISCUSSION

Previous studies have led to the hypothesis that errors during S-phase can

result in spontaneous genome rearrangements (9-15).  To investigate this hypothesis

further, we tested whether the chromatin assembly factors CAF-I and RCAF, which

are thought to function in the assembly of chromatin during DNA replication (33-39),

are important for suppression of GCRs.  Consistent with this idea, mutations in genes

encoding components of these two chromatin assembly complexes resulted in

increased spontaneous genome instability.  In each case, the GCRs that resulted were

translocations/deletions or terminal deletions of chromosome arms associated with de

novo telomere addition driven by telomere maintenance functions.  The cac1-induced

(CAF-I) translocations/deletions appeared to be formed by NHEJ of broken

chromosomes.  Genetic analysis indicated that cac1-induced (CAF-I) GCRs were

suppressed by DNA damage checkpoints but not the replication checkpoint, which is

consistent with recent observations that expression of a dominant negative human

CAC1 (p150) induced DNA damage foci and altered chromatin structure during S-

phase (32).  In contrast, asf1-induced (RCAF) GCRs were suppressed by both DNA

damage checkpoints and the replication checkpoint consistent with previous

observations that asf1 mutations appear to cause damage during S-phase and that

ASF1 alleviates Histone-mediated inhibition of DNA replication in vitro (36, 56, 73).

In both cases, the GCRs appear to be suppressed by RAD52-dependent recombination

and by PIF1-dependent suppression of de novo telomere additions similar to that



30

observed for spontaneous GCRs (16). Defects in CAF-I and RCAF also resulted in

increased MMS-induced GCRs consistent with the observation that asf1 mutations

cause sensitivity to agents that induce DSBs and that CAF-I promotes chromatin

assembly during DNA repair (35, 36, 42, 55).

Our observations suggest that CAF-I and RCAF promote different chromatin

assembly functions.  This conclusion is based on the observation that mutations in

CAC1 and ASF1 each resulted in different GCR rates and showed different

interactions with checkpoint defects, NEHJ defects and defects in Histone H2A

phosphorylation.  These conclusions are consistent with the results of other genetic

studies that indicate that CAF-I and RCAF may have distinct functions and cooperate

with each other (36-39, 55).  We observed that cac2 and asf1 single mutants and the

cac2 asf1 double mutant had similar GCR rates.  This suggests a role for CAC2 in

RCAF function consistent with the observed physical interaction between CAC2 and

ASF1 (53, 54).  Interestingly, asf1 and cac2 mutations reduced the GCR rate of a

cac1 mutant strain and a cac2 mutation reduced the GCR rate of the cac1 cac3 double

mutant.  This observation raises the possibility that some of the GCRs that occur in a

cac1 mutant or a cac1 cac3 double mutant may result from aberrant reactions

promoted by RCAF in the absence of a functional CAF-I complex and by aberrant

reactions promoted by CAF-I sub-complexes.  This idea is consistent with hypothesis

that CAF-I and RCAF are co-dependent, which is based on biochemical studies (54,

73).  An alternate possibility is that asf1 and cac2 mutations activate a checkpoint that

partially suppresses the GCRs induced in cac1 and cac1 cac2 mutants.  The hta1

S129STOP hta2 S129STOP mutations also reduced the GCR rate of a cac1 mutant
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strain suggesting that phosphorylation of improperly assembled chromatin may also

contribute to genome instability.  Interestingly, induction of a dominant negative

CAC1 in mammalian cells induced phosphorylated Histone H2Ax foci (32).  It

should also be noted that other studies have suggested that CAC1, CAC2 and CAC3

all appear to have distinct functions in addition to a common function (48-52) and it

is known that a portion of CAC3 does not co-purify with the CAF-I complex (54, 74).

Thus, it is also possible that these differences in function could contribute to the

differences in the effects of cac1, cac2 and cac3 mutations seen here.

A model describing our observations is presented in Figure 2-2.  Our results

suggest that failure to properly assemble chromatin during DNA replication results in

spontaneous DNA damage that can be processed to yield GCRs.  The differences in

the interaction between cac1 (Figure 2-2A) and asf1 (Figure 2-2B) with mutations

that cause defects in the different checkpoints that act in suppressing genome

instability may reflect the induction of different types of damage by cac1 and asf1.

The replication and checkpoint (S-phase) defects caused by ASF1 but not CAC1

defects may also contribute to the differences in genetic instability caused by ASF1

and CAC1 mutations.  Our genetic data also suggest that cac1-induced GCRs (and

cac1 cac3-induced GCRs, where tested) may involve ASF1 and CAC2 action and

Histone H2A phosphorylation in the absence of normal CAF-I function.  There are

several possible explanations for this result: (i) aberrant reactions promoted by CAF-I

sub-complexes or ASF1, CAC2 and histone H2A phosphorylation in the absence of

normal CAF-I function may result in increased damage or decreased repair, or (ii)

possibly absence of ASF1, CAC2 or histone H2A phosphorylation could activate a
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pathway (such as a checkpoint pathway) that then promotes suppression of cac1-

induced GCRs.  In all cases, the formation and suppression of the resulting GCRs

seem to involve the same pathways as have been implicated in the formation and

suppression of spontaneous GCRs (8, 16).  These results suggest that some

spontaneous GCRs may result from spontaneous errors in chromatin assembly and

also raise the possibility that genetic defects in chromatin assembly genes could

promote genome instability in mammalian cells.  A remaining question of interest is

what roles do other chromatin assembly and modification functions play in

maintaining genome stability.
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2.5  MATERIALS AND METHODS

General Genetic Methods.

Media for propagation of strains and for determining GCR rates were as

described (11, 60).  All S. cerevisiae strains were propagated at 30°C, except for rfc5-

1 or dpb11-1 mutants, which were grown at 23°C.  Gene disruptions were all made by

standard PCR based gene disruption methods and correct gene disruptions were

verified by PCR as described (10).  The hta1S129STOP and hta2S129STOP

mutations were inserted using pop in, pop out plasmids and verified by sequence

analysis (61).  The sequences of primers used to generate disruption cassettes and to

confirm disruption of indicated genes are available upon request.  All strains were

derived from the S288c parental strain RDKY3023 [MATa, ura3-52, leu2Δ1,

trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, ade2Δ1, ade8] and in addition contained the

hxt13::URA3 insertion used in the GCR assay.  Relevant genotypes of these strains

are: RDKY3615 wild type; RDKY3733 sml1::KAN, RDKY4753 cac1::TRP1;

RDKY5003 cac2::HIS3; RDKY5005 cac3::HIS3; RDKY5001 cac1::TRP1

cac2::HIS3; RDKY5009 cac1::TRP1 cac3::HIS3; RDKY5007 cac2::TRP1

cac3::HIS3; RDKY4755 asf1::HIS3; RDKY4779 cac1::TRP1 asf1::HIS3;

RDKY5011 cac2::TRP1 asf1::HIS3; RDKY5013 cac3::HIS3 asf1::TRP1;

RDKY3719 rad9::HIS3; RDKY3723 rad24::HIS3; RDKY3814 sgs1::HIS3;

RDKY3727 rfc5-1; RDKY4538 dpb11-1; RDKY4757 rad9::HIS3 cac1::TRP1;

RDKY4761 rad24::HIS3 cac1::TRP1; RDKY4765 cac1::TRP1 sgs1::HIS3;
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RDKY4769 rfc5-1 cac1::HIS3; RDKY4773 dpb11-1 cac1::HIS3; RDKY4759

rad9::HIS3 asf1::TRP1; RDKY4763 rad24::HIS3 asf1::TRP1; RDKY4767

asf1::HIS3 sgs1::TRP1; RDKY4771 rfc5-1 asf1::HIS3; RDKY4775 dpb11-1

asf1::HIS3; RDKY4343 pif1-m2; RDKY4224 tlc1::TRP1; RDKY3735 sm1l::KAN

mec1::HIS3; RDKY3731 tel1::HIS3; RDKY3739 dun1::HIS3; RDKY3745

chk1::HIS3; RDKY4777 rad53-21; RDKY3749 sml1::KAN rad53::HIS; RDKY4781

pif1-m2 cac1::TRP1; RDKY4785 cac1::TRP1 tlc1::HIS3; RDKY4789 sml1::KAN

mec1::HIS3 cac1::TRP1; RDKY4793 tel1::HIS3 cac1::TRP1; RDKY4801

dun1::HIS3 cac1::TRP1; RDKY4807 chk1::HIS3 cac1::TRP1; RDKY4813 rad53-21

cac1::HIS3; RDKY4783 pif1-m2 asf1::HIS3; RDKY4787 asf1::HIS3 tlc1::TRP1;

RDKY4791 sml1::KAN mec1::TRP1 asf1::HIS3; RDKY4795 tel1::HIS3 asf1::TRP1;

RDKY4803 asf1::HIS3 dun1::TRP1; RDKY4809 asf1::HIS3 chk1::TRP1;

RDKY4857 hta1 S129STOP hta2 S129STOP; RDKY3641 lig4::HIS3; RDKY3640

yKU80::HIS3; RDKY4421 rad52::HIS3; RDKY4823 hta1 S129STOP hta2

S129STOP cac1::TRP1; RDKY4827 lig4::HIS3 cac1::TRP1; RDKY4831

cac1::TRP1 yKU80::HIS3; RDKY4843 cac1::TRP1 rad52::HIS3; RDKY4825 hta1

S129STOP hta2 S129STOP asf1::HIS3; RDKY4829 lig4::HIS3 asf1::TRP1;

RDKY4833 yKU80::HIS3 asf1::TRP1; RDKY4855 asf1::HIS3 rad52::TRP1;

RDKY4853 asf1::HIS3 rad59::TRP1; RDKY4861 sml1::KAN cac1::TRP1;

RDKY5046 rad53-21 asf1::HIS3; RDKY5075 cac1::TRP1 cac2::HYG cac3::HIS3.

We were unable to construct a cac1 cac3 asf1 triple mutant.  In selected cases, we

tested whether ARS CEN plasmids expressing either ASF1 or CAC1 under control of

their native promoters complemented asf1- and cac1-induced GCR rates,
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respectively, to insure that observed increased GCR rates were not due to

accumulation of second site mutations.

Characterization of GCR Rates and Breakpoints.

All GCR rates were independently determined by fluctuation analysis two or

more times using either 5 or 11 cultures, and the average value is reported (11, 60).

Statistical significance was evaluated by the Mann-Whitney test using programs

available at http://faculty.vassar.edu/lowry/vshome.html.  The effect of MMS

treatment on cell survival and GCR frequency was determined as described (62).  The

sequences of independent rearrangement breakpoints were determined and classified

as described (11, 60).
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Figure 2-1.  Induction of GCRs by DNA damage in CAF-I and RCAF defective
strains.
Log phase cells of the wild type (RDKY3615) and cac1 (RDKY4753) or asf1
(RDKY4755) mutant strains were treated with the indicated concentration of MMS in
water for 2 hr, washed, diluted into 10 times the starting volume of YPD and grown
to saturation.  The cells were then plated on appropriate media to determine the
frequency of Canr 5-FOAr cells present.  Three to five independent cultures of each
strain were used in each experiment and each experiment was performed at least
twice.  The average fold-increase in the frequency of GCRs relative to no MMS
treatment is reported.  In panel A the results obtained at either 0 or 0.5% MMS are
plotted with a different fold-induction scale (Y-axis) than the complete data set for 0,
0.05%, 0.1% and 0.2% MMS presented in panel B.
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Figure 2-2.  Model for the induction of GCRs by CAC1 and ASF1 defects.
(A) In the absence of CAC1, aberrant chromatin assembly occurs on newly replicated
DNA and results in DNA damage, possibly including DSBs.  This damage may in
part be mediated by the action of ASF1 (and CAC2) and Histone H2A
phosphorylation in the absence of normal CAF-I function.  This DNA damage results
in GCRs, which are in part suppressed by the DNA damage checkpoints.  (B)
Induction of GCRs by ASF1 defects.  In the absence of ASF1 aberrant chromatin
assembly occurs during DNA replication and results in DNA damage, possibly
including DSBs.  Replication defects and checkpoint defects likely also occur.  The
resulting DNA damage, replication defects and checkpoint defects result in GCRs,
which are in part suppressed by both the DNA damage and replication checkpoints.
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Table 2-1.  Effect of CAF-I and RCAF defects on the rate of accumulating
GCRs.

The number in () is the fold increase in rate relative to that of the wild type strain.
The GCR rate using RDKY5075 (cac1Δ cac2Δ cac3Δ) was 1 x 10-8 (29).

WT asf1Δ
Relevant
Genotype

Strain
number

Mutation Rate
(Canr 5-FOAr)

Strain
number

Mutation Rate
(Canr 5-FOAr)

Wild type 3615 3.5 x 10-10 (1)1 4755 2.5 x 10-8 (71)
cac1Δ 4753 1.2 x 10-7 (343) 4779 3.9 x 10-8 (111)
cac2Δ 5003 3.0 x 10-8 (87) 5011 1.5 x 10-8 (43)
cac3Δ 5005 1.1 x 10-8 (32) 5013 1.2 x 10-8 (35)
cac1Δ cac2Δ 5001 5.1 x 10-8 (145) ND
cac1Δ cac3Δ 5009 6.9 x 10-7 (1997) ND
cac2Δ cac3Δ 5007 3.4 x 10-8 (97) ND
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Table 2-2.  Structure of observed rearrangement breakpoints generated from
strains defective in CAF-I and RCAF.

(Non,Micro) refers to the number of nonhomology and microhomology
breakpoints observed, respectively.
1, Data from Myung et al., 2001b
2, Data from Myung et al., 2001a
3, One case was a deletion that had 143 bp of non-chromosome V sequences inserted
at the breakpoint.

Relevant
Genotypes

Strain
Number

Telomere
addition

Translocation/
Deletion

(Non,Micro)
Wild type1 3615 5 1,0
cac1Δ sml1Δ 4861 6 2,2
cac1Δ 4753 7 2,1
asf1Δ 4755 9 0,2
cac1Δ asf1Δ 4779 4 2,4
tel1Δ1 3731 0 0,6
mec1Δ sml1Δ1 3735 9 0,0
tel1Δ cac1Δ 4793 2 33,4
mec1Δ sml1Δ cac1Δ 4789 9 0,0
lig4Δ2 3641 6 0,0
cac1Δ lig4Δ 4827 20 0,0
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Table 2-3. Interaction between CAF-I or RCAF defects and checkpoint defects.

The number in () is the fold increase in rate relative to that of the wild type strain.

1.  Data from Myung et al., 2001b
2.  Data from Myung et al., 2002b
3.  GCR rate of sml1 strain was 3.1 x 10-10 (1)

WT cac1Δ asf1Δ
Relevant
Genotype

Strain
number

Mutation Rate
(Canr 5-FOAr)

Strain
number

Mutation Rate
(Canr 5-FOAr)

Strain
number

Mutation Rate
(Canr 5-FOAr)

Wild type 3615 3.5 x 10-10 (1)1 4753 1.2 x 10-7 (343) 4755 2.5 x 10-8 (71)
rad9Δ 3719 2.0 x 10-9 (6)1 4757 4.0 x 10-7 (1142) 4759 1.0 x 10-7 (285)
rad24Δ 3723 4.0 x 10-9 (11)1 4761 4.8 x 10-7 (1371) 4763 2.0 x 10-7 (571)
sgs1Δ 3814 7.7 x 10-9 (22)2 4765 6.3 x 10-7 (1800) 4767 9.7 x 10-8 (278)
rfc5-1 3727 6.6 x 10-8 (189)1 4769 1.3 x 10-7 (371) 4771 8.6 x 10-7 (2457)
dpb11-1 4538 9.0 x 10-8 (257)1 4773 1.2 x 10-7 (342) 4775 2.3 x 10-7 (657)
mec1Δ sml1Δ3 3735 6.8 x 10-8 (194)1 4789 5.2 x 10-7 (1486) 4791 1.7 x 10-7 (486)
dun1Δ 3739 7.3 x 10-8 (208)1 4801 5.6 x 10-7 (1600) 4803 6.9 x 10-8 (197)
chk1Δ 3745 1.3 x 10-8 (37)1 4807 8.0 x 10-7 (2285) 4809 6.9 x 10-8 (197)
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Table 2-4. Interaction between CAF-I or RCAF defects and defects in telomere
maintenance functions or DSB repair.

The number in () is the fold increase in rate relative to that of the wild type strain.
1.  Data from Myung et al. 2001b
2.  Data from Myung et al. 2001a

WT cac1Δ asf1Δ
Relevant
Genotype

Strain
number

Mutation Rate
(Canr 5-FOAr)

Strain
number

Mutation Rate
(Canr 5-FOAr)

Strain
number

Mutation Rate
(Canr 5-FOAr)

Wild type 3615 3.5 x 10-10 (1)1 4753 1.2 x 10-7 (343) 4755 2.5 x 10-8 (71)
tel1Δ 3731 2.0 x 10-10 (0.6)1 4793 6.4 x 10-8 (183) 4795 2.0 x 10-9 (5.6)
pif1-m2 4343 8.3 x 10-8 (237)2 4781 3.5 x 10-7 (1000) 4783 2.7 x 10-7 (771)
tlc1Δ 4224 3.1 x 10-10 (0.9)2 4785 2.0 x 10-9 (6) 4787 1.3 x 10-6 (3,700)
hta1 S129* hta2 S129* 4857 4.4 x 10-10 (1.3) 4823 9.0 x 10-9 (26) 4825 2.6 x 10-8 (74)
lig4Δ 3641 1.6 x 10-9 (5)2 4827 2.1 x 10-7 (600) 4829 2.4 x 10-8 (69)
yKu80Δ 3640 7.8 x 10-10 (2)2 4831 9.3 x 10-10 (2.7) 4833 1.0 x 10-9 (2.9)
rad52Δ 4421 4.4 x 10-8 (126)2 4843 3.0 x 10-7 (857) 4855 4.4 x 10-7 (1257)
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CHAPTER 3:   CHECKPOINT FUNCTIONS ARE REQUIRED FOR

NORMAL S-PHASE PROGRESSION IN SACCHAROMYCES CEREVISIAE

RCAF AND CAF-I DEFECTIVE MUTANTS

3.1  ABSTRACT

The chromatin-assembly factor I (CAF-I) and the replication-coupling

assembly factor (RCAF) complexes function in chromatin assembly during DNA

replication and repair and play a role in the maintenance of genome stability. Here,

we have investigated their role in checkpoints and S-phase progression. FACS

analysis of mutants lacking Asf1 or Cac1 as well as various checkpoint proteins

indicated that normal rates of S-phase progression in asf1 mutants have a strong

requirement for replication checkpoint proteins whereas normal S-phase progression

in cac1 mutants has only a weak requirement for either replication or DNA damage

checkpoint proteins. Furthermore, asf1 mutants had high levels of Ddc2.GFP foci that

were further increased in asf1 dun1 double mutants consistent with a requirement for

checkpoint proteins in S-phase progression in asf1 mutants whereas cac1 mutants had

much lower levels of Ddc2.GFP foci that were not increased by a dun1 mutation. Our

data suggest that RCAF defects lead to unstable replication forks that are then

stabilized by replication checkpoint proteins whereas CAF-I defects likely cause

different types of DNA damage
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3.2  INTRODUCTION

DNA replication and repair require new chromatin assembly, during which

the four core histones must be assembled into a histone octamer containing two

H2A/H2B dimers and a H3/H4 tetramer wrapped in DNA to form a nucleosome. In

the absence of proper chromatin assembly in human cells DNA synthesis cannot be

completed (1, 2). Many histone chaperones are known to be involved in nucleosome

and chromatin assembly, of which Chromatin Assembly Factor-1 (CAF-I) and Anti-

Silencing Function 1 (Asf1) are among the most studied (reviewed in (3)). CAF-I is a

nucleosome assembly factor complex that functions during DNA replication and

repair and deposits histone H3/H4 tetramers onto DNA (4-7). Asf1 binds histones H3

and H4, forming the Replication-Coupling Assembly Factor (RCAF) complex, and is

thought to play the role of a histone donor, functioning synergistically with CAF-I (8-

11). Among other factors involved in chromatin assembly are NAP-1 (12), which

functions as a cytoplasmic-nuclear histone H2A/H2B transfer factor during DNA

synthesis, and HIRA (Hir1 and Hir2 in S. cerevisiae) proteins, which are histone

H2A/H2B chaperones that act in the assembly of chromatin independently of DNA

synthesis (13, 14).

CAF-I is evolutionarily conserved and in most species contains three subunits.

In S. cerevisiae, these three subunits are Cac1, Cac2 and Cac3, of which Cac3 directly

interacts with histones H3 and H4, while the largest subunit, Cac1, binds Proliferating

Cell Nuclear Antigen (PCNA) (15). CAF-I facilitates nucleosome assembly

preferentially onto newly synthesized DNA (4, 16). In S. cerevisiae, deletion of any
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of the subunits leads to increased UV sensitivity (7) and silencing defects at telomeres

as well as at the mating type loci (7, 17, 18). Furthermore, a synergistic decrease in

silencing was observed in S. cerevisiae cells lacking both CAF-I and Asf1 (8), and

there appears to be a synergistic interaction between CAF-I and Asf1 during

chromatin assembly linked to DNA replication in vitro (10). Consistent with these

observations, CAF-I has been shown to physically interact with Asf1 in both human

(10) and Drosophila (11) cells.

The RCAF complex in S. cerevisiae and Drosophila consists of the Asf1

histone chaperone protein and histones H3 and H4 (11, 19). As opposed to CAF-I, the

RCAF complex cannot promote chromatin assembly coupled to DNA replication on

its own; however, it appears to synergize with CAF-I in this role in vitro (8, 11). S.

cerevisiae mutants lacking Asf1 exhibit sensitivity to a wider range of DNA-

damaging agents and have a slow growth phenotype compared to CAF-I defective

mutants (8) suggesting that CAF-I and RCAF may have some distinct functions. Asf1

has also been implicated in the buffering of free histones during DNA damage

induced cell cycle arrest (20) as well as chromatin disassembly at certain loci (21).

Several studies have linked both CAF-I and RCAF to checkpoint regulation.

In S. cerevisiae Asf1 and the checkpoint protein Rad53 are known to interact, and

Asf1 is dissociated from phosphorylated Rad53 after cells are treated with the DNA

damaging agent Methyl Methane Sulfonate (MMS) or Hydroxyurea (HU) (22, 23).

However, a recent analysis of physiological levels of Asf1 has indicated that Asf1 can

interact with phosphorylated Rad53 in response to MMS (24). In humans and

Drosophila, Asf1 has also been implicated in checkpoint related signaling due to
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being the only known substrate for Tlk (tousled-like kinase), which is inhibited by the

ATM/Chk1 DNA damage checkpoint pathway (25, 26).  Furthermore, asf1 mutant

cells have been previously shown to be partially defective in HU-induced Rad53

phosphorylation (22) suggesting that asf1 mutants may be partially checkpoint

defective. Consistent with this idea, the apparent inability of asf1 mutants to recover

from HU arrest as suggested by FACS (8) is similar to the behavior of mutants that

have a defect in the replication checkpoint (27). In addition, expression of a

dominant-negative Cac1 protein, the largest component of CAF-I, has been shown to

cause DNA damage and activate the S-phase checkpoint in human cells (2). In our

previous work, we showed that mutations in the genes encoding the CAF-I and RCAF

complexes caused increased rates of accumulation of gross chromosomal

rearrangements (GCRs) in S. cerevisiae (28). Our genetic analysis suggested that

Asf1 defects could result in DNA damage that activated both the replication and

DNA damage checkpoints whereas CAF-I defects might result in activation of the

DNA damage checkpoint. Consistent with this, a recent study has demonstrated

activation of the DNA damage checkpoint in an asf1 mutant (29).

In the present study we have investigated whether RCAF and CAF-I play a

role in checkpoint regulation. Our results show that defects in these chromatin

assembly factors do not cause checkpoint defects. In contrast, asf1 mutants were

found to be highly dependent on the S-phase checkpoints for normal progression

through S-phase. Furthermore, cells that are defective for both CAF-I and RCAF

appear to have increased S-phase progression defects resulting in the accumulation of

cells arrested in G2/M consistent with the accumulation of DNA damage during S-
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phase. These results are interpreted in terms of models in which RCAF mutants are

partially defective in maintaining replication fork structure and that this defect is

exacerbated by both checkpoint and CAF-I defects.
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3.3  RESULTS

asf1 mutants are sensitive to killing by MMS but not HU

Many checkpoint-defective mutants, such as a rad53Δ mutant, are sensitive to

killing by both HU and MMS. We therefore tested all possible single, double and

triple combinations of CAF-I subunit mutations, none of which caused sensitivity to

either 50 mM HU or 0.01% or 0.02% MMS (Supp. Fig. 3-1 & data not shown); note

that in an S288c strain CAF-I defects did not cause sensitivity to 0.02% MMS

whereas in a W303 strain sensitivity to 0.02% MMS was seen (30).  In contrast, the

asf1 single mutant and the cac1 asf1, cac2 asf1, cac3 asf1 double mutants were all

sensitive to killing by MMS (Supp. Fig. 3-2). The asf1 single mutant and the cac1

asf1, cac2 asf1, cac3 asf1 double mutants appeared to be sensitive to killing by HU

when the plates were incubated at 30oC for up to 3 days, but upon longer incubation

all 4 mutant strains exhibited wild-type levels of survival (Fig. 3-1A and data not

shown). Thus, these mutants appear to grow much more slowly in the presence of HU

but are not killed.

Mutants that are defective for the replication checkpoint cannot recover from

acute treatment with concentrations of HU (200 mM) that result in depletion of

nucleotide pools and subsequent DNA replication arrest. Consistent with this, the

checkpoint defective rad53 sml1 mutant was unable to recover from either 2 or 4-hr

treatment with HU. In contrast, the asf1 single mutant and the cac1 asf1, cac2 asf1,
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cac3 asf1 double mutants all showed the same full recovery as the wild-type and sml1

single mutant control strains (Fig. 3-1B). This result confirms that the asf1 single

mutant and the cac1 asf1, cac2 asf1, cac3 asf1 double mutants are not sensitive to

killing by HU.

Analysis of cell morphology suggests that RCAF single mutants and RCAF

CAF-I double mutants have a cell cycle progression defect

The asf1 single mutant and the cac1 asf1, cac2 asf1, cac3 asf1 double mutants

all appear to have a modest reduction in growth rate compared to wild-type control

strains or cac1, cac2 or cac3 single mutants. To better understand this, the

morphology of cells from log phase cultures of these mutants and control strains were

analyzed by fluorescence microscopy (Fig. 3-2A & 3-2B). The largest class of wild-

type cells had small buds and a single nucleus, and thus appeared to be in early S-

phase. The cac1, cac2 and cac3 single mutants were all similar to wild-type cells (see

legend Fig. 3-2). Compared to the wild-type strain, asf1 mutants had a large increase

in the number of large-budded cells along with a decrease in the proportion of cells

with either no bud and a single nucleus or a small bud and a single nucleus; the cac3

asf1 double mutant showed a distribution of cells that was similar to that of the asf1

mutant. Likewise, in comparison to the wild-type cells the cac1 asf1 and cac2 asf1

double mutants showed an increase in large budded cells with DNA staining in both

buds along with a decrease in the proportion of cells with either no bud and a single

nucleus or a small bud and a single nucleus. However, in contrast to asf1 mutants,
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these two mutants exhibited a large increase in the number of cells having aberrant

bud morphologies in which buds were elongated and misshapen, with a single

nucleus at the bud neck (Fig. 3-2A).

Analysis of the G2/M DNA content in the same cultures by fluorescence

activated cell sorting (FACS) was consistent with the cell morphology analysis

(summarized in Fig. 3-2C). One interpretation of the FACS results in combination

with the cell morphology analysis is that the asf1 single and double mutant cells are

accumulating DNA damage during DNA replication resulting in slower progression

through the G2/M phase of the cell cycle, while this may not be the case with CAF-I

single mutants.

Chromatin assembly mutants are proficient for the replication and intra-S

checkpoints

There appeared to still be some question as to whether asf1 mutants are

checkpoint defective (31), leading us to further study the replication and intra-S

checkpoint proficiency of chromatin assembly mutants. We examined chromatin

assembly mutants, as well as appropriate controls, by FACS to monitor their ability to

resume the cell cycle after arrest with 200 mM HU. We found that all of the

chromatin assembly mutants showed the same kinetics and extent of recovery from

HU arrest as the wild-type control (see Supp. Fig. 3-3). Intra-S checkpoint

proficiency was examined by releasing α-factor arrested cells into 0.03% MMS and

observing the ability of mutant and control cells to sense the DNA damage,
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demonstrated by significant slowing of S-phase progression. Again, all of the

chromatin assembly mutants behaved like the wild-type control (Supp. Fig. 3-4).

Thus, these mutants have fully functional replication and intra-S checkpoints.

S-phase progression in asf1 mutants is dependent on functional checkpoints

We have previously suggested that defects in the genes encoding CAF-I

appear to cause some type of DNA damage that is processed by the DNA damage

checkpoints, whereas a defect in the ASF1 gene causes some type of DNA damage

that is processed by both the DNA damage and the replication checkpoints (28).

Therefore, it was of interest to determine whether inactivation of different

checkpoints has an effect on S-phase progression in these chromatin assembly

mutants. We monitored S-phase progression of asf1 and cac1 mutants containing

mutations that inactivate DNA damage and intra-S DNA damage checkpoint sensors

(rad24, rad9), replication checkpoint sensors (rfc5-1, dpb11-1), replication and intra-

S checkpoint sensors (sgs1) and checkpoint transducers (mec1, rad53, dun1, chk1)

after release from G1 arrest (31, 32). The rate of progression through S-phase was

evaluated by determining the proportion of cells that accumulated in G2/M phase at

40 minutes after release from α-factor arrest (Fig. 3-3).

In spite of initiating S-phase slightly later than wild-type cells and growing

slightly slower, asf1 mutants accumulated the same proportion of cells in G2/M by 40

min after release as the wild-type cells (81% vs. 80%). The asf1 rad9 and asf1 rad24

mutants did not demonstrate a significant S-phase progression delay compared to
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wild-type cells or asf1 mutants as evidenced by their proportion of G2/M cell cells at

40 min (78% and 67% respectively). In contrast, the asf1 dun1, asf1 mec1 sml1, asf1

rad53 sml1 and asf1 sgs1 mutants exhibited a significant delay in S-phase progression

(24%, 34%, 32% and 34% G2/M cells at 40 minutes, respectively) and also had a

higher proportion of S-phase cells at this time point. The asf1 rfc5-1 mutants also

showed a reproducible decrease in G2/M content cells (45%), although not as large as

in asf1 dun1, asf1 mec1 sml1, asf1 rad53 sml1 and asf1 sgs1 mutants.  It was not

possible to analyze the asf1 dbp11-1 double mutant because it had a severe growth

defect (data not shown). Unlike asf1 dun1 or asf1 rad53 sml1 mutants, the asf1 chk1

mutant did not appear to exhibit a significant S-phase delay (61%). Cells with a cac1

mutation did not appear to exhibit slowed progression through S-phase and had an

average G2/M content of 80% of the cells at 40 minutes after α-factor release (Fig. 3-

3B). The rad9, rad24, rfc5-1 and sgs1 mutations did not appear to cause a significant

slowing of S-phase progression in a cac1 mutant. However, cac1 mec1 sml1, cac1

dun1 and cac1 rad53 sml1 mutants did appear to show a small but significant

reduction in S-phase progression (53%, 52% and 43% G2/M cells at 40 minutes,

respectively) as compared to the cac1 single mutant.

The analysis presented here indicates that asf1 and cac1 mutations cause

different effects in the S-phase progression assay. The data are consistent with the

idea that asf1 mutants are dependent on replication checkpoint proteins to transit S-

phase, as evidenced by the S-phase progression phenotype of the asf1 rfc5-1, asf1

mec1 sml1, asf1 dun1, asf1 rad53 sml1 and asf1 sgs1 mutants and the lack of a

slowed phenotype of the asf1 rad9 and asf1 rad24 mutants. In contrast, cac1 mutants
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show little if any checkpoint protein dependence for progression through S-phase as

evidenced by the weak phenotypes seen only with the cac1 mec1 sml1, cac1 rad53

sml1 and cac1 dun1 mutants.

Analysis of spontaneous checkpoint protein assembly in asf1 and cac1 mutants

Previously published results showing that both asf1 and cac1 mutants have

elevated levels of GCRs and that asf1 and cac1 mutations showed synergistic

interactions with different checkpoint defects (28) raised the hypothesis that

chromatin assembly mutants accumulate DNA damage that activates checkpoints

during replication. The findings presented here that asf1 mutants, and to a small

extent cac1 mutants, depend on checkpoint proteins for normal S-phase progression is

consistent with this idea. To further investigate this hypothesis, we examined the

formation of DNA damage foci in log phase cultures of key mutant strains using a

functional GFP-tagged version of the Ddc2 protein (Fig. 3-4). Ddc2 is recruited to

sites of DNA damage during checkpoint activation (33), thus, formation of Ddc2.GFP

foci is indicative of endogenous DNA damage being sensed by the checkpoint

machinery.

We found that in the wild-type strain 8% of the cells had Ddc2.GFP foci,

consistent with previously published results (33). There was a slight, but significant,

increase in the cac1 mutant cells, with 15% containing Ddc2.GFP foci (Fig. 3-4C). In

contrast, asf1 mutants exhibited approximately a 4-fold increase over wild-type cells,

with 33% of cells containing Ddc2.GFP foci (Fig. 3-4B) similar to a recent study
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(29). The Ddc2.GFP foci were only seen in budding cells. These data suggest that

there are varying degrees of endogenous DNA damage in asf1 and cac1 mutant cells,

and this could explain the dependency of S-phase progression on the Mec1-Rad53-

Dun1 pathway.  Interestingly, the cac1 asf1 double mutant had a similar proportion of

cells with Ddc2.GFP foci (14%) to that seen in a cac1 mutant (Fig. 3-4C), despite

exhibiting a more severe growth phenotype than either of the single mutants,

suggesting that the growth and morphological defects in cac1 asf1 mutants may not

be due to replication defects.

We also examined Ddc2.GFP foci formation in both the asf1 dun1 and cac1

dun1 mutants. A dun1 mutation would be expected to inactivate the checkpoint

downstream from assembly of Ddc2.GFP foci allowing us to monitor checkpoint

activation in the absence of checkpoint execution (31, 34, 35). We found a significant

increase in Ddc2.GFP foci in asf1 dun1 mutants, with 45% of cells containing one or

more Ddc2.GFP focus (Fig. 3-4B). In contrast, the cac1 dun1 cells exhibited a

smaller, but significant increase in damage foci formation compared to the cac1

single mutant, with 17% of cells containing Ddc2.GFP foci (Fig. 3-4C). These

findings are consistent with the results of the FACS experiments suggesting that asf1

mutants, more so than cac1 mutants, require Mec1-Rad53-Dun1 checkpoint pathway

proteins for progression through S-phase. These findings also support the view that in

the absence of a functional checkpoint chromatin assembly mutants, especially asf1

mutants, have an exacerbated S-phase progression defect which results in increased

levels of Ddc2 foci.
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We also examined the formation of Ddc2.GFP foci in asf1 rad9 and cac1 rad9

cells. If asf1 or cac1 mutants indeed activated a Rad9 DNA damage checkpoint, then

it is possible that in the absence of a Rad9 pathway asf1 and cac1 mutants would

accumulate more damage resulting in more recruitment of Ddc2 to DNA. However,

consistent with the FACS analysis, there was no increase in Ddc2.GFP foci formation

in either asf1 rad9 (34%) or cac1 rad9 (14%) mutants (Fig. 3-4B & 3-4C).

Interestingly, the asf1 dun1 rad9 triple mutant had a modestly higher proportion of

cells with Ddc2-GFP foci (55%) compared to both the asf1 and asf1 dun1 mutants. In

contrast, the cac1 dun1 rad9 triple mutant did not have an increased proportion of

cells with Ddc2.GFP foci (15%) compared to either the cac1 or cac1 dun1 mutants.

These data support the view that asf1 defects primarily result in a requirement for

replication checkpoint proteins, in the absence of which a secondary requirement for

the DNA damage checkpoint might occur.  In contrast, cac1 defects cause little

requirement for checkpoint proteins.

Analysis of spontaneous Rad53 phosphorylation in asf1 and cac1 mutants

To confirm the results obtained by examining Ddc2.GFP foci formation, we

evaluated checkpoint activation by monitoring Rad53 phosphorylation using

quantitative mass spectrometry (24). The relative abundance of both

unphosphorylated peptides and phosphopeptides of Rad53 purified from wild-type

cells and either cac1 or asf1 cells was quantified by stable isotope labeling and mass

spectrometry. As shown in the Supplementary Tables 3-1A and 3-1B, the relative
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abundance of Rad53 in wild-type, cac1 and asf1 cells was similar, as measured by

quantitative analysis of multiple unphosphorylated peptides.

We next identified and quantified the relative abundance of phosphopeptides

of Rad53 in wild-type and cac1 cells. Five different phosphopeptides were found (see

Supp. Table 3-1C), representing both proline-directed and non-proline directed

phosphorylation of Rad53. As shown previously (24), the non-proline-directed

phosphorylation is due to autophosphorylation of Rad53, which accompanies its

activation. The detection of the autophosphorylation of Rad53 is not unexpected and

it indicates a basal level of Rad53 activation in the unperturbed cells. Comparison of

the phosphopeptides of Rad53 between wild-type and cac1 cells shows that there was

little change in their abundance (see Supp. Table 3-1C). As an example, a

phosphopeptide of Rad53 (LLHS*NNTENVK), containing phosphorylation of

Ser560, is shown in Fig. 3-5A. Phosphorylation of Ser560 is an autophosphorylation

event that serves as an indicator for Rad53 activation, demonstrating there was no

detectable change in the activation of Rad53 in the cac1 mutants.

In contrast, when the phosphopeptides of Rad53 in asf1 cells were compared

to those in wild-type cells, the non-proline-directed autophosphorylation of Rad53

was clearly enhanced. As shown in Fig. 3-5B, the level of phosphorylation of Ser560

in asf1 mutants was almost 5-fold of that in wild-type cells. Similarly,

phosphorylation of Ser789, an initial event in Rad53 autophosphorylation, and

phosphorylation of Ser747-748 and Ser774 were also more abundant in asf1 cells (see

Supp. Table 3-1D).  Previous analysis of MMS treated wild-type cells identified

many more autophosphorylation sites of Rad53 with a much higher level of induction
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(24) than seen here in asf1 mutants. Thus, the level of Rad53 activation resulting from

deletion of ASF1 appears to be higher than in wild-type cells but below the levels of a

full checkpoint response, which is consistent with Western blot analysis of Rad53

phosphorylation in asf1 mutants (22, 29).

3.4  DISCUSSION

In the present study we have examined the genetic interplay between the

RCAF and CAF-I chromatin assembly factors and different checkpoints. Our results

demonstrate that defects in the genes encoding the RCAF and CAF-I complexes do

not cause defects in the replication or intra-S DNA damage checkpoints. We further

found that normal progression of asf1 mutants through S-phase was dependent on

replication checkpoint proteins whereas S-phase progression of CAF-I defective

mutants was only weakly dependent on checkpoint proteins. Consistent with these

checkpoint protein requirements, asf1 mutants exhibited increased levels of

Ddc2.GFP foci, which were further increased when checkpoint function was

inactivated downstream of Ddc2 by a dun1 mutation.  In contrast, CAF-I defective

mutants exhibited a much smaller increase in Ddc2.GFP foci in these assays.

However, quantitative analysis of Rad53 phosphorylation indicated that asf1 mutants

showed only low levels of spontaneous checkpoint activation similar to previous

results (22, 29) and cac1 mutants did not show any checkpoint activation. The fact

that a rad9 mutation did not increase the level of Ddc2.GFP foci in asf1 mutants and

that rad9 and rad24 mutations did not affect the rate of S-phase progression in an



63

asf1 mutant again points to a role for replication, rather than damage checkpoint

proteins, in the stabilization of damaged DNA structures that may arise in asf1

mutants. Finally, while CAF-I defects did not cause a cell cycle progression defect,

RCAF CAF-I double mutants showed a more severe cell cycle progression defect

with lower levels of Ddc2.GFP foci than that seen in an asf1 mutant.

Initial studies indicated that RCAF functions in the assembly of chromatin

during DNA replication, although subsequent studies have implicated RCAF in

additional processes including disassembly of chromatin and assembly of selected

replication factors at replication forks (3, 36, 37). A model interpreting the results of

our analysis of asf1 mutants, as well as prior results, is presented in Figure 3-6. We

propose that in the absence of Asf1 replication forks are somewhat unstable,

explaining the observation that asf1 mutants appear to enter S-phase slightly later and

progress through S-phase slightly more slowly than wild-type cells. Fork instability

could result from a deficit of histones on newly replicated DNA near replication

forks, a lack of chromatin remodeling by the Asf1 chromatin disassembly function

during DNA replication or decreased assembly of replication factors at replication

forks (21, 37, 38). However, these modestly unstable replication forks are primarily

stabilized by proteins that function in the replication checkpoint and not the damage

checkpoints (39, 40). Because a number of replication checkpoint proteins are known

to be normal components of the replication machinery (reviewed in (31)),

stabilization could be mediated either directly by assembly of these proteins at

replication forks or through checkpoint activation implied by the observed increase in

Ddc2.GFP foci when Dun1 is inactivated in an asf1 mutant. This would explain the
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much slower S-phase progression and synergistic increase in genomic instability of

mutants defective for both Asf1 and the replication checkpoint as well as the

increased assembly of checkpoint protein foci in asf1 mutants containing downstream

checkpoint defects (28). While the DNA damage checkpoint proteins appear to play

little role in S-phase progression of asf1 mutants, the increase in Ddc2.GFP foci in the

asf1 dun1 rad9 triple mutant could reflect a possible conversion of replicating DNA

in the asf1 dun1 double mutant into structures that activate the DNA damage

checkpoint.

It has been suggested that RCAF and CAF-I function in the same chromatin

assembly process (8, 11) leading us to perform parallel analyses of RCAF and CAF-I

defects in the present study. Consistent with other studies indicating that RCAF and

CAF-I have at least some distinct cellular roles (36, 41), we observed that defects in

CAF-I did not cause the same effects on HU or MMS sensitivity, S-phase

progression, Ddc2.GFP foci formation or checkpoint activation as caused by an asf1

mutation. The aberrant bud phenotype seen in cac1 asf1 and cac2 asf1 double

mutants is particularly interesting in that it correlates with a strong growth defect

which is much more severe than in the respective single mutants.  Furthermore, the

double mutants are similar to asf1 single mutants in regard to S-phase progression

and damaging agent sensitivity and similar to cac1 single mutants in regard to

Ddc2.GFP foci phenotypes. Interestingly, the cac3 asf1 double mutant does not show

either the increased aberrant bud or the slow growth phenotype, suggesting these cac1

asf1 and cac2 asf1 phenotypes may be independent of histone deposition defects. It is

tempting to speculate that these cac1 asf1 and cac2 asf1 defects may be due to a
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defect in cell division and budding rather than DNA replication and chromatin

assembly. Consistent with this, CAF-I has been implicated in kinetochore

maintenance (42, 43) and has recently been linked to the control of the anaphase-

promoting complex (APC) (41), a process thought not to involve Cac3. Given this, it

is possible that cac1- and cac2-specific DNA damage leading to genome instability is

the result of errors occurring during cell division, such as mis-segregation due to

inappropriate kinetochore assembly, rather than errors occurring during DNA

replication. This might explain the high GCR rate seen in cac1 mutants even though

cac1 mutants do not accumulate high levels of Ddc2.GFP.

This study identifies differences between the RCAF and CAF-I complexes in

vivo, providing further evidence that while both complexes act as histone chaperones

for histones H3 and H4, their functions during DNA replication and cell division may

be quite different. While further work is needed to investigate whether the high GCR

rates and low levels of checkpoint complex assembly in cac1 mutants actually reflect

a role for CAF-I during cell division, it is apparent that Asf1 plays a critical role

during DNA replication, specifically at replication forks. Future experiments will be

required to investigate the role of Asf1 in replication fork stabilization and

progression.
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3.5  MATERIALS AND METHODS

Strains and media.

S. cerevisiae strains were grown in yeast extract peptone dextrose (YPD)

medium or synthetic complete (SC) medium lacking the appropriate amino acid.

G418 resistant colonies were selected on YPD plates containing 200 mg/liter of

geneticin. All of the strains used were derived from the S288c strain RDKY3615

(MATa, ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, ade2Δ1, ade8,

hxt13::URA3) by either crossing with other RDKY3615 derivatives or by standard

gene disruptions. The RDKY5764 strain background (MATa, ura3-52, trp1Δ63,

his3Δ200, DDC2.GFP) used for analysis of Ddc2.GFP foci was created by Kristina S.

Schmidt (Ludwig Institute for Cancer Research) and will be described in a subsequent

publication; it was derived from the same S288c parent strain as RDKY3615. The

detailed genotypes of these strains are listed in Supplementary Table 3-2.

Sensitivity to HU and MMS.

Cells were grown in YPD medium to log phase. Serial dilutions were made

and spotted onto previously prepared sensitivity plates (50 mM HU, 0.01% MMS,

0.02% MMS) and grown for 2 (or more, as indicated) days at 30oC.

HU-survival assay.

Cells were first grown to log phase in YPD and serial dilutions of the culture

were plated onto YPD plates to determine the concentration of viable cells. Then HU
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was added to the culture at a final concentration of 200 mM for periods of 2 and 4 hr

after which serial dilutions of the cultures were plated onto YPD plates. The plates

were incubated for 2-3 days at 30oC. Survival was calculated by determining the

percentage of viable cells present after HU treatment compared to the untreated

culture. These experiments were performed in triplicate.

α-factor arrest.

Cells were grown in YPD medium to log phase. α-factor (Sigma) was added

to the culture at a concentration at 5 µg/ml. The culture was then incubated for 2 hr at

30oC with shaking and arrest was monitored by phase contrast light microscopy. Then

the cells were pelleted, washed with water and resuspended in fresh YPD.

FACS analysis.

Cells were fixed in 70% Ethanol for one hour at room temperature, harvested

by centrifugation and resuspended in 50 mM Sodium Citrate buffer, pH 7.0. After

sonication and centrifugation, the cells were once again resuspended in Sodium

Citrate buffer and treated with 250 µg/ml Rnase A (US Biochemicals) and 1 mg/ml

Proteinase K (Sigma) overnight at 37oC. The cells were then harvested by

centrifugation, resuspended in 1 ml of Sodium Citrate buffer containing 1 µM Sytox

Green (Molecular Probes) and incubated at room temperature for 2 hr. Samples were

analyzed using a BD FACS scan (FACS Vantage SE).

Calculating G2/M content of cells.
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FACS profiles were analyzed using WinMDI 2.8 software obtained from

http://facs.Scripps.edu. G2/M content was calculated by measuring the number of

events in the later half of the 2N DNA content peaks. This number was then

multiplied by 2 and expressed as the percentage of the total of gated events.

Experiments were performed in duplicate.

Quantitation of bud morphology.

Cells were grown in YPD medium to log phase, sonicated, stained with DAPI,

and examined by fluorescence microscopy. 400-600 cells were counted for each

mutant. Experiments were done in duplicate and the percentage of cells in indicated

morphology classes was determined.

Quantitation of Ddc2.GFP foci.

Cells were grown in YPD medium to log phase and examined live using a

DeltaVision Restoration confocal microscope. Images were collected in 0.2 micron z-

sections to allow viewing of the entire content of the cells. 200-300 cells were imaged

and counted for each experiment. SoftWorx software was used for image analysis.

Experiments were done in duplicate.

Determination of Rad53 phosphorylation by Mass Spectrometry.

Purification of Rad53-TAP in wild-type, cac1 and asf1 background cells was

performed as previously described (24). The purified Rad53 was digested by trypsin

and labeled by an N-isotag reagent with d0- or d10-leucine, instead of d0- or d6-g-
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amino butyric acid (GABA). There is no difference in protein quantification using

different amino acid based N-isotag reagents (unpublished observations). Leucine is

used here because of its simplicity in synthesis and the d0 form is commercially

available. Boc-d0-Leu-NHS was purchased from NovaBiochem while Boc-d10-Leu-

NHS was synthesized from d10-leucine (Sigma-Aldrich), using the same protocol as

for synthesis of Boc-d6-GABA-NHS (24). MS analysis and protein quantification

were performed as previously described (24).
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Figure 3-1. asf1 mutants are not killed by either chronic or acute HU treatment.
 (A) Cells were plated on YPD and 50mM HU plates and incubated at 30oC, as
indicated. (B) Cell survival after acute treatment of cells with 200 mM HU for 2 or 4-
hr periods is shown as the percent of viable cells present before treatment.
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Figure 3-2. asf1 caf-1 double mutants exhibit a higher proportion of cells in
G2/M and accumulate aberrant buds indicative of DNA damage.
 (A) Log phase cells were stained with DAPI and analyzed by fluorescent
microscopy. Each strain was scored for the percentage of cells with no buds, small
buds, large buds and aberrant buds. The distribution for CAF-I mutants, in the order
stated above, were:  cac1 (18%, 48%, 30%, 4%), cac2 (19%, 48%, 29%, 3%) and
cac3 (15%, 55%, 28%, 2%). (B) The DNA content of the same series of mutants was
determined by FACS analysis of cells from log phase unsynchronized cultures.
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Figure 3-3. asf1 and cac1 mutants require the function of different checkpoints
for normal S-phase progression.
FACS was used to monitor the rate of S-phase progression of various chromatin
assembly/checkpoint double mutants after release from α-factor arrest. The
proportion of cells in G2/M was determined at the 40 min time point, at which at least
80% of wild-type cells have reached G2/M. Error bars represent standard deviation.
The percent of cells in G2/M for the control strains was:  rad9 – 81±4%, rad24
–86±6%, mec1 sml1 – 85±5%, rad53 sml1 – 81±4%, dun1 – 80±2%, chk1 - 82±10%,
rfc5-1 – 74±7%, sgs1 – 83±7%.
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Figure 3-4. Ddc2.GFP checkpoint protein complexes accumulate in asf1 and cac1
mutants.
Live cells were analyzed in log phase by deconvolution microscopy to visualize
Ddc2.GFP expression from an endogenous functional DDC2.GFP fusion gene
resulting in Ddc2.GFP foci. (A) Cells are shown in “DIC”, GFP fluorescence is
shown in “FITC” and the two images are merged in “merge”. The experimental
results are quantified for (B) asf1 and (C) cac1 mutant cells are expressed as the
percentage of cells containing Ddc2.GFP foci. The error bars presented are standard
deviations. The control mutants rad9 DDC2.GFP and dun1 DDC2.GFP had 13% and
7% cells with Ddc2.GFP foci, respectively.
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Figure 3-5. Levels of Rad53 phosphorylation in cac1 and asf1 cells compared to
that in wild-type cells.
 A phosphopeptide (LLHS*NNTENVK, asterisk indicates the phosphorylated Ser to
its right, i.e., Ser560) of Rad53 is used as an example. A) The abundance of this
phosphopeptide was unaffected by deletion of CAC1. B) The abundance of this
phosphopeptide increased to almost 5 fold in asf1 cells, compared to wild-type cells.
In both cases, Rad53 peptides from wild-type cells were labeled by d0-leucine, while
those from cac1 or asf1 cells were labeled by d10-leucine.
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Figure 3-6. A model for the role of Asf1 in DNA replication and checkpoint
activation.
Asf1 plays an important role at replication forks during replication and repair. In the
absence of Asf1, replication forks become unstable, leading to slower progression
through S-phase. Though somewhat unstable, these replication forks remain
functional due to the presence of various replication checkpoint proteins, such as
Ddc2, Rad53 and others, which play roles in replication forks stabilization. In the
absence of a functional replication checkpoint, these somewhat unstable replication
forks may collapse, thus leading to even slower S-phase progression, as well as
conversion of the replication forks into structures that activate the DNA damage
checkpoint.
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3.7  SUPPLEMENTARY MATERIALS

Supplementary Figure 3-1.  CAF-I mutants are not sensitive to chronic
treatment with either MMS or HU.
Cells in log phase were spotted onto YPD plates containing either no damaging agent,
0.01% MMS or 50 mM HU, as indicated. (A) The deletion of individual subunits of
CAF-I and (B) deletion of two or all three subunits are shown.
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Supplementary Figure 3-2.  asf1 single and asf1 CAF-I double mutants show
slow growth in the presence of HU and are killed by chronic MMS treatment.
asf1 and asf1 caf-1 double mutants were spotted onto plates containing either 50 mM
HU or 0.01% MMS, as indicated.  Although some mutants appeared to be affected by
HU after 2 days of incubation at 30oC, further incubation proved that these mutants
were not killed but rather grew slowly (see Fig. 3-1 and data not shown).
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Supplementary Figure 3-3.  Chromatin assembly mutants demonstrate normal
recovery from HU-induced arrest.
Cells were arrested by treatment with 200 mM HU for 2 hours, released into YPD
medium and the DNA content of the cells was determined by FACS at indicated
times after release where 0’ is the time of HU-release.  (A) Wild-type cells treated
with HU recovered from arrest by 60’ after release from HU-arrest.  (B) Checkpoint
defective rad53 sml1 cells progressed slowly, arrested at G2/M and never recovered.
(C) asf1 mutants behaved like wild-type cells.  (D) At 180’ after HU-release, all
mutants shown, except the rad53 sml1 mutant, once again resembled the
unsynchronized cells.
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Supplementary Figure 3-4.  Chromatin assembly mutants exhibit a normal
intra-S checkpoint response to treatment with MMS.
Cells were arrested with a-factor and released into YPD containing 0.03% MMS.
FACS analysis at indicated time points is shown; 0 indicates log phase cells prior to
arrest with a-factor whereas the times labeled by 0’ through 120’ are the times after
release from arrest with a-factor.  (A) Wild-type cells showed slowed progression
through S-phase.  (B) rad53 sml1 mutants showed rapid progression through S-phase
followed by arrest in G2/M.  (C) asf1 mutants behaved like wild-type cells and
showed slow progression through S-phase.  (D) Comparison of the different strains at
120’ after release into MMS.
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Supplementary Table 3-1.  Quantification of the peptides of Rad53 purified from
wild-type, asf1 and cac1 cells using N-isotag labeling and quantitative mass
spectrometry.
K/R in the parenthesis indicates the residue preceding the N-terminus of the tryptic
peptide.

3-1A)  Quantification of multiple unphosphorylated peptides of Rad53 showing the
relative abundance of Rad53 in cac1 and wild-type cells is 0.9 with a standard
deviation of 0.2.

Protein Unphosphorylated Peptide cac1/WT

(R)DFIDSLLQVDPNNR 1.0

(R)DLKPDNILIEQDDPVLVK 1.0

(K)DFSIIDEVVGQGAFATVK 0.7

(K)TFCGTLAYVAPEVIR 1.1

Rad53

(K)DFSIIDEVVGQGAFATVK 0.7

Average 0.9 ± 0.2

3-1B)  Quantification of multiple unphosphorylated peptides of Rad53 showing the
relative abundance of Rad53 in asf1 and wild-type cells is approximately 0.8 with a
standard deviation of 0.2.

Protein Unphosphorylated Peptide asf1/WT

(R)DFIDSLLQVDPNNR 0.6

(R)DLKPDNILIEQDDPVLVK 0.7

(K)DTSVSPDEYEER 0.6

(K)FLLQDGDEIK 0.6

(K)FSQEQIGENIVCR 1.2

(R)GKDTSVSPDEYEER 0.6

(R)GSYHEGPLKDFR 0.9

(K)LLENMDDAQYEFVK 1.0

(R)SEDCNCKIEDNR 1.2

(K)VEINDTTGLFNEGLGMLQEQR 0.8

Rad53

(R)VICTTGQIPIRDLSADISQVLK 0.7

Average 0.8 ± 0.2
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Supplementary Table 3-1 Continued

3-1C)  Quantification of multiple phosphorylated peptides of Rad53 in cac1 and wild-
type cells, showing that phosphorylation of Rad53 is largely unaffected by the
deletion of Cac1.  Asterisk indicates the phosphorylated residue to its left.  Each
asterisk indicates a single phosphorylation event.  In the case of uncertainty of the
exact phosphorylation site, the possible serine residues are embraced in a bracket.  X:
indicates peptides sequenced by MS.

Protein Phosphopeptide found cac1/WT cac1 WT
Phosph
orylatio
n site

(R)ANQPSA[SSSS]*MSAK
1.3 X X

747-
748

(K)DTSVS*PDEYEER 1.2 X X 375

(K)IAS*PGLTSSTASSMVANK 1.2 X X 175

(R)HIS*VSLSQSQIDPSK 0.9 X X 49
(K)KPPVSDTNNNGNNSVLNDLVES*PINA
NTGNILK

1.2 X X 774

(K)LLHS*NNTENVK 1.0 X X 350

Rad53

(K)MS*PLGSQSYGDFSQISLSQSLSQQK 1.0 X X 489

3-1D)  Quantification of multiple phosphorylated peptides of Rad53 in asf1 and wild-
type cells, showing that phosphorylation of Rad53 in asf1 cells is induced compared
to that in wild-type cells.  Asterisk indicates the phosphorylated residue to its left.
Each asterisk indicates a single phosphorylation event.  In the case of uncertainty of
the exact phosphorylation site, the possible serine residues are embraced in a bracket.
X: indicates peptides sequenced by MS.

Protein Phosphopeptide found asf1/WT# asf1 WT
Phosph
orylatio
n Site

(R)ANQPSA[SSSS]*MSAK 2.5 X  
747-
748

(R)HIS*VSLSQSQIDPSK 4 X  789
(K)KPPVSDTNNNGNNSVLNDLVES*PIN
ANTGNILK

2.4 X X 774

(K)LLHS*NNTENVK 5 X X 560

Rad53

(K)IAS*PGLTSSTASSMVANK 1 X X 175

# In case of a phosphopeptide found only in the asf1 cells, the abundance ratio is a
measure of the signal to noise of the peptide ions detected by mass spectrometry.
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Supplementary Table 3-2.  S. cerevisiae strains used in this study.

Strain
(RDKY#)

Relevant genotype Source or
Reference

General Analysis

3615
MAT a, ura3-52, leu2∆1, trp1∆63, his3∆200,
 lys2∆Bgl, hom3-10, ade2∆1, ade8, yel069C::URA3 Chen et al 1999

4755 asf1::HIS3 Myung et al 2003
4753 cac1::TRP1 Myung et al 2003
5003 cac2::TRP1 Myung et al 2003
5005 cac3::HIS3 Myung et al 2003
5001 cac1::TRP1, cac2::HIS3 Myung et al 2003
5007 cac2::TRP1, cac3::HIS3 Myung et al 2003
5075 cac1::TRP1, cac3::HIS3, cac2::HYG Myung et al 2003
4779 asf1::HIS3, cac1::TRP1 Myung et al 2003
5011 asf1::HIS3, cac2::TRP1 Myung et al 2003
5013 asf1::TRP1, cac3::HIS3 Myung et al 2003
4759 asf1::TRP1, rad9::HIS3 Myung et al 2003
4763 asf1::TRP1, rad24::HIS3 Myung et al 2003
4767 asf1::HIS3, sgs1::TRP1 Myung et al 2003
4771 asf1::HIS3, rfc5-1.TRP1 Myung et al 2003
4791 asf1::HIS3, sml1::KAN, mec1::TRP1 Myung et al 2003
4803 asf1::HIS3, dun1::TRP1 Myung et al 2003
4809 asf1::HIS3, chk1::TRP1 Myung et al 2003
4819 asf1::TRP1, sml1::KAN, rad53::HIS3 Myung et al 2003
4757 cac1::TRP1, rad9::HIS3 Myung et al 2003
4761 cac1::TRP1, rad24::HIS3 Myung et al 2003
4765 cac1::TRP1, sgs1::HIS3 Myung et al 2003
4769 cac1::HIS3, rfc5-1.TRP Myung et al 2003
4789 cac1::TRP1, sml1::KAN, mec1::HIS3 Myung et al 2003
4801 cac1::TRP1, dun1::HIS3 Myung et al 2003
4807 cac1::TRP1, chk1::HIS3 Myung et al 2003
4817 cac1::TRP1, sml1::KAN, rad53::HIS3 Myung et al 2003
3749 rad53::HIS3, sml1::KAN Myung et al 2001
3735 mec1::HIS3, sml1::KAN Myung et al 2001
3739 dun1::HIS3 Myung et al 2001
3719 rad9::HIS3 Myung et al 2001
3723 rad24::HIS3 Myung et al 2001
3745 chk1::HIS3 Myung et al 2001
3813 sgs1::HIS3 Myung et al 2001
3727 rfc5-1.TRP Myung et al 2001
5715 RAD53-6HIS-2ProteinA-3FLAG::KAN This study
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Supplementary Table 3-2 Continued

5716 asf1::HIS3, RAD53-3FLAG-2ProteinA-6HIS::KAN This study
5717 cac1::TRP1, RAD53-3FLAG-2ProteinA-6HIS::KAN This study

Ddc2.GFP Assay

5764 MAT a, ura3-52,  trp1∆63,   his3∆200 DDC2.GFP.TRP1

S c h m i d t  &
Kolodner,
unpublished

5617 asf1::HIS3 This study
5619 cac1::HIS3 This study
5621 cac1::URA3, asf1::HIS This study
5623 asf1::HIS3, rad9::KAN This study
5625 cac1::HIS3, rad9::KAN This study
5627 asf1::HIS3, dun1::URA3 This study
5629 cac1::HIS3, dun1::URA3 This study
5631 asf1::HIS3, dun1::URA3, rad9::KAN This study
5633 cac1::HIS3, dun1::URA3, rad9::KAN This study
5752 dun1::URA3 This study
5750 rad9::KAN This study

All strains used for general analysis are isogenic to RDKY 3615, except for the
additions of the indicated mutations.  All strains used for the analysis of Ddc2.GFP
foci are isogenic with RDKY 5764, except for the additions of the indicated
mutations.  RDKY 3615 and RDKY 5764 were derived from the same parental S288c
strain by a series of gene disruptions and inter-crosses.  The references sited in this
table are:  Chen C. & Kolodner R.D. (1999) Nat. Genet. 23:81-5;  Myung K.,
Pennaneach V. P., Kats E.S. and Kolodner R.D. (2003) Proc Natl Acad Sci
100(11):6640-5;  Myung K., Chen C., & Kolodner R.D. (2001) Nature
411(6841):1073-6.
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CHAPTER 4:   THE ASF1 AND THE RAD6 PATHWAYS COOPERATE IN

THE SUPPRESSION OF GROSS CHROMOSOMAL REARRANGEMENTS

IN SACCHAROMYCES CEREVISIAE

4.1 ABSTRACT

Asf1 and Rad6 pathway proteins control separate pathways implicated in

various processes such as suppression of gross chromosomal rearrangements (GCRs),

DNA repair, and proper replication checkpoint functions.  Despite the participation of

Asf1 and Rad6 in some of the same processes, the interaction between these pathways

remains unclear. Therefore, we examined the relationship between Asf1 and the two

branches of the Rad6 pathway (Rad18- and Bre1-dependent branches) in formation of

GCRs, DNA replication and checkpoint activation.  We found that mutations in

Rad6-epistasis group genes suppress the increased GCR rates seen in asf1 mutants.

This effect is independent of translesion bypass polymerases, indicating that

suppression of GCR rates is not mediated by translesion synthesis. Deletion of DUN1

in these mutants resulted in a drastic increase in GCR rates, suggesting that Dun1 is

required to control asf1 rad6-related damage events. Furthermore, we found that only

the checkpoint branch of the Rad6 pathway (involving Bre1) affects the rate of DNA

replication in asf1 cells. This suggests that the suppressive effect of mutations in the

Rad6 pathway on the increased GCR rate of asf1 cells may be distinct from regulation

of DNA replication. We also found that a combination of an asf1 deletion with
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various mutations in the Rad6 pathways resulted in increased sensitivity to chronic

hydroxyurea (HU) treatment. However, these double mutants were not checkpoint

defective since they were capable of recovering from acute treatment with HU.  Our

data show that ASF1 genetically interacts with components of the RAD6 pathway,

suggesting an involvement of both pathways in partially redundant mechanisms of

DNA replication and repair, resulting in suppression of GCRs.
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4.2  INTRODUCTION

DNA replication is a tightly regulated process necessary for propagation of

genetic information and cell survival.  Errors arising during regular DNA replication

are corrected through the functions of proper checkpoint activation and various DNA

repair mechanisms (1-3).  However, in the absence of proper DNA repair and other

cellular responses, these errors can lead to accumulation of gross chromosomal

rearrangements (GCRs) and genomic instability (2).  Genome instability is a hallmark

characteristic of many cancers as well as other human diseases.  There are several

mechanisms by which GCRs can arise and over the last few years many proteins have

been implicated in having a role in the suppression of GCRs (2, 4-9).  One of these

proteins is Asf1, the main subunit of the replication coupling assembly factor (RCAF)

complex, which is involved in the deposition of histones H3 and H4 onto newly

synthesized DNA during DNA replication and repair (10).

Our previous genetic analyses of GCR rates in an asf1 mutant have suggested

not only that Asf1 plays a role in the suppression of GCRs, but that in the absence of

Asf1 both the DNA damage and replication checkpoints become activated (8).  These

findings have led us to perform further studies into checkpoint activation in asf1

mutants, leading to the hypothesis that RCAF defects result in destabilization of

replication forks which are then recognized and stabilized by the replication

checkpoint (11).  This hypothesis is supported by other recent studies implicating

Asf1 in the processing of stalled replication forks (12, 13).  This role appears to be
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independent of chromatin assembly factor-I (CAF-I), a partner of Asf1 in chromatin

assembly (14).  Furthermore, Asf1 is important for proper activation of the Rad53

replication checkpoint. Asf1 physically interacts with Rad53, and this interaction is

abrogated in response to exogenous DNA damage, however the physiological

relevance of this interaction is unclear (15, 16).  In addition, Asf1 has been shown to

assemble as well as disassemble chromatin, opening other avenues into the

mechanism of action of Asf1 at the replication fork (17, 18).  Thus, while Asf1 is

thought to be involved in progression of the replication fork, both the mechanism of

action and the factors that cooperate with Asf1 in this process remain obscure.

Stalled replication forks, particularly those that stall at sites of DNA damage,

can be processed by a mechanism known as post-replication repair (PRR), a process

dependent on either ubiquitination or sumoylation of the proliferating cell nuclear

antigen (PCNA) (reviewed in (19)).  Post-replication repair can occur in either an

error-prone way (involving traslesion synthesis (TLS) by lower fidelity polymerases)

or an error-free way (a process thought to involve recombination or template

switching).  In S. cerevisiae, proteins in the Rad6-epsistasis group are involved in

both of these processes.  Signaling from Rad6 through the Rad18 branch leads to

mono-ubiquitination of PCNA, which is thought to allow polymerase switching and

TLS, while signaling to the Rad5, Mms2, and Ubc13 branch leads to poly-

ubiquitination of PCNA and error-free repair (20-22). Stalled replication forks are

also thought to be resolved through sumoylation of PCNA by Siz1 and subsequent

recruitment of the helicase Srs2, a process thought to inhibit Rad51-dependent

recombination and favor Rad6-dependent TLS (23-25).  Interestingly, a separate
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branch of the Rad6 pathway, involving the E3 ligase Bre1, seems to play a role in the

activation of the Rad53 checkpoint (26, 27).  It is also important to note that Rad6 has

other targets besides PCNA, among which are histones H2A and H2B (28),

suggesting that Rad6 might be involved in chromatin metabolism during PRR.  Thus,

the Rad6 pathway appears to be involved in many of the same processes requiring the

action of Asf1.

Due to the critical role of the Rad6-epistasis group at stalled replication forks

and a recent study implicating the Rad6 pathway in GCR suppression (29), we

examined the relationship between these ubiquitin and SUMO ligases and Asf1 in

order to gain additional insight into the function of Asf1 during DNA replication and

repair. Our findings suggest that Asf1 functions in a pathway that is parallel to but

partially redundant with the Rad6 pathway at stalled replication forks.  This process

appears to be independent of TLS and is closely monitored by the Dun1-dependent

replication checkpoint.  This newly observed cooperation between Asf1 and Rad6

pathways supports a hypothesis that the pathways are required for resolving stalled

replication forks leading to suppression of GCRs and successful DNA replication.
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4.3 RESULTS

Post-replication repair proteins and homologous recombination proteins have

opposite effects on GCR suppression in asf1 mutants

Previous studies have shown that Rad18 and Rad5 play a role in preventing

GCRs (8, 29).  In fact, the previously reported GCR rates of asf1, rad18 and rad5

mutants are very similar (Table 4-1).  Therefore, we wanted to examine whether Asf1

and Rad6-epistasis proteins function in the same pathway.  To this purpose, double

mutants of asf1 and PRR components were constructed and their GCR rates were

determined by fluctuation analysis, as previously described (8, 30). We examined

combinations of an asf1 deletion with rad6, rad18, rad5, ubc13, mms2 and bre1

mutations (Table 4-1).  Interestingly, deletion of these genes reduced the GCR rate of

an asf1 deletion mutant to near-wild-type levels.   This was also the case when we

examined mutations in SIZ1 and SRS2, two genes involved in sumoylation of PCNA

and subsequent inhibition of homologous recombination (HR).

We also examined the effects of the pol30-119 (PCNA K164R) mutation on

suppression of GCRs in asf1 mutants.  This mutation alters the Lysine 164 site, the

single ubiquitination site of PCNA, as well as the major sumoylation site (31), thus

rendering ubiquitination by Rad6 or sumoylation by Siz1 impossible.  We found that

the GCR rates of the asf1 pol30-119 double mutants were also reduced to near-wild-

type levels (Table 4-1), demonstrating that the suppression of GCRs by mutations in
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the Rad6-epistasis pathway is dependent on the modifications of PCNA.  If this

suppression of GCRs was related to translesion synthesis (TLS), we would expect

that deleting translesion polymerases such as polζ (rev3) or polη (rad30) would have

a similar effect.  However, we found that a rev3 deletion in an asf1 background had

little effect, while a rad30 deletion resulted in only a modest decrease of the GCR rate

of asf1 mutants (Table 4-1), demonstrating that suppression of GCRs is independent

of translesion DNA synthesis and indicating that the elevated GCR rates in asf1

mutants might be caused by abnormal activity of Rad18 and Rad5.

It is possible that these ubiquitin ligases and Asf1 function in parallel but

related pathways to remove replication blocks.  In the absence of both Asf1 and PRR,

the resultant replication damage can be processed in a GCR-free way by homologous

recombination, as has been previously suggested (29).  We therefore examined GCR

rates of asf1 in combination with mutations in HR proteins rad51, rad52, and rad59.

In each case, there was a synergistic increase in GCR rates (Table 4-1), suggesting

that the replication damage caused by an asf1 mutation is mainly processed by the

error-free HR pathway. Interestingly, we found that an asf1 rad18 rad52 triple mutant

had a significantly lower GCR rate than any of the single mutants (Table 2-2),

indicating that in the absence of HR the replication damage caused by the asf1

mutation is mainly processed by the error-prone Rad18-dependent branch of the PRR

pathway, and that in the absence of both HR and Rad18-dependent PRR, the damage

could be processed by error-free PRR involving Rad5.  Indeed, the GCR rate of the

asf1 rad5 rad52 triple mutant is drastically increased compared to the single or

double mutants (Table 2-2).  Therefore, the damage caused by the absence of Asf1
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could be processed either in a GCR-prone way by the Rad6-Rad18 pathway, or in a

GCR-free way by HR and Rad6-Rad5 pathways.

Dun1 suppresses GCRs caused by double mutations in Asf1 and Rad6 pathways

We have previously shown that a Rad53-Dun1-dependent checkpoint is

required for proper S-phase progression in asf1 mutants (11).  While the deletion of

DUN1 in an asf1 mutant does not cause an increase in the GCR rate (8), it was of

interest to determine if Dun1 plays a role in regulating the cellular response to the

additional DNA damage that may result from mutations in the Rad6 pathway defects

in asf1 mutants.

As shown in Table 4-3, deletion of DUN1 in mutants lacking either of the

Rad6 pathway proteins or in siz1 mutants did not cause an increase in GCR rates over

that of the dun1 single mutant.  However, when a mutation in ASF1 was introduced

into the double mutants, the GCR rates increased substantially with the exception of

the asf1 bre1 dun1 triple mutant.  This latter exception may be due to the fact that

BRE1 is epistatic to the Rad53-Dun1 pathway and asf1 mutations do not cause

increased GCR rates when combined with mutations in the RAD53 pathway over

those seen for the respective single mutants ((8) and unpublished data).  In the cases

of the other triple mutants, the GCR rates increased and the triple mutants showed

decreased viability and slower growth than the single and double mutants (discussed

later), indicating that Dun1 is required to suppress the GCRs and possibly other DNA

damage occurring in double mutants of ASF1/RAD6 pathways.



96

The highest GCR rate observed was in the asf1 rad5 dun1 triple mutant,

suggesting Rad5-mediated error-free repair plays the most critical role in processing

asf1 mutation-related DNA damage.  This is also consistent with previously published

data showing that Rad5 plays the most critical role in suppression of GCRs of all the

Rad6 pathway proteins (29) as well as our previously discussed data in Table 4-2.

Interestingly, the asf1 siz1 dun1 triple mutant also showed a greatly increased GCR

rate compared to the single or double mutants, confirming that the Siz1 and Rad6

pathways play similar roles in GCR processing.  These data imply that both

ubiquitination and sumoylation of PCNA, or possibly other target proteins, are

required to process the damage in asf1 mutants, and in the absence of these pathways

a Dun1-dependent checkpoint becomes activated in order to suppress GCRs.

Increased HU sensitivity in Asf1 and Rad6 pathway double mutants

We have previously proposed that Asf1 plays a critical role at stalled

replication forks and we have shown that in the absence of Asf1 there is spontaneous

accumulation of checkpoint complexes on the DNA (11).  Rad6 is recruited to stalled

replication forks and promotes ubiquitination of PCNA by Rad18 and Rad5 in

response to replication blocks, while the Bre1-dependent branch of the pathway is

thought to contribute to the activation of the Rad53 checkpoint through

methyltransferases Set1 and Dot1.  To examine whether Asf1 and the Rad6 pathways

have overlapping roles in processing stalled replication forks, we monitored the

growth of rad6, rad5, rad18, bre1 and siz1 mutants, alone or in combination with an
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asf1 mutation, on media containing 50 mM and 100 mM HU (Fig. 4-1A). While asf1

mutants grow slower on HU-containing media, they are not killed and recover fully

after a few days incubation at 30oC, as we have previously reported (11),  In contrast,

a rad6 mutant is killed by chronic exposure to HU, potentially due to its additional

requirement for full activation of the Rad53 checkpoint and its critical function in

PRR.  This is also true for the asf1 rad6 double mutant.  The rad18 and rad5 mutants

were similar to the asf1 single mutant, growing slightly slower than wild-type cells,

but ultimately growing.  In contrast, the siz1 and bre1 single mutants did not show

any growth defect on HU.  However, asf1 rad18, asf1 rad5, and asf1 bre1 double

mutants demonstrated a marked decrease in their ability to grow on HU-containing

media compared to the single mutants, suggesting the two pathways may play

separate but related roles at stalled replication forks.  Interestingly, the asf1 siz1

double mutant did not have an exacerbated phenotype compared to the asf1 single

mutant, demonstrating that Asf1 functions independently of PCNA sumoylation when

processing replication blocks.

To examine whether the defective growth on HU was due to a checkpoint

defect resulting from the inactivation of the Rad6 and Asf1 pathways, we treated the

single and double mutants acutely with 200 mM HU for two hours and determined

the percent survival when the treated cells were plated onto normal yeast medium at

30oC (Fig. 4-1B).  As we have shown previously, unlike the checkpoint defective

rad53 mutants, asf1 mutants have wild-type levels of survival after acute HU

treatment.  Similarly, the rad6, rad18, rad5 and bre1 were also not killed by acute

HU treatment.  There was also no HU-dependent killing observed for the asf1 bre1,
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asf1 rad18, and asf1 rad5 double mutants, indicating that these mutants are not

checkpoint defective.  The asf1 rad6 double mutant had a somewhat reduced survival

compared to the asf1 and rad6 single mutants, however the survival was much higher

than that of the rad53 mutant, indicating that if there is a checkpoint defect in this

double mutant it is only a partial defect.

S-phase progression of asf1 mutants is only affected by the checkpoint function

of the Rad6 pathway

In order to determine whether the suppressed GCR phenotype of double

mutants harboring a deletion in asf1 and mutations in various components of the

RAD6 pathway correlated with the rate of S-phase progression, we monitored S-phase

progression by FACS in α-factor arrested G1 cells that were released into standard

YPD medium.  Using the same assay, we have previously reported that asf1 mutants

require replication and intra-S checkpoint components, particularly the Rad53-Dun1

pathway, for proper progression through S-phase (11).  In the present study, we

examined rad6, rad5, rad18, bre1, and siz1 mutants in combination with mutations in

ASF1 and/or DUN1.  S-phase progression was evaluated based on the percentage of

cells in the G2/M phase of the cell cycle at 40 minutes after α-factor release (Fig. 4-

2).

The rad5 and rad18 single mutants both had predominantly completed DNA

replication by 40 min after α-factor release with kinetics very similar to the asf1

mutant (90%, 93% and 89%, respectively).  The asf1 rad5 and asf1 rad18 double
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mutants also showed no significant reduction in S-progression rates (90% and 84%,

respectively), unlike the rad5 dun1 and rad18 dun1 double mutants that exhibited

markedly slower progression though S-phase (45% both).  An additional asf1 deletion

in rad5 dun1 and rad18 dun1 double mutants did not decrease S-phase progression

further (65% and 51%), in contrast to the elevated GCR rates observed in these triple

mutants.  These results further support the hypothesis that Asf1 may have a shared

role with Rad5 and Rad18 during S-phase, presumably at replication forks.

In contrast to the rad5 and rad18 mutants, the rad6 and bre1 mutants had a

small but significant defect in progression through S-phase (56% and 65%,

respectively), which was exacerbated when combined with an asf1 deletion (35% and

52%).  Similarly, rad6 dun1 and bre1 dun1 double mutants also had S-phase

progression defects (32% and 44%), however the asf1 bre1 dun1 triple mutant did not

have an S-phase progression defect (52%) compared to that of the asf1 bre1 double

mutant.  We were unable to measure the S-phase progression of the asf1 rad6 dun1

triple mutant in this assay due to extremely slow growth and poor viability of this

mutant.  The fact that asf1 mutant cells have slower S-phase progression in

combination with bre1 or rad6 mutations and that a dun1 mutation does not further

exacerbate this is consistent with the idea that Bre1 and Rad6 function upstream in

Rad53 activation, and asf1 mutants require the Rad53 checkpoint for proper S-phase

progression.  This effect appears to be independent of the PRR and TLS functions of

the Rad6 pathway involving Rad18 and Rad5, as evidenced by the unaffected S-phase

progression of asf1 rad18 and asf1 rad5 double mutants.
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Examining Siz1 in this assay yielded an intermediate phenotype of the asf1

siz1 double mutant compared to the siz1 single mutant (68% vs. 75%), however in the

absence of DUN1 the double and triple mutants behaved similarly to Rad6 pathway

components (siz1 dun1 50%, asf1 siz1 dun1 55%).  These results imply that the

function of Siz1 during DNA replication is not as critical for asf1 mutants as proper

checkpoint function and that Siz1 functions separately from the function of Rad18 or

Rad5 in processing DNA damage that arises due to lack of Asf1.  In summary, the

suppression of GCRs in asf1 mutants by Siz1 and Rad6 pathways appears to be

independent of DNA replication, suggesting that these GCRs might arise during the

cell division phase of the cell cycle.
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4.4  DISCUSSION

In the present study, we examined genetic interactions between the histone

chaperone Asf1 and members of the post-replication repair Rad6 pathway.  By

examining the GCR rates in a series of mutants, we suggest that DNA damage caused

by the loss of Asf1 can be processed in a GCR-prone way by Rad6-epistasis proteins

or in a GCR-free way by homologous recombination.  We also found that in the

absence of HR in asf1 mutants, the error-free Rad5-dependent pathway of PRR is

responsible for the suppression of GCRs.  Our genetic analyses suggest that Asf1 and

Rad6-epistasis proteins both serve an important, partially redundant function during

normal replication, possibly at stalled replication forks, and in the absence of both

these pathways the DNA damage is suppressed by the DUN1 checkpoint.  The

exacerbated growth defect of the double mutants on HU we observed in this study is

consistent with Asf1 and Rad6-epsistasis proteins sharing a function at stalled

replication forks.  We further found that S-phase progression in asf1 mutants was

only dependent on the checkpoint branch of the Rad6 pathway, demonstrating that the

effect on the suppression of GCRs was independent of S-phase progression defects.

Finally, we demonstrated that the spontaneous phosphorylation of Rad53 in asf1

mutant cells was dependent on the Rad9 DNA damage checkpoint, and independent

of the Rad6 pathway.

The main chromatin assembly complex in S. cerevisiae (as well as higher

eukaryotes) is CAF-I.  While Asf1 has been shown to enhance chromatin assembly by
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CAF-I in vitro, evidence suggests that CAF-I can assemble chromatin on its own

during DNA replication (32, 33).  Furthermore, in recent years many studies have

confirmed that CAF-I and Asf1 have different cellular roles and function in different

pathways separate from a joint role they play during chromatin assembly (11, 34-36).

Another interesting fact is that in the absence of CAF-I, S. cerevisiae cells do not

exhibit the severe replication problems or sensitivity to damaging agents seen in asf1

mutants (10, 33).  It is therefore unlikely that the DNA replication problems and DNA

damage observed in asf1 mutants are due to the role of Asf1 in chromatin assembly.

In recent years a role for Asf1 as a global transcriptional regulator has evolved

coupled with studies showing that Asf1 can remove histones off the DNA (17, 18,

36).  It is possible that this newly discovered role of Asf1 as a chromatin

“disassembly” factor may be responsible for the critical role Asf1 appears to play in

replication fork progression.  It is possible that in the absence of Asf1 the chromatin

in front of the replication fork is not disassembled fast enough leading to slower S-

phase progression.  Also, it is likely that to resolve stalled replication forks (caused by

treatment with HU, for example), chromatin has to be further disassembled to allow

the checkpoint and repair machinery to assemble on the DNA in order to resolve the

replication block, consistently with the “access, repair, restore” model of chromatin

and DNA repair (37).  The Rad6-epistasis proteins that function in post-replication

repair are among the proteins that need to be recruited, specifically to bypass stalled

replication forks, to the DNA.  Therefore, it is very likely that Asf1 and Rad6-

epistasis proteins collaborate with each other in order to remove replication blocks, as

our HU-sensitivity data implies.  It is even possible that Asf1 and Rad6 work directly



103

together to remove histones H3/H4 and H2A/H2B respectively from stalled

replication forks before PRR can take place.

The suppression of GCR rates in the double mutants of ASF1/RAD6 pathways

interestingly implies that the elevated GCR rates of one single mutant (i.e. asf1)

might be caused by the aberrant function of the other protein (i.e. Rad18).  Our GCR

results imply that in asf1 mutants, the resultant DNA damage is processed

preferentially by the Rad6 pathway, but in a way leading to the formation of GCRs.

In the absence of the Rad6 pathway, this damage is processed in a GCR-free way by

HR, most likely triggered by the activation of the DUN1 checkpoint, which also

functions to suppress GCRs otherwise arising in ASF1/RAD6 mutants.  The fact that a

deletion of DUN1 in either asf1 or rad6 single mutants does not cause synergistic

GCR increases indicates that both pathways have to be disabled in order to trigger the

DUN1 checkpoint.

Our S-phase progression data also support the possibility of Asf1 and Rad6-

epistasis proteins having a shared role.   The fact that deleting DUN1 in either asf1 or

rad6-epistasis single mutants leads to significant slowing down of the S-phase

implies that the two pathways behave similarly in this assay.  The only proteins in the

Rad6 pathway that appeared to be required for proper S-phase progression of the asf1

mutants were Bre1 and Rad6, both of which play a role in the activation of the Rad53

checkpoint (26, 27) consistent with our previously reported results that asf1 mutants

require checkpoint functions for proper S-phase progression (11).  Furthermore, these

data imply that the suppressed GCR phenotype we observe in the double mutants of

Asf1 and Rad6 pathways is independent of S-phase, consistent with the idea that Asf1
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has a shared role with post-replication repair proteins, that are recruited to the DNA

after replication.

This study provides evidence of a genetic interaction between Rad6-epistasis

proteins and the histone chaperone Asf1, linking the two pathways in a shared role in

the processing of stalled replication forks and maintenance of genomic stability

through suppression of GCRs.  While the exact mode of action of Asf1 at replication

forks remains unclear, we suggest that this process involves cooperation with post-

replication repair proteins in order to remove histones and replication proteins in front

of stalled replications forks to facilitate the recruitment of repair machinery.
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4.5  MATERIALS AND METHODS

Strains and media.

S. cerevisiae strains were grown in yeast extract peptone dextrose (YPD)

medium or synthetic complete (SC) medium lacking the appropriate amino acid.

G418 resistant colonies were selected on YPD plates containing 200 mg/liter of

geneticin. All of the strains used were derived from the S288c strain RDKY3615

(MATa, ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, ade2Δ1, ade8,

hxt13::URA3) by either crossing with other RDKY3615 derivatives or by standard

gene disruptions.

Characterization of the GCR rates.

  All GCR rates were determined by fluctuation analysis using two or more

independent clones.  The average GCR rates of two or more experiments using at

least 5 cultures for each clone are reported as previously described (30, 38).

Sensitivity to HU.

 Cells were grown in YPD medium to log phase. Serial dilutions were made

and spotted onto previously prepared sensitivity plates (50 mM and 100 mM HU) and

grown for 2 to 3 days at 30oC.

HU-survival assay.
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 Cells were first grown to log phase in YPD and serial dilutions of the culture

were plated onto YPD plates to determine the concentration of viable cells. Then HU

was added to the culture at a final concentration of 200 mM for 2 hours, after which

serial dilutions of the cultures were plated onto YPD plates. The plates were

incubated for 2-3 days at 30oC. Survival was calculated by determining the

percentage of viable cells present after HU treatment compared to the untreated

culture. These experiments were performed in duplicate.

α-factor arrest.

Cells were grown in YPD medium to log phase. α-factor (Sigma) was added

to the culture at a concentration at 7 µg/ml. The culture was then incubated for 2 hr at

30oC with shaking and arrest was monitored by phase contrast light microscopy. Then

the cells were pelleted, washed with water and resuspended in fresh YPD.

FACS analysis.

 Cells were fixed in 70% Ethanol for one hour at room temperature, harvested

by centrifugation and resuspended in 50 mM Sodium Citrate buffer, pH 7.0. After

sonication and centrifugation, the cells were once again resuspended in Sodium

Citrate buffer and treated with 250 µg/ml Rnase A (US Biochemicals) and 1 mg/ml

Proteinase K (Sigma) overnight at 37oC. The cells were then harvested by

centrifugation, resuspended in 1 ml of Sodium Citrate buffer containing 1 µM Sytox

Green (Molecular Probes) and incubated at room temperature for 2 hr. Samples were

analyzed using a BD FACS scan (FACS Vantage SE).  The G2/M content of the cells
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was calculated as previously described (11) using WinMDI2.8 software obtained

from http://facs.Scripps.edu.
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Table 4-1.  PRR and HR proteins have opposite effects on GCR rates of asf1
mutants

Wild type asf1Δ

Relevant

Genotype Strain No.

Mutation rate

(Canr-5FOAr) Strain No.

Mutation rate

(Canr-5FOAr)

Wild type RDKY3615 3.5 x 10-10(1) RDKY4755 2.1 x 10-8(62)

rad5Δ RDKY5519 2.4 x 10-8(68) RDKY5753 3.3 x 10-9(9)

rad6Δ RDKY5516 6.1 x 10-10(2) RDKY5755 1.8 x 10-9(5)

rad18Δ RDKY5517 2.3 x 10-8(65) RDKY5757 2.0 x 10-9(6)

bre1Δ YKJM2233 >9.9 x 10-10(3) RDKY5761 1.3 x 10-9(4)

ubc13Δ YKJM1585 1.3 x 10-9(4) RDKY5884 9.4 x 10-9(27)

mms2Δ YKJM2135 >2.6 x 10-10(1) RDKY5886 1.8 x 10-9(5)

pol30-119 RDKY5873 8.3 x 10-10(2) RDKY5874 1.9 x 10-9(6)

rad30Δ RDKY5523 5.8 x 10-10(2) RDKY5888 9.1 x 10-9(27)

rev3Δ RDKY5521 6.4 x 10-10(2) RDKY5807 2.3 x 10-8(65)

siz1Δ YKJM2179 1.3 x 10-9(4) RDKY5759 3.2 x 10-9(10)

srs2Δ RDKY5028 >3.1 x 10-10(1) RDKY5890 1.44 x 10-9(4)

rad51Δ RDKY3636 3.5 x 10-9(10) RDKY4841 7.2 x 10-8(205)

rad52Δ RDKY4421 4.4 x 10-8(126) RDKY4855 4.4 x 10-7(1257)

rad59Δ RDKY4423 7.5 x 10-9(21) RDKY4853 1.4 x 10-7(400)
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Table 4-2.  Rad5 suppresses GCRs in asf1 mutants in the absence of Rad52

Wild type rad52Δ

Relevant

Genotype Strain No.

Mutation rate

(Canr-5FOAr) Strain No.

Mutation rate

(Canr-5FOAr)

Wild type RDKY3615 3.5 x 10-10(1) RDKY4421 4.4 x 10-8(126)

asf1Δ RDKY4755 2.1 x 10-8 (62) RDKY4855 4.4 x 10-7(1257)

asf1Δ rad5Δ RDKY5753 3.3 x 10-9(9) RDKY5906 1.9 x 10-6(5286)

asf1Δ rad18Δ RDKY5757 2.0 x 10-9(6) RDKY5908 5.3 x 10-9(15)

The rates of rad5 rad52 and rad18 rad52 were previously published (Motegi et al.
2006) and are respectively 2.4 x 10-9 and 3.1 x 10-9.
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Table 4-3. Double mutants of asf1 and PRR genes require DUN1 for GCR
suppression

Wild type asf1Δ

Relevant

Genotype Strain No.

Mutation rate

(Canr-5FOAr) Strain No.

Mutation rate

(Canr-5FOAr)

Wild type RDKY3615 3.5 x 10-10(1) RDKY4755 2.1 x 10-8 (62)

dun1Δ RDKY3739 7.3 x 10-8(200) RDKY4803 6.9 x 10-8(197)

rad6Δ RDKY5516 6.1 x 10-10(2) RDKY5755 1.8 x 10-9(5)

rad18Δ RDKY5517 2.3 x 10-8(65) RDKY5757 2.0 x 10-9(6)

rad5Δ RDKY5519 2.4 x 10-8(68) RDKY5753 3.3 x 10-9(9)

bre1Δ YKJM2233 >9.9 x 10-10(3) RDKY5761 1.3 x 10-9(4)

siz1Δ YKJM2179 1.3 x 10-9(4) RDKY5759 3.2 x 10-9(10)

rad6Δ dun1Δ RDKY5863 2.2 x 10-8(64) RDKY5869 3.14 x 10-7(897)

rad18Δ dun1Δ RDKY5894 2.9 x 10-8(84) RDKY5902 3.06 x 10-7(874)

rad5Δ dun1Δ RDKY5892 2.3 x 10-8(66) RDKY5900 8.6 x 10-7(2463)

bre1Δ dun1Δ RDKY5896 3.4 x 10-9(10) RDKY5865 1.3 x 10-9(41)

siz1Δ dun1Δ RDKY5859 5.2 x 10-8(234) RDKY5861 4.6 x 10-7(1320)
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Figure 4-1.  Increased HU sensitivity in Asf1 and Rad6 pathway double mutants
(A) Serial dilutions of cells were plated onto YPD media containing HU, as indicated,
and incubated at 30oC for 2 to 3 days.  Exacerbated growth is seen in asf1 rad18, asf1
rad5, asf1 rad6, and asf1 bre1 double mutants, as compared to the single mutants, but
not in asf1 siz1 double mutants.  (B) None of the asf1 rad6, asf1 rad18, asf1 rad5, or
asf1 bre1 double mutants were killed by acute exposure to 200 mM HU in culture for
2 hours, as compared to the rad53 negative control.  The data are expressed as
percent survival on YPD following acute HU treatment.
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Figure 4-2.  S-phase progression in asf1 mutants is only affected by the Bre1-
dependent branch of the Rad6 pathway.
FACS was used to monitor the rate of S-phase progression of various Asf1/Rad6
pathway double mutants after release from α-factor arrest. The proportion of cells in
G2/M was determined at the 40 min time point, at which at least 80% of wild-type
cells have reached G2/M. Error bars represent standard deviation.
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CHAPTER 5:   SUMMARY AND FUTURE DIRECTIONS

The research described in this dissertation covers a range of topics related to

chromatin assembly factors as they pertain to DNA repair and genome maintenance.

While there is still much left to understand about the relationship between DNA

replication and repair and chromatin maintenance, my research has added a number

of new insights to the field.

5.1  GROSS CHROMOSOMAL REARRANGEMENTS

In studies examining spontaneous gross chromosomal rearrangement formation

in S. cerevisiae strains lacking CAF-I and RCAF we were able to demonstrate that

both CAF-I and RCAF complexes play a role in the maintenance of genomic stability.

Importantly, our genetic data also demonstrated that CAF-I and RCAF contribute to

genomic stability in different ways, as evidenced by CAF-I and RCAF defects

causing different GCR rates and different types of GCRs, suggesting they play

different cellular roles.

In addition, our GCR data from the analysis of the subunits of CAF-I suggest that

each of the subunits may have separate roles and that they do not always function as a

complex.  In particular, it appears that the Cac1 and Cac3 subunits each play distinct

and important roles in the suppression of GCRs.  In contrast, the Cac2 subunit

behaves like Asf1 in regard to GCR suppression, suggesting that the only role of the

Cac2 subunit might be in chromatin assembly via the demonstrated interaction with

the Asf1 protein.
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Finally, the different GCR rates observed when checkpoint defects were

combined with either CAF-I or Asf1 deletions led us to suggest that cells lacking

CAF-I and Asf1 accumulate damage that activates different checkpoints, prompting

us to conduct further research of checkpoint activation and endogenous damage in

these mutants.

5.2  CHECKPOINT ACTIVATION

We were able to definitively show that mutants lacking either CAF-I or Asf1 were

in fact not checkpoint defective, resolving a question that has previously aroused

some debate in the field (1, 2).   We were able to further investigate the roles of CAF-

I and Asf1 during DNA replication by monitoring S-phase progression in our

mutants.  Our analysis led to a model suggesting that Asf1 plays a critical role in the

progression of replication forks, a process that did not appear to involve CAF-I, but

was rather dependent of the Rad53 replication checkpoint pathway.

We used a different method of looking at endogenous DNA damage, which,

unlike the GCR method, examined checkpoint activation specifically during S-phase.

By examining the Ddc2.GFP foci in mutant cells, we were able to conclude that

GCRs arising in cac1 mutants are not a result of improper DNA replication as

previously hypothesized (3, 4).  We suggested that CAF-I might play a critical role in

the maintenance of genomic stability through its role during the cell division stage of

the cell cycle, a hypothesis that has since been supported by other studies (5, 6).

Finally, we were able to quantify, for the first time, the levels of Rad53

phosphorylation in cells lacking CAF-I or Asf1.  While other studies had shown that
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asf1 mutants have elevated levels of Rad53 phosphorylation (1, 2, 7), we were able to

determine which sites of Rad53 are phosphorylated in asf1 mutants and the extent of

phosphorylation as compared to wild-type levels and a full checkpoint response.  We

showed that while there is a definite increase in spontaneous Rad53 phosphorylation

in asf1 mutants, it does not constitute a full checkpoint response (8) and that cac1

mutants do not show increased activation of Rad53 at all.

5.3  ASF1 AND POST-REPLICATION REPAIR

Following up on our model suggesting that Asf1 plays a role in replication fork

progression, we have provided evidence of genetic interactions between Asf1 and the

Rad6-epistasis post-replication repair (PRR) pathway.  We suggested a new

hypothesis, based on the interactions observed, suggesting that Asf1 and Rad6 play

roles in partially redundant, parallel pathways that function at stalled replication

forks.  Our data provides further evidence that Asf1 acts in more pathways than the

chromatin assembly pathway in which it partners with CAF-I.  Based on our data as

well as additional studies demonstrating that Asf1 can function in the disassembly of

chromatin (9, 10), we suggest that Asf1 is an excellent candidate for functioning in

the “access, repair, restore” model for PRR (11), most likely as a chromatin

disassembly factor at the “access” stage of the process.

5.4  FUTURE DIRECTIONS

One obvious question of interest is what exactly is Asf1 doing at replication

forks?  One would predict that if the sole role of Asf1 was to disassemble histones H3
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and H4 from the DNA in front of replication forks, replication fork progression would

be slowed.  As of today, we still do not know whether the slower growth of asf1

mutants is due to slow fork progression or to some kind of a cell cycle delay due to

DNA damage.  To address this question, chromatin IP experiments could be done to

look at the localization of replication fork components along the replicon in asf1

mutants.  In fact, a collaboration conducting these experiments is currently underway.

Chromatin IP experiments could also be done to examine whether Asf1 effects

protein localization at stalled replication forks.  Some proteins to consider are

replication fork proteins, such as Cdc45, Mcm2-7 and Polα.  One could also examine

the localization of DNA repair proteins, such as PRR or HR proteins.  These

experiments could elucidate whether in the absence of Asf1 repair proteins can access

the DNA in order to repair the damage as well as give insight into what kind of

damage is forming in cells with Asf1 defects.

While we have demonstrated that endogenous damage occurs in asf1 mutant cells

(whether as a precursor to GCRs or other damage sensed by checkpoint machinery

like Ddc2 proteins), we do not know yet the exact nature of this damage.  One way to

potentially assess this would be by 2D gel analysis, which might provide insight into

the possibility of damage arising at replication forks.  Another method to consider

might to by examine which repair proteins get recruited to sites of DNA damage in

asf1 mutant cells by fluorescence microscopy.

The role of CAF-I during mitosis has been suggested by other studies linking

CAF-I to the anaphase-promoting complex (APC).  This role can be further studied

by examining genetic interactions between CAF-I and various kinetochore or spindle
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proteins.  Also, the G2/M checkpoint in CAF-I mutants has not yet been examined,

and doing so might provide useful information into the critical stages of the cell cycle

during which CAF-I is involved.  Finally, it would be interesting to observe

microtubule and spindle alignment during cell division in CAF-I mutants by

fluorescence microscopy.
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