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precursor synthesis (MCB genes) are expressed under cell cycle control in late

GuS. The relationship between MCB gene expression, dNTP synthesis and DNA
synthesis was investigated by using cx factor-synchronized Saccharomyces

cerevisiae. The levels of all four dNTPs increased several-fold when cells crossed

the GuS boundary. An even larger increase in the dNTP pools occurred at Gl/S
when replication initiation was blocked by incubating synchronized dbf4 mutants at

the nonpermissive temperature. Thus, dNTP accumulation at GuS was not
dependent on replication initiation. Similarly, MCB gene induction at GuS was
also independent of replication initiation. The accumulation of dNTPs at GuS was
dependent on Swi6, a protein known to be required for normal MCB gene

regulation during the cell cycle. Treatment with hydroxyurea, an inhibitor of

ribonucleotide reductase, blocked DNA synthesis and prevented the increase in
dNTP levels that normally occurred at GuS, however, it did not exhaust the basal
levels of any of the four dNTPs. The mechanism responsible for replication arrest
despite the persistence of dNTPs was not dependent on the checkpoint protein
Rad53, as rad53 mutants also failed to exhaust basal dNTPs when incubated in HU.
The inhibitory effect of HU on DNA synthesis was bypassed when

dbf4

cells were

allowed to pre-accumulate dNTPs at 37°C before being released to the permissive

temperature in the presence of HU. Accumulation of dNTPs at GuS was not a
prerequisite for replication initiation, as

dbf4

cells incubated in HU at 25°C were

able to initiate replication when cells were switched to the nonpermissive

temperature and HU was removed. The results indicate that DNA chain elongation
in yeast requires a critical dNTP threshold, below which replication forks are

completely arrested. Cells lacking a functional thioredoxin system were deficient
in dNTP synthesis. The rate of accumulation was significantly lower in zitrrl

mutants lacking thioredoxin reductase, and dNTP accumulation at GuS did not

occur at all in 4trxl 1trx2 double mutants lacking thioredoxin. The results suggest
that thioredoxin serves as the electron donor for ribonucleotide reductase during
DNA precursor synthesis in yeast.
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Cell Cycle Regulation of DNA Precursor Accumulation in the Yeast
Saccharomyces cerevisiae

INTRODUCTION

THE YEAST CELL CYCLE
The yeast Saccharomyces cerevisiae is an important model system for cell
cycle studies. The organization and control of the yeast cell cycle is remarkably
similar to that of mammalian cells, and a number of human cell cycle control

proteins have been shown to be functionally interchangeable with homologous
yeast proteins.
Yeast cells have four cell cycle phases -G1, S, G2 and M- which are

definable by morphological landmarks such as bud emergence, bud size, and cell

separation (Hartwell, 1974). During GI phase, cells monitor intracellular and
extracellular signals and if conditions are appropriate for division and if they

accumulate sufficient mass, then they trigger "START', which is an experimentally
defined step in late Gi. Once past START, cells become committed to DNA
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replication, spindle pole body duplication and bud emergence even if
environmental conditions become unfavourable. Alternatively, if conditions are
inappropriate for cell cycle progression, G 1 cells withdraw from the cell cycle and

enter stationaiy phase. If conditions are particularly harsh, diploid cells undergo

meiosis and form spores. Gi is a particularly important transition phase because it
is in Gi that cells choose between continued division, entry into stationary phase,
or sporulation. It is important to note that nutrient sensing and growth regulation
are also confined to the Gi phase of the cell cycle in mammalian cells (Pardee
al.,

et

1978).

The major regulator of the S.

cerevisiae

cell cycle is the cyclin dependent

kinase (CDK) encoded by the CDC28 gene (Nasmyth, 1993). This enzyme
controls the timing of START, bud initiation, DNA replication, spindle formation,

mitotic entry and chromosome separation. Multiple regulatory mechanisms
converge to ensure that CDK is switched on at the right time and in the right place

as cells proceed through the cell division program. Cdc28 protein levels remain
constant throughout the normal cell cycle, but Cdc28 activity is regulated by posttranslational modifications and Cdc28-binding proteins.

The primary regulators of CDK activity are the cyclins. Cyclins were
originally defined as proteins whose levels oscillate during the cell cycle. Cyclin
function is primarily controlled by changes in cyclin protein levels, which increase

characteristically at specific cell cycle stages. There are nine cyclins known to
associate with Cdc28 kinase: three

CLNs (CLN], 2 and 3)

and six

CLBs (CLBJ, 2,

3, 4, 5, and 6) (Nasmyth, 1993). CLNs are required for entering the cell cycle
at START. On the other hand, CLBs are known to have roles in S phase (CLB5 and
CLB6) and in the G2/M transition (CLBJ, 2, 3, and 4) (Cross and Tinkelenberg,
1991; Nasmyth, 1993).

In addition to cyclin binding, at least three other mechanisms regulate

Cdc28 activity. These include phosphorylation of a conserved threonine (Thrl6O)
by the CDK-activating kinase (CAK1), dephosphorylationof a threonine and a
tyrosine residue by the phosphatase Cdc25, and binding of CDK inhibitors (CKJs)

such as Sici and Fusi (reviewed by Morgan, 1995).

AN OVERVIEW OF TRANSCRIPTIONAL REGULATION AT GuS
The expression of a number of genes whose products are required for DNA
synthesis is restricted to late G 1/early S phase of the cell cycle (reviewed by Merrill

et aL, 1992). The coordinate expression of these genes, with maximum transcript
levels at the GuS boundary, probably evolved as a mechanism to ensure that cells
were equipped with adequate levels of the enzymes required for DNA synthesis. In
yeast, two short cis-acting elements termed MCBs (Miul Cell Cycle Boxes,
consensus sequence ACGCCT) and SCBs (Swi4, 6 cell cycle boxes, consensus

sequence CACGAAAA) have been implicated in GuS gene induction. Deletion
and site-directed mutagenesis have shown that MCB elements in the upstream

regions of TMPJ (thymidylate kinase), CDC9 (DNA ligase), POLl (DNA
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polymerasel),

CLNJ, 2

(cyclins), and SWJ4 (transcription factor) and SCB

consensi in the upstream regions of HO (endonuclease) are required for efficient

gene expression (Lowndes etal., 1991; McIntosh etal., 1991; Foster etal., 1993).
Attachment of MCBs or SCBs to basal promoters fused upstream from reporter

genes shows that these elements possess 01/S-specific upstream activating
sequence (UAS) activity (Breeden, 1987; McIntosh et al., 1991). Band shift assays
using wild-type and mutant yeast extracts show that MCBs and SCBs bind a

complex containing the transcription factors Swi6 and either Mbpl or Swi4 (Dirick

et al., 1992; Lowndes etal., 1992; Koch etal., 1993). Native MCB genes remain
active in Eswi6 (deletion) mutants but their cell cycle regulation is disrupted. Basal

promoters relying on MCB elements for UAS activity are inactive in swi6 yeast
(Machado, 1997). Although important cis- and trans- acting elements have been
identified, the connections of START to 01/S-specific gene expression and 01/S
specific gene expression to replication initiation are still unknown.
MacKay et al. (2001) showed that the CLN3 gene has early cell cycle boxes

(ECBs), which confer M/G1-specific gene expression. Cln3-dependent Cdc28
kinase activity was shown to be involved in MBF (MCB binding factors) and SBF
(SCB binding factors) activation, setting in train a transcriptional program

involving MCB and SCB gene induction in late 01 (Dirick etal., 1995). It is not
yet clear whether or not MBF and SBF activation involve direct phosphorylation by
C1n3/Cdc28, nor is it clear how C1n3/Cdc28 itself functions to integrate those

signals which ultimately tell the cell to begin a new cell cycle. The CLNJ and
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CLN2 genes are major targets of MBFs and SBFs (Dirick et al., 1995). The
periodic accumulation of Cm I, 2/Cdc28 in late G 1, as a result of this transcriptional

activation, triggers several key events which together help cells pass through
START.

INITIATION OF DNA REPLICATION
Initiation of DNA replication is a strictly regulated process that is coupled
tightly to cell cycle progression and results in the accurate duplication of the
genetic material.

Initiation of replication requires three discrete steps: the recognition of cisacting elements (origins) by specific initiation proteins, the localized unwinding of

the DNA helix, and the initiation of polymerization. In yeast replication starts
independently at many chromosomal sites. The quasi-conserved DNA sequence
specifying a yeast origin of replication is called an autonomously replicating

sequence or ARS. An essential multi-protein complex involved in the process of
initiation of DNA replication is the Origin Recognition Complex (ORC), originally
identified as a six-protein complex that binds specifically to ARSs (Stiliman et al.,
1992). ORC is bound at origins of DNA replication throughout the cell cycle and
is thought to function as a landing pad for the assembly of a series of cell cycle-

regulated protein complexes (Diffley, 1994; Cocker etal., 1996; Aparicio etal.,
1997; Tanaka et al., 1997). Mutational alteration in yeast (Labib etal., 2000) or
immunodepletion in Xenopus laevis oocytes (Coleman et al., 1996) have

demonstrated that Cdc6 and each of the six ORC proteins plays a unique and

essential role in replication. Cdc6 is thought to act primarily through recruitment
of the Mcm proteins to origins. Mcm proteins, mini-chromosome maintenance
proteins, were identified initially for their role in plasmid replication and cell cycle

progression (Todorov et al., 1995). Mutations in yeast CDC6 or immunodepletion
of Cdc6 protein in X laevis leads to a loss of Mcm protein association with origins

(Coleman etal., 1996; Donovan et al., 1997). After recruiting Mcm complex to
origins, Cdc6 protein is phosphorylated by Cdc28 and thereby targeted for

ubiquitination and degradation (Elsasser etal., 1996). Restriction of Mcm protein
loading to 01 ensures that origins initiate replication only once per cell cycle

(Labib et al., 2000). Recent studies suggest that MCM proteins function as a
helicase at initiation sites and during the DNA chain elongation (Lee and HUrWitZ,

2000; Lygerou and Nurse, 2000).
Chromatin structure at origins of DNA replication changes between the pre-

replication complex (pre-RC) in Gi and the post-replication complex (post-RC) in
S, G2 and M phase (Stiliman, 1996). The ORC is present in both pre- and postRCs, whereas Cdc6 and MCM proteins are associated with the pre-RC and then are

released during S phase (Santocanale and Diffley, 1996). The pre-RC renders
chromosomes competent for initiation of DNA replication, but initiation does not

occur until the complex is activated by other factors. To initiate DNA replication,
the pre-RC needs to be activated at the 01/S transition by a second set of factors,
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including ClbICdc28 protein kinase and Cdc7/Dbf4 protein kinase (Stiliman,

1996). The Clb/Cdc28 complexes are not activated until the CDK inhibitor Sici is
phosphorylated by ClnICdc28 complexes and thereby targeted for degradation

(Morgan, 1995). Cdc45, a protein essential for initiation of DNA replication,

associates with chromatin after START in late Gi and during S phase. Binding of
Cdc45 to chromatin depends on Clb/Cdc28 and Cdc7/Dbf4 kinase activity, as well
as functional Cdc6 and Mcm2 (Aparicio

etal.,

1997). Cdc45 is believed to be the

disengager of Mcm2-7 complex from its anchor (McmlO), upon activation of
origins (Aparicio etal., 1999).

Although ample evidence supports the involvement of Clb/Cdc28 in
initiation of replication (Tanaka etal., 1997), physiological substrates of the kinase

in the transition of pre-RC to post-RC remain to be identified. The target of
Cdc7/Dbf4 kinase (DDK; Dbf4-dependent kinase) is better defined. It
phosphorylates several Mcm proteins in vitro (Lei
however, the preferred target is Mcm2 (Jiang

et al.,

et al.,

1997; Oshiro

et al.,

1999);

1999). It is thought that

phosphorylation of Mcm2 by Cdc7/Dbf4 kinase is the latest step in the process of

initiation of replication. Phosphorylation of Mcm2 leads to a conformational
change in the Mcm complex and probably helps to disengage the complex from

pre-RCs (Sclafani, 2000; Lei and Tye, 2001). Disengaged Mcm complex moves
along with the replication forks and functions as a DNA helicase (Lee and Hurwitz,
2000; Lygerou and Nurse, 2000) during polymerization.
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CELL CYCLE CHECKPOINTS
Eukaryotic cells respond to DNA damage and replication blocks by
delaying cell cycle progression through a surveillance mechanism known as the
DNA damage checkpoint, thus providing the time needed to restore the correct

DNA structure before entering the next cell cycle phase. Failure of DNA repair or
checkpoint controls can lead to cell lethality, mutations, genome instability and,
ultimately, cancer (reviewed in Zhou and Elledge, 2000).
A cell cycle checkpoint is generally considered to be a signal transduction

pathway that is triggered by intrinsic or external damage. Somehow checkpoint
proteins sense the damage and generate a signal, which is then passed through

signal transducers to downstream effectors. This regulatory system allows cells to
arrest the cell cycle in the Gi or G2 phase, or to slow progression through S phase
and inhibit mitosis. In yeast, more than ten genes have been identified as DNA
damage checkpoint genes that, when mutated, can disrupt checkpoint controls and

cell cycle arrest. They form distinct andlor overlapping checkpoint pathways that
function in different phases of the cell cycle. For example, RAD9 group genes,
including RAD9, RAD] 7, RAD24, DDCJ and MEC3, are thought to act in G 1 and

G2 phases (Lydall and Weinert, 1995; Longhese etal., 1997), while POL2 (Navas
etal.

1996) and RFC5 (Sugimoto etal., 1997) are thought to act in S phase. In

contrast to the above genes that act in a phase-specific manner, two checkpoint
genes, MECJ (Paulovich and Hartwell, 1995) and RAD53 (Allen et

al.,

1994),

appear to be part of a downstream signal transduction cascade that can arrest

progression through Gi, G2 and S phase. Structural and functional counterparts of
most of these checkpoint genes have been found in other eukaryotic organisms,
suggesting that checkpoint mechanisms are conserved.
In yeast, Rad53 is phosphorylated in a Mec 1-dependent manner in response

to DNA damaging agents or replication block (Sanchez et al., 1996). Med
belongs to the phosphatidylinositol-3-kinase motif family, which also includes S.

cerevisiae Tell (Greenwell etal., 1995), S. pombe Rad3 (Bentley, Holtzman et al.
1996), D. melanogaster Mei-41 (Han etal. 1995), and the human ATM and ATR
proteins (Savitsky et al. 1995; Bentley et al. 1996). Mec 1 also physically interacts
with Ddc2, which undergoes Mec 1-dependent phosphorylation both in vivo and in

vitro (Paciotti et al., 2000; Rouse and Jackson, 2000; Wakayama etal., 2001).

Ddcl, Mec3 and Radl7 physically interact with each other. Rad24 is homologous
to, and interacts with, subunits of the PCNA clamp loader, replication factor C (RF-

C) (Green et al., 2000). Based on these similarities and genetic and biochemical
evidence, the Ddcl, Radl7, Mec3 and Rad24 are proposed to work together with

Mccl in sensing damaged DNA molecules and modulating Med activity (Weinert,
1998; Lowndes and Murguia, 2000). The DNA damage sensing functions are then
linked with downstream effectors by Mec 1-dependent phosphorylation of Rad9. In
fact, Rad9 phosphorylation triggers its interaction with Rad53 and consequent
activation of Rad53 (Gilbert et al., 2001), thus indicating that Mec 1 participates in
both sensing and transducing checkpoint signals.
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In addition to their involvement in the checkpoint responses, MEG] and
RAD53 are essential for cell viability, and their essential function, but not their
checkpoint functions, can be bypassed by either overexpression of RNR genes
encoding ribonucleotide reductase (Desany et al., 1998) or by deletion of the SMLJ
gene (Zhao et al., 1998), which encodes a protein that inhibits ribonucleotide

reductase (Zhao et al., 2001). The Med homolog Tell is a protein kinase (Mallory
and Petes, 2000) primarily required for telomere length maintenance (Greenwell et

al., 1995). Several data indicate that it also has a role in the cellular response to
DNA damage, which becomes evident in the absence of Mec 1. In fact, TEL 1

deletion increases the sensitivity of med mutant cells to DNA-damaging agents
(Ritchie et al.,l999), and high levels of Tell can suppress both the lethality of med
deletion mutations and the hypersensitivity to DNA-damaging agents associated

with med point mutations, suggesting that Tell and Med may have partially
overlapping functions (Sanchez et al.,1996).
DNA damage checkpoints are required not only for cell cycle arrest, but
also for rapid transcriptional induction of a number of yeast genes involved in DNA
metabolism. Hence, induction of RAD2, RADJ8, RAD54, CDC9, RNR2, and RNR3
following DNA damage is inhibited in mutants defective in G 1, G2 and S phase

checkpoints (Navas etal., 1996). This transcriptional response also requires the
action of the downstream transducer Dun 1. DUN] encodes a protein kinase that
can be phosphorylated in the presence of DNA damage (Zhou and Elledge, 1993).

This phosphorylation is achieved in a Mecl- and Rad53-dependent manner.

11

Therefore, this event was placed downstream of Rad53 in a branch of

checkpoints that specifically controls the transcriptional response. However, Duni
may also function in cell cycle arrest, probably by acting together with RAD53 to
inhibit at least the G2/M transition in response to DNA damage (Foiani et al.,
1998).

Once the checkpoint is activated by DNA damage, some mechanism must
exist to allow cells to resume cell cycle progression when the aberrant DNA

structures have been removed. In fact, the inability of cells to recover from
checkpoint activation once the damage is repaired would result in cell death in the

presence of genotoxic agents. While our knowledge about the mechanisms
underlying checkpoint activation is continuously increasing, the processes involved
in recovery from DNA damage-induced cell cycle arrest are still unknown.

THE THIOREDOXIN SYSTEM IN YEAST
Thioredoxin (Trx) is a small protein (12 kDa) with a conserved active site
sequence of Cys-Gly-Pro-Cys (Laurent et al., 1964). In its reduced state, Trx(SH)2,
the two active site cysteines form a dithiol group that is able to catalyze the
reduction of disulfides in target proteins. Oxidized thioredoxin, Trx-S2, can be

reduced by NADPH through the action of thioredoxin reductase (Trr). Thus,
NADPH, Trr and Trx form the thioredoxin system that operates as a general
disulfide reductase pathway.
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Thioredoxin was first identified in yeast as a source of reducing power

in sulfate assimilation and methionione sulfoxide reduction (Black etal., 1960;
Wilson et al., 1961). Later, it was identified as an electron donor for ribonucleotide
reductase and peroxidases (Schallreuter and Wood, 1986; Spector etal., 1988;
Chae, et al., 1994; Holmgren and Bjornstedt, 1995).
Budding yeast has two thioredoxin genes, TRXJ and TRX2. Disruption of
either TRXJ or TRX2 does not cause any major phenotype. However, simultaneous

disruption of both genes causes a complex set of phenotypic effects. Yeast lacking
TRXJ and TRX2 have a longer S phase, lower DNA synthesis rate, requirement for
methionione, and increased sensitivity to 11202 (Muller, 1991, 1994 and 1995). The

methionione auxotrophy may be a result of reduced activity of 3'phosphoadenosine 5'-phosphosulfate reductase (PAPS), an enzyme involved in
sulfate assimilation and methionione biosynthesis. Sensitivity to H202 may be a
result of reduced activity of thioredoxin- dependent peroxidases. The basis for S
phase protraction and slower DNA synthesis rate remains a mystery. It was first
thought that production of deoxriboyribonucleotides through the enzyme
ribonucleotide reductase might be inhibited in thioredoxin mutant cells; however,

the finding that &rxl &rx2 double mutants had wild-type levels of
deoxyribonucleotides suggested that S phase protraction was not due to inhibition
of dNTP synthesis (Muller, 1994).
TRX2, but not TRXJ, is induced by H202 and diamide in a Yap 1- and Skn7-

dependent manner, (Kuge and Jones, 1994; Morgan etal., 1997). Yeast
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thioredoxin reductase, encoded by the TRRJ gene, was purified based on its

ability to reduce thioredoxin peroxidase (Tsal) in the presence of thioredoxin
(Chae et

al.,

1994). Subsequently, in a genetic screen for mutations that allow

MCB reporter gene expression in yeast lacking the transcription factor Swi6, all the
mutations mapped to a single locus -the TRRJ gene - which suggested that Trrl

inhibits the transcription of genes at the GuS boundary of the cell cycle (Machado
et al.

1997). Strains deleted for TRRJ are hypersensitive to H202, temperature-

sensitive for growth and auxotrophic for methionione (Machado

etal.,

1997). In a

separate genetic screen for mutants that show elevated expression of a TRX2-HIS3
reporter gene, two independent mutants isolated carried mutations in the TRRJ

gene. Northern blot and whole-genome expression analysis revealed that the basal
expression of most Yapip targets and many other H202-inducible genes is elevated

in 4trrl mutants in the absence of external stress (Carmel-Harel et

al., 2001).

OBJECTIVES
The objectives of this thesis are to investigate the relationship between
expression of late G 1/early S phase specific genes, accumulation of

deoxyribonucleotide triphosphates and progression of DNA replication during the

cell cycle. In particular, below questions regarding cell cycle regulation of GuS
specific gene expression, dNTP pool accumulation and S phase progression in
yeast will be addressed:
1.

Does DNA replication induce G 1/S specific (MCB) gene expression?
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2. Is there any changes in dNTP levels during the cell cycle?
3. Is there any connections between Gl/S specific gene expression and

dNTP pools?
4. Is replication initiation required for dNTP synthesis to occur?

5. Does replication require a critical threshold level of dNTPs to initiate?

6. What is the effect(s) of hydroxyurea on dNTP pools?
7.

Is hydroxyurea block reversible by high dNTP levels?

8. Do cells monitor dNTP pools via cell cycle checkpoint systems?
9. What is the identity of physiologically relevant electron donor for
ribonucleotide reductase in dNTP synthesis?

The first four questions will be addressed in Chapter II, next four questions
will be addressed in Chapter III and the last question will be addressed in Chapter
IV in detail.
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CHAPTER II
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ABSTRACT
In Saccharomyces cerevisiae, many genes encoding enzymes involved in
DNA precursor synthesis contain MCB elements in their upstream region and are

expressed preferentially in late GuS. The relationship between MCB gene
induction, dNTP synthesis and replication initiation was investigated by using yeast
that were synchronized by release from an a factor-induced Gi arrest. MCB gene
induction occurred on schedule when cells were released to medium containing the
ribonucleotide reductase inhibitor hydroxyurea (RU), which blocked replication, or
when dbf4 cells were released at the nonpermissive temperature (3 7°C), which

blocked replication initiation. Thus, like bud emergence and spindle pole body
duplication, MCB gene induction at 01/S does not depend on replication initiation.
Deoxyribonucleotide levels increased several-fold when cells crossed the 01/S

boundary. An even larger increase in dNTP levels occurred at GuS in dbf4
mutants incubated at 37°C. Accumulation of dNTPs at GuS was dependent on
Swi6, a protein required for normal MCB gene regulation during the cell cycle.
Our results suggest that cells use MCB gene induction as a mechanism to
preemptively, rather than reflexively, increase the synthesis of DNA precursors to
meet the demand of the replication forks for dNTPs.
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INTRODUCTION
In all eukaryotic cells many of the genes encoding enzymes involved in

DNA precursor synthesis are induced as cells reach the GuS boundary of the cell

cycle. In budding yeast, this class of genes contains an upstream element termed a
Miul cell cycle box (MCB) that binds a multimeric complex containing the

proteins Swi6 and either Swi4 or Mbpl (Dirick et al., 1992; Lowndes etal., 1992;

Koch etal., 1993; Partridge and Breeden, 1994). Mutation of MCB elements or
deletion of the SWI6 gene disrupts normal cell cycle-regulated expression

(McIntosh etal., 1991; Dirick et al., 1992; Lowndes etal., 1992; Koch et al.,
1993). In mammalian cells, genes preferentially expressed at GuS also contain an
identifiable upstream element, termed an E2F site, that resembles the yeast MCB

element and that binds heterodimers of the E2F and DPi family of proteins (Merrill

etal., 1992).
Experiments described herein address two questions regarding MCB gene

induction at GuS. First, we ask whether MCB gene induction is in whole or in part
dependent on DNA replication. Genetic experiments have established that other
events that occur at about the time of the GuS transition occur independently of
DNA replication (Hartwell et al., 1974). For example, bud emergence and spindle
pole body duplication occur on schedule after START when replication initiation or
DNA chain elongation is inhibited due to various cdc mutations or application of
pharmacological agents.
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Two types of evidence suggested that MCB gene induction was not

dependent on replication. The first was the relative timing of the two events. In
general, an increase in MCB gene mRNA can be observed prior to an increase in

DNA content, as determined by flow cytometry. However, flow cytometric
analysis of bulk DNA content is not a sensitive measure of the time at which cells

begin synthesizing DNA. In higher eukaryotes, replication initiation is typically
measured by incorporation of radiolabeled thymidine or thymidine analogs. The
absence of a thymidine kinase enzyme precludes similar determination in yeast.
Thus, the relative timing of MCB gene induction with respect to replication origin

firing is unclear. The second argument is based on northern blot analysis of MCB
gene mRNAs in yeast treated with the ribonucleotide reductase inhibitor
hydroxyurea (HU) (Elledge and Davis, 1990; Elledge

et al.,

1993). FLU blocks

replication in many types of cells. In asynchronous yeast, FLU has been shown to
induce several MCB-containing genes, including RNRJ, RNR2 and TMPJ (Elledge
et al.,

1993). Since these mRNAs accumulate in the absence of replication, it

would seem that replication is not necessary for MCB gene induction. However,
asynchronous cell measurements do not address whether replication is required for
MCB gene induction as cells enter S phase. Synchronized cell experiments are
needed to address this question. Furthermore, HU is thought to trigger the
replication-arrest checkpoint (Allen et

al.,

1994; Elledge et

a!,.

1993, ), and

therefore, induction of MCB containing genes due to the triggering of this
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checkpoint may mask whether replication is required for MCB gene induction at

GuS during a normal cell cycle.
A second question concerning MCB gene induction at GuS is whether the
increased levels of mRNAs encoding DNA precursor-synthesizing enzymes are

associated with changes in dNTP levels. Ribonucleotide reductase, thymidylate
synthase, and thymidylate kinase are essential enzymes dedicated to synthesizing

DNA precursors. It is generally assumed that a mechanism for inducing these

genes at GuS evolved in order to meet the demands of the replication forks for
DNA precursors. However, this assumption has not been tested. Also untested is
whether replication initiation is associated with a decrease in dNTP levels (through
their consumption at replication forks), constant dNTP levels (through allosteric

regulation of dNTP-synthesizing enzymes), or an increase in dNTP levels (through
non-allosteric mechanisms such as MCB gene induction).
To address the first of these questions, we measured MCB gene mRNA

levels in a factor-synchronized wild-type yeast incubated with HU or dbf4 yeast
incubated at the nonpermissive temperature for DNA replication. To address the
second question, we measured dNTP levels in a factor-synchronized wild-type
yeast and dbf4 yeast at the permissive and nonpermissive temperature, and in Aswi6

yeast that have altered MCB gene expression. Our results show that MCB gene
induction and dNTP accumulation occur at GuS in the absence of replication
initiation, and that Swi6 protein is required for normal dNTP accumulation.
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EXPERIMENTAL PROCEDURES

Media, strains and general methods
Cells were grown in either YEPD medium or YNB medium containing

required supplements. Yeast strains are listed in Table 1. MY273 and SY2626 are
derivatives of W303- 1 that carry a bar] mutation to facilitate a factor

synchronization. To derive the
L128-20 (Johnston et

al.,

dbf4-] bar]

strain MY3 17, MY273 was mated to

1982) and random spores from the resulting diploid were

screened for a factor- and temperature-sensitivity. G 1 -arrested cells were obtained
by treating exponentially-growing bar] cells with 100 ng/ml a factor for 3 hours at

25°C. To achieve synchrony, arrested cells were collected on Whatman #1 filters,
washed once with fresh YEPD and once with 100% conditioned medium,
resuspended in 25% conditioned medium, and incubated at either 25°C or 37°C.

Conditioned medium was prepared by growing W303-la cells to saturation in
YEPD and removing the cells by filtration.

Plasmids
The plasmid pBS-TRTI was constructed by inserting a 1400-bp Hindill
fragment of pTRT1 (Hereford eta!, 1981 ) containing the H2A and ADK] genes
into the EcoRV site of pBS-KS(+). The plasmids pBS-H2A and pBS-ADK1 were
constructed from pBS-TRT1 by dropping out a 750-bp SacII fragment containing
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Table 1. Yeast Strains

Strain

Genotype

W303-1A

MAT-a ade2 ura3 leu2 trpl his3

(Wallis, 1989)

SY2626

MA T-a ade2 ura3 Ieu2 trpl his! bar!

(Sprague, U Oregon)

L128-20

MAT-a ade5 ura3 Irpi db4-1

(Johnston, 1982)

MY273

MAT-a ade2 ura3 ku2 Irpi his3 bar!

This study

MY309

MAT-a/a ade2/ak2 ade5/ADEi ura3/ura3 LEU2/leu2
trpl/trpl HIS3/his3 dbf4-1/DBF4 bar//bar)
This study

MY317

MAT-a ade2 ura3 trpl his3 dbf4-1 bar)

This study

SSC 18

MAT-a ade2 ura3 Ieu2 trp4 his3 dbf4-1 cdcl5-J

(Price, U Sheffield)

MY409

MA T-a ade2 ura3 leu2 his3 trpl lys2 4swi6: TRPI

bar!

Source

This study
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the ADK1 gene or a 1 143-bp Hincil fragment containing H2A gene, respectively.

Piasmid pBS-TMP1 was described previously (Machado et al., 1997).

Flow cytometry
About 5x106 cells were collected by centrifugation and fixed in 70%

ethanol overnight. After microcentrifugation (10,000 rpm, 5 sec), the cell pellet
was washed with 100

tl

50 mM sodium citrate buffer (pH 7.0), resuspended in 100

.ti sodium citrate buffer and sonicated for 6 seconds. After a 1 -hr incubation at
55°C with RNase A (0.25 mg/mi) and a 1-hr incubation with proteinase K (1

mg/mi), 100 j.tl of sodium citrate buffer containing 16 tg/ml propidium iodide was
added and samples were incubated at 4°C overnight in the dark. A Beckman

Coulter Epics XL flow cytometer was used to analyze the samples. For each
histogram, 25,000 cells were analysed.

Messenger RNA analysis

Northern blot analysis
Total cellular RNA was isolated from yeast using glass beads and hot

phenol (Ayes etal., 1985) and quantitated by A2, assuming 1 OD =40 tg/ml. By
use of NorthernMax kit (Ambion Inc., Austin, TX), 8 p.g RNA from each sample
was fractionated by formaldehyde/agarose gel electrophoresis and blotted to

positively-charged BrightStar Plus nylon membrane (Ambion Inc.). After UV-
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crosslinking (1200 J, Stratalinker, Stratagene, La Jolla, CA), membranes were
prehybridized and hybridised with probes as described by the kit manufacturer.

Probes (>2 x 108 cpmlp.g) were made by using [a32P]dCTP (3000 Ci/mM,
Amersham Pharmacia Biotech, Piscataway, NJ) and a random priming DNA
labeling system kit (Life Technologies, Gaithersburg, MD) as described by the
manufacturer, except that incorporated radioactivity was isolated by using a

QUAquick nucleotide removal kit (Qiagen, Valencia, CA). Hybridization probes
were: RNR1, 2.6-kb EcoRl fragment from pSE738 (S. Elledge, Baylor College of
Medicine); CDC9, 2.7-kb Sstl fragment from; H2AIADK1, 2.3-kb Sstl fragment
from pTRT1(Hereford, 1981). Blots were exposed to phosphor imager plates for 3
days and analysed by using a PS1486 Phosphor imager and ImageQuant software
(Molecular Dynamics)

Ribonuclease protection assay
The pBS-TMP1 plasmid was cleaved with EcoRl and transcribed with T3
RNA polymerase to generate a 1314-base TMP 1 jiRNA, or cleaved with Sail and
transcribed with T7 RNA polymerase to generate a radiolabeled 269-base riboprobe
that was complementary to a 200-base sequence near the 3' end of the TMP1

mRNA. The plasmid pBS-H2A was cleaved with PvuII and transcribed with T3
RNA polymerase to make an 860-base H2A jcRNA, or cleaved with Hindlil and
transcribed with T7 RNA polymerase to generate a 735-base riboprobe that was

complementary to a 356-base segment of the H2A mRNA. The plasmid pBS-
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ADK1 was cleaved with Hindlil and transcribed with T3 RNA polymerase to make
a 31 1-base ADK1 iRNA or was cleaved with Bg12 and transcribed with T7 RNA

polymerase to give a 129-base riboprobe that was complementary to a 48-base
segment of the ADK1 mRNA. In vitro transcription and RNase protection
protocols were as described by Schmidt and Merrill (1989) except that chicken
embryo RNA was used as carrier instead of yeast RNA.

Deoxyribonucleotide pool measurements
Approximately

3x108

yeast cells were harvested and extracted as described

by Muller (Muller, 1994). Precipitated samples were resuspended in 200 t1 cold
deionised H20 and assayed for each of the four dNTPs by the DNA polymerase-

based enzymatic method (North et al., 1980), which is based on the incorporation
of a limiting dNTP by Klenow DNA polymerase in the presence of an excess of
3H-labeled complementary dNTP, using poly(dA-dT) or poly(dI-dC) as template.
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RESULTS

MCB gene induction occurs independently of replication initiation
MCB gene induction occurs at about the same time as replication initiation in yeast
synchronized by a variety of methods (Lowndes
Price, et

al.,

et al.,

1991; McIntosh et

al.,

1991;

1991). To determine whether MCB gene induction was dependent on

replication, the levels of several MCB gene mRNAs were determined in a factorsynchronized cells incubated in the absence or presence of hydroxyurea (HU). HU
inhibits DNA synthesis by destroying the catalytically essential free radical of class
1 ribonucleotide reductase, thereby blocking the de novo synthesis of

deoxyribonucleotides. To determine the kinetics with which cells synthesized
DNA in the absence of HU and to confirm that cells did not synthesize DNA in the
presence of HU, cells were stained with propidium iodide and DNA content was

determined by flow cytometry (Fig. 1A). After a 3-br pre-incubation with a factor,
all cells had a Gl DNA content, confinning that the pheromone had arrested all
cells at START. When released from a factor in the absence of HU, almost all
cells entered S phase within 30 mm. In contrast, when released from a factor in the
presence of HU, most cells retained a Gi DNA content, even 80 mm after release.
A small shoulder of more intense propidium iodide staining was observed in the
80-mm sample, suggesting that some cells were able to make a small amount of
DNA in the presence of HU if a long incubation was used.

Fig. lB shows a northern blot analysis of three representative MCB gene
mRNAs (RNR1, RNR2, CDC9), as well as the constitutive ADK1 mRNA,
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encoding adenylate kinase, and the S phase-specific histone H2A mRNA. ADK1
mRNA was used as a loading control, and H2A mRNA was used to assess the

fraction of replicating cells in the population. As expected, the levels of all three
MCB gene mRNAs decreased when asynchronous cells were arrested in Gi by

treatment with a factor. Also as expected, when a factor was removed, all three
MCB gene mRNAs transiently increased, reaching maximal levels about 20 to 40

mm after release. The increase was strongest (15-fold) for RNR1 mRNA, which
encodes the large subunit of ribonucleotide reductase, the primaiy point of dNTP

synthesis regulation. The S.

cerevisiae RNRJ

gene contains a cluster of four MCB

sequences (consensus RCGCGY) between residues -490 and -300 with respect to

the translation start site, and is maximally expressed at GuS in budding yeast,
fission yeast, mammalian cells and perhaps all eukaryotic cells. The increase was
weaker (2-fold) for RNR2 mRNA, which encodes the small subunit of

ribonucleotide reductase. The RNR2 gene contains only two MCB sequences
within 1000 base pairs of the start codon and has been shown previously to be only

weakly induced at GuS (Elledge et

al., 1992),

perhaps partially due to its relatively

high level in Gi-arrested cells. CDC9 mRNA, encoding DNA ligase, was difficult
to detect, but it also increased at about the time of S phase entry. As expected for a
histone gene product, H2A mRNA levels peaked several minutes after MCB gene
mRNA levels peaked.

Incubation with HU did not inhibit MCB gene induction (Fig. 1B). All
three MCB gene mRNAs increased by 20 to 40 minutes after a factor release in the
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presence of HU. In contrast, induction of the S phase-specific H2A gene was
almost completely inhibited in the presence of HU, confirming that replication was

necessary for H2A gene expression. Interestingly, although the MCB gene mRNAs
increased on schedule in HU-treated cells, the messages persisted long after non-

treated control cells showed a decrease in MCB gene message levels. In fact,
RNR2 mRNA continued to increase in ITU-treated cells throughout the length of
the time-course.
The data in Fig. 1 were obtained with cells synchronized by a factor block

and release. To determine whether similar results were obtained if cells were
synchronized by an alternative mechanism, a strain carrying a temperature-sensitive

cdcl5 allele was utilized. The Cdcl 5 protein is required for chromosome
segregation, and thus cdcl5 cells accumulate in anaphase at the nonpermissive

temperature. Flow cytometric analysis of DNA content in cdcl5 cells arrested at
the nonpermissive temperature and released to the permissive temperature in the

presence or absence of HU is shown in Fig. 2A. Parallel northern blot analysis of
RNR1, H2A and ADK1 mRNA levels is shown in Fig. 2B. At the nonpermissive
temperature, cells accumulated with a 2C DNA content and had less RNR1 mRNA
than asynchronous cells. When cells were switched to the permissive temperature
in the absence or presence of HU, RNR1 mRNA increased to a maximum within 30

minutes. The flow cytometiy data showing that cells still had a 2C complement of
DNA at 30 mm may be misleading. Nuclear division may have occurred more
rapidly than cytokinesis after cells were switched to the nonpermissive temperature
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and, if so, binucleate cells would possess a 2C complement of DNA even though
they were in G 1 with respect to the nuclear division cycle. Regardless of the

explanation for the persistence of cells with a 2C complement of DNA at 30

minutes, it was clear from later time points that HU blocked DNA synthesis and
inhibited H2A mRNA accumulation, but did not block MCB gene induction in

cdcl5-synchronized cells. As noted earlier with a factor-synchronized cells, HU
inhibited the decrease in RNR1 mRNA that otherwise occurred at late time points

in cdcl5-synchronized cells. Persistence of MCB gene messages at late time points
in HU-treated cells suggested either that DNA replication was necessary to repress
MCB gene expression in mid-S phase of the cell cycle, or that HU-induced
replication arrest was triggering MCB gene expression by a separate mechanism

that camouflaged normal cell cycle-regulation of MCB gene expression. To
differentiate normal cell cycle regulation of MCB gene expression from HUinduced checkpoint activation, the following experiments with

dbf4

cells were

done.

To address the question of whether replication initiation, as opposed to
DNA chain elongation, was required for MCB gene induction, we analysed MCB

gene mRNA levels in a factor-synchronized cells carrying a dbf4 mutation
(Chapman and Johnston, 1989). Dbf4 protein, together with Cdc7, forms a protein
kinase holoenzyme that phosphorylates the origin-associated protein Mcm2 and
catalyses one of the last known steps in the chain of events linking START and
origin firing (Sclafani, 2000). At the nonpermissive temperature,

dbf4

cells
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released from a factor are able to bud and accumulate mass, but are unable to
initiate replication (Chapman and Johnston, 1989).
As shown by the flow cytometry data in Fig. 3A, DNA synthesis was
completely inhibited in a factor-synchronized

dbf4

cells released at the

nonpermissive temperature (3 7°C). Fig. 3B shows a northern blot analysis of
RNR1, RNR2 and CDC9 mRNA, as well as SWI4 mRNA. The SWI4 gene

contains MCB elements, is induced in late 01, and encodes a transcription factor

that may autostimulate MCB gene expression (Foster etal., 1993). The levels of
all four MCB gene mRNAs decreased when asynchronous dbf4 cells were arrested

in Gi by treatment with a factor. When a factor was removed and the cells were
incubated at the permissive temperature (25°C), all four MCB gene mRNAs

transiently increased, reaching maximal levels in about 20 to 30 min. Significantly,

when dbf4cells were released from a factor at the nonpermissive temperature
(37°C), RNR1, RNR2, CDC9 and SWI4 mRNA increased to the same extent and
with the same kinetics as when cells were released at 25°C, suggesting that MCB

gene induction was wholly independent of replication initiation. In contrast, the
increase in histone H2A mRNA, which peaked 60 mm after a factor release at
25°C, was significantly inhibited in cells released from a factor at 3 7°C, confirming
that H2A gene expression was dependent on replication.

To substantiate the conclusion that MCB gene induction was independent of
replication initiation, the levels of a fifth MCB gene mRNA were determined in
dbf4

cells released from a factor at the permissive and nonpermissive temperature.
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Figure 3. MCB gene mRNA levels in a factor-synchronized dbf4 cells
incubated at the permissive or nonpermissive temperature for replication
initiation.
DNA content and MCB gene mRNA levels were determined in dbf4 cells (strain
MY3 17) that were asynchronously growing (a), a factor-arrested (0), or released
from a factor for the indicated number of minutes at the permissive (25°C) or
nonpermissive (37°C) temperatures. A. Flow cytometric analysis of DNA content.
B. Northern blot analysis of MCB gene mRNA levels. Blots were sequentially
hybridised with probes specific for RNR1, CDC9, SWI4 and RNR2 mRNA. Blots
were co-hybridised with probes for the constitutive ADK1 message and the S
phase-specific H2A message to correct for unequal loading and to monitor
synchrony, respectively. C. RNase protection assay of TMP1 mRNA. The
constitutive ADK1 mRNA and S phase-specific H2A mRNA were assayed to
correct for unequal loading and to monitor synchrony, respectively. Samples
containing only the chick RNA used as carrier served as a negative control (C). A
dilution of undigested probe was run in lanes labeled P. (The undigested ADK1
probe migrated too slowly to fit within the cropped photograph). To quantitate
mRNA levels in experimental samples, known amounts of synthetic pseudo-mRNA
(RNA) were assayed in parallel to generate a standard curve.
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The TMPJ gene (CDC2J), which encodes thymidylate synthase, contains
two canonical MCB elements in its upstream region, and is the gene in which the
cis-acting function of MCB elements is best characterized (McIntosh

et al., 1991).

Because TMP1 mRNA is difficult to detect by northern blot assay, an RNase

protection assay was used to quantitate this message. In addition, by analysing
known amounts of synthetic TMP 1 pseudo-mRNA, the absolute level of TMP 1

mRNA in experimental samples was determined. As shown in Fig. 3C,
asynchronous cultures had an average of eight TMP 1 mRNA molecules per cell,

and this number decreased to one molecule per cell in a factor-treated cultures. By
30 mm after a factor release at the permissive temperature, TMP1 mRNA had
increased to 14 molecules per cell. Significantly, a similar increase in TMP 1
mRNA, to
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molecules per cell, occurred by 30 mm after a factor release at the

nonpermissive temperature.

In summary, the results in Fig. 3 show that MCB gene induction is wholly
independent of replication initiation. The results are inconsistent with models in
which MCB gene induction is triggered or modulated by signals potentially
associated with S phase entry, such as dNTP depletion or RNR-mediated oxidation
of thioredoxin to meet the demands of the replication forks for dNTPs (Machado
al.,

et

1997). It should also be noted that S phase entry was not needed for MCB gene

repression at later time points, as MCB gene mRNA levels decreased with similar

kinetics at 25°C and 37°C at later times after a factor release. Thus, the earlier
noted persistence of MCB gene messages in HU-treated cells was probably due to
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the replication-arrest checkpoint mechanism rather than a requirement for DNA
replication for MCB repression in mid-S phase.
In summary, the above results indicated that neither DNA chain initiation

nor elongation was necessary for MCB gene induction at the GuS boundary of the
cell cycle.

Deoxyribonucleotides accumulate at GuS during the cell cycle
Many MCB genes encode enzymes dedicated to DNA precursor

biosynthesis. It was not clear whether induction of these genes at GuS served to
increase dNTP levels or to restore dNTP levels that were depleted by the

replication process. To address this question we measured the levels of the four
deoxyribonucleoside triphosphates during the yeast cell cycle. Flow cytometry
confirmed that asynchronously growing wild-type cells (strain SY2626) arrested
with a 1 C complement of DNA when incubated in a factor and that cells began

entering S phase about 40 minutes after pheromone was removed (Fig. 4A).
Coincident with S phase entry, the levels of all four deoxynucleo side

triphosphates increased (Fig. 4B). All four deoxyribonucleoside triphosphates
pools were smaller in Gl-arrested cells than in asynchronously growing cells, and

all four dNTPs increased to a maximum by 80 mm after a factor release. The
greatest change was observed for dCTP, which increased 6-fold, from
pmoles/108

cells in Gi-arrested cells to 214 ± 2

pmoles/108

35 ±

cells at 80 mm (see

Table 2). The smallest change was observed for dATP, which increased 4-fold,
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from 33 ± 0.5

pmoles/108

cells in Gi-arrested cells to 136 ± 5

pmoles/108

cells at

80 mm. The asynchronous cell dNTP levels we determined (224 ± 7 pmoles/108
cells for dTTP, 100 ± 0.5

pmoles/108

cells for dATP, 71 ± 1.4

pmoles/108

cells for

dCTP and 35 ± 0.7 pmoles/108 cells for dGTP) agree with previously published
measurements (Kohalmi et

al.,

1991; Muller, 1994; Zhao

et al.,

1998). Assuming

that dNTPs are distributed homogeneously throughout the cell and that wild-type

yeast cells have a volume of 3.4 x 1014 liters (Muller, 1996), we estimate the
concentrations of dNTPs in asynchronously growing cell to be 66 p.M for dTTP, 29

jiM for dATP, 21 p.M for dCTP and 10 p.M for dGTP. Similar results were

obtained when dNTP

pools

were measured in cdcl5-synchronized cells during the

cell cycle (data not shown).

The increase in dNTP levels upon S phase entry indicates that dNTP
synthesis is subject to more than allosteric control. Although ribonucleotide
reductase, the principal regulated enzyme in dNTP synthesis, is subject to feedback
inhibition by dNTPs, a purely allosteric mechanism for dNTP synthesis control
would predict that dNTP levels would either decrease or remain relatively constant
when cells started to replicate their DNA.
The observation that dNTP levels significantly increased as cells entered S
phase implies that non-allosteric mechanisms must be involved to allow the cell to

more than compensate for the consumption of dNTPs by the replication machinery.
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Figure 4. Deoxyribonucleotide levels in a factor-synchronized yeast.
DNA content and dNTP levels were determined in wild-type cells (strain SY2626)
that were asynchronously growing (a), a factor-arrested (0), or released from a
factor for the indicated number of minutes. A. Flow cytometric analysis of DNA
content. Cells began entering S phase at 30 mm. B. Deoxyribonucleotide pool
measurements. Histograms and error bars represent mean ± range for duplicate
determinations.
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A transcriptionally-mediated increase in the level of dNTP-synthesizing enzymes is
one of several non-allosteric mechanisms that may contribute to increased dNTP

synthesis as cells enter S phase. Other mechanisms include phosphorylation
control of ribonucleotide reductase or control of the level or activity of proteins that
interact with ribonucleotide reductase, such as Smll (Zhao et al. 1998).

Deoxyribonucleotide accumulation occurs independently of replication

initiation
Deoxyribonucleotide accumulation in wild-type cells occurred at about the

same time as replication initiation (Fig. 4). Using the temperature-sensitive dbf4
mutant to block initiation of replication, we asked whether replication initiation

was required for dNTP accumulation. Cells were arrested with a factor and
released to the permissive or nonpermissive temperatures. Flow cytometry
established that dbf4 cells arrested with a 1 C complement of DNA in a factor and

started to replicate their DNA within 30 mm of pheromone removal (Fig. 5A). At
the nonpermissive temperature (3

7°C), dbf4

cells retained a IC DNA content

throughout the course of the experiment. Fig. 5B shows that, at the permissive
temperature, the patterns of dNTP pool changes in

dbf4

cells were qualitatively

similar to those of wild-type cells. Levels of all four dNTPs were low in Giarrested cells, peaked during early S phase, and decreased in G2. At the
nonpermissive temperature, cells began accumulating dNTPs at about the same

time as cells at 25°C entered S phase. However, the extent of dNTP accumulation
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Table 2. Deoxyribonucleotie pooi levels

Strains

Samples dATP
pmolIlO8

a
0

SY2626

(WT)

MY317
(dbf4)

25°C

20
40
60
80
100
120

(dbf4)

37°C

32 ±1
40 ±

1

93 ± 2
119±4
135±9
121±1
103±2

94 ±1

a

133±9

0

20
40
60
80
0

20
40
60
80

a

MY409
(bswi6)

100±1

140

a
MY317

cells

0
20
40
60
80
100
120
140

dTTP
pmol/108

cells

223±14
100±5

99 ± 1
301 ± 2

403±2
510±13
483±19
395±0
229±3

131±2
229±27
229±27
133±9

199±18
124±17
121±19
204±10
287±53
287±53
199±18

95 ±7

159± 8

285±8

372±38
522±3

69 ±1
83 ±2

91 ± 17

242 ± 7

465± 19

475±25
246±19
253±42
333 ± 23

393±5
248±36
224±45
176±96
140 ± 59

dCTP
pmol/108

cells

71 ±3
35 ±2
50 ±2

170 ± 4

179±7
214±4
181±5
142±3
100±1

114±13

54 ±3
53 ±1
106±6

167± 18
167± 18

dGTP
pmol/108

cells

35±1
13±1

14± 1
44 ± 1

52±1
62±1
57±1
33±1
23±1
40±1
30±1
26±1
56±2
85±2

89±2

171 ± 18

114±13
99 ± 1

40±1

326 ± 11

138 ± 5

107± 9

74 ±7

461±25
359±2

166±3
264±39
278±32
181±15
125±2

268± 10

340± 10

598± 12
294 ± 12

199 ± 20

251±20

354±9

224±32

224±32

238± 1

241 ±46

280± 10
245 ± 13

38 ± I
18 ±2

99±1

162±3
194±20

89±5
45±10

56 ± 10

56±2
62±4
59±4
59±1
60 ±

1
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Figure 5. Deoxyribonucleotide levels in a factor-synchronized dbf4 yeast.
DNA content and dNTP levels were determined in dbf4 cells (strain MY3 17) that
were asynchronously growing (a), a factor-arrested (0),or released from a factor
for the indicated number of minutes at the permissive (25°C) or nonpermissive
(37°C) temperature for replication initiation. A. Flow cytometric analysis of DNA
content. At 25°C, dbf4 cells began entering S phase at 30 minutes.
B. deoxyribonucleotide pool measurements. Histograms and error bars represent
mean ± range for duplicate determinations.

42
Figure 5
A

1C2C

1C2C

B)
600
V
C)

25°C

dATP

37°C

400

I

200
0
600

dCTP

E 25°C
37°C

: 400
200

i1Thlli
a

0

20

40

time(min)

60

25°C

dGTP

80

a

37°C

0

40
time(min)
20

60

80

43

was greater at 37°C than at 25°C. We speculate that, at the nonpermissive
temperature, dNTPs were not consumed by replication and thus super-accumulated.

The results in Fig. 5 indicated that replication initiation was not required for dNTP
accumulation.

Deoxyribonucleotide accumulation is disrupted in iiswi6 cells
The increase in dNTP levels in synchronized cells occurred at about the
same time as the increase in levels of MCB gene mRNAs. Thus, dNTP

accumulation at GuS may in part be due to a transcriptionally-mediated increase in
the levels of dNTP-synthesizing enzymes. To test the cause and effect relationship
between MCB gene induction and dNTP levels, a yeast strain defective in MCB

gene regulation was analysed. MCB elements bind a complex consisting of Swi6
and either Mbpl or Swi4. In Aswi6 null cells, the expression of MCB-dependent
reporter genes is almost completely extinguished and the expression of endogenous
MCB genes is no longer regulated normally during the cell cycle (Dirick et
1992; Lowndes

et al.,

1992; Koch,

etal.,

al.,

1993). For example, RNR1 is expressed

at an intermediate level during all phases of the cell cycle in Aswi6 cells (Lowndes
et al.,

1992). Using cx factor-synchronized Aswi6 cells, we investigated whether

MCB gene mRNA induction at GuS was required for dNTP accumulation. Flow
cytometry showed that Aswi6 cells arrested with a 1 C complement of DNA when
incubated in a factor and entered S phase about 60 minutes after cx factor release

(Fig. 6A and Table 2). Deoxyribonucleotide measurements showed that dNTP
pooi dynamics were significantly affected by the Aswi6 mutation (Fig. 6B). Both
exponentially-growing and Gl-arrested Aswi6 cells had higher levels of all four
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dNTPs than wild-type cells. Furthermore, when Aswi6 cells were released from a
factor and progressed into S phase, the 1.5-fold increase in dATP and 1.9-fold

increase in dCTP levels (Fig. 6B) was significantly less than the 4-fold increase in
CIATP and 6-fold increase in dCTP levels observed in wild-type cells (Fig. 4B).

Even more strikingly different, dTTP and dGTP levels actually decreased when

Aswi6 cells were released from a factor and progressed into S phase. The results
suggested that the disruption of MCB gene regulation known to occur in Aswi6 cell

resulted in abnormal regulation of dNTP synthesis. The results are consistent with

the idea that MCB gene mRNA accumulation at GuS results in increased levels of
dNTP-synthesizing enzymes, which in turn result in dNTP accumulation.
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Figure 6. Deoxyribonucleotide levels in a factor-synchronized Aswi6 yeast.
DNA content and dNTP levels were determined in Aswi6 cells (strain MY409) that
were asynchronously growing (a), a factor-arrested (0), or released from a factor
for the indicated number of minutes. A. Flow cytometric analysis of DNA content.
B. Deoxyribonucleotide pool measurements. Histograms and error bars represent
mean ± range for duplicate determinations.
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DISCUSSION
MCB gene induction in budding yeast occurs at about the same time after
START as bud emergence, spindle pole body duplication and replication initiation.
Mutational analyses had established that bud emergence and spindle pole body

duplication are not dependent on replication initiation (Hartwell etal., 1974). For
example, numerous cdc mutations that prevent replication initiation at the nonpermissive temperature do not prevent bud emergence or spindle pole body

duplication (Hartwell et al., 1974). Prior to the current study, it was not clear
whether MCB gene induction was similarly independent of replication initiation.
In an earlier paper from this laboratory, it was suggested that replication initiation
may contribute to MCB gene induction via a mechanism involving RNR-mediated

oxidation of thioredoxin (Machado etal., 1997). In a genetic screen for mutants
that expressed MCB-containing reporter genes in the absence of Swi6, all the
mutants isolated had undergone recessive mutations in the TRRJ gene encoding

thioredoxin reductase (Machado etal., 1997). Deletion of the thioredoxin genes
TRXJ and TRX2 similarly activated MCB-reporter gene expression in ttswi6 cells

(Machado etal., 1997). The results suggested that reduced thioredoxin either
inactivated an activator or activated a repressor of MCB element activity.
Thioredoxin had been shown to modulate transcription factor activity in other

systems (Matthews etal., 1992; Xanthoudakis and Curran, 1992; Benezra, 1994;

Schenk etal., 1994; Hirota, etal., 1997; Ueno etal., 1999). As reduced
thioredoxin is thought to serve as the electron donor in the reaction catalysed by
ribonucleotide reductase, we speculated that increased flux through RNR at the
onset of S phase might result in a transient episode of thioredoxin oxidation, which

in turn might contribute to MCB gene induction (Machado etal., 1997). Although
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such a substrate-regulated mechanism for MCB gene induction was attractive in its

simplicity, the results reported herein are inconsistent with the model. MCB gene
induction occurred on schedule in the presence of HU or when replication was

blocked by Dbf4 inactivation. Jn addition to negating the specific model that RNRmediated oxidation of thioredoxin modulated MCB gene activity, the full induction

of MCB genes at GuS in dbf4 cells incubated at the nonpermissive temperature
established that MCB gene induction, like bud emergence and spindle pole body
duplication, occurs independently of replication initiation.

Although many of the MCB genes induced at GuS encode enzymes
involved in DNA precursor synthesis, it was not clear whether induction of these

genes affected DNA precursor levels. To address the question, we monitored
deoxyribonucleotide levels in yeast synchronized by a factor block and release.

We found that a factor-arrested Gi cells had lower deoxyribonucleotide levels than
asynchronous cells and that the levels of all four dNTPs transiently increased

beginning about 40 minutes after a factor release (Fig. 4). The absolute sizes of the
respective dNTP pools differed significantly, with the dTTP pool being largest at
all time points, the dGTP pool being smallest, and the dATP and dCTP pools being

intermediate in size. The asynchronous cell levels of dAT?, dTTP, dCTP and
dGTP determined in our experiments agree with previous estimates (Kohalmi
1991; Muller, 1994; Zhao et

al.,

et at.,

1998). The fluctuations in dNTP pool sizes we

observed during the cell cycle in synchronized yeast cells are in accord with
previous dNTP pool measurements in synchronized mouse embryo cells
(Nordenskjold et

at.,

1970) and Chinese hamster cells (Bjursell et

that the dCTP pool was the largest pool in Chinese hamster cells.

at.,

1972), except
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Our dNTP pooi measurements indicate that asynchronous yeast contain a
total of 2.7 x 106 dNTP molecules per cell, which agrees closely with earlier
estimates (Kohalmi

etal.,

1991; Muller, 1994; Zhao

yeast contain less than 10% of the 3 x

i07

etal.,

1998) and implies that

dNTPs minimally required for genome

duplication. Thus, to meet the demands of the replication machinery for DNA
precursors, increased synthesis of dNTPs must occur during S phase. Allosteric
control of dNTP synthesizing enzymes cannot account fully for increased dNTP
synthesis during S phase, as a purely allosteric mechanism cannot explain how the

absolute levels of dNTPs can increase as cell enter S phase. Our fmding that dNTP
accumulation at 01/S was disrupted in Aswi6 cells suggests that Swi6-dependent
changes in MCB gene expression contribute to observed changes in dNTP levels.
In summary, our results support a model in which MCB gene induction serves to
increase the levels of enzymes such as ribonucleotide reductase, thymidylate
synthase and thymidine kinase, which in turn support a higher rate of DNA

precursor synthesis. Furthermore, as both MCB gene induction and dNTP
accumulation occur in the absence of DNA chain initiation or elongation, cells have
evolved a mechanism to pre-emptively rather than reflexively increase their rate of
DNA precursor synthesis to insure that the replication machinery has an adequate
supply of deoxyribonucleo side triphosphates.
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ABSTRACT
The relationship between deoxyribonucleotide levels and DNA synthesis

was investigated using a factor-synchronized yeast treated with the ribonucleotide
reductase inhibitor hydroxyurea (HU). Although HU treatment blocked DNA
synthesis and prevented the increase in dNTP levels that normally occurs at GuS,
it did not exhaust the basal levels of any of the four deoxyribonucleoside

triphosphates. The mechanism responsible for replication arrest despite the
persistence of dNTPs was not dependent on the checkpoint protein Rad53, as rad53
cells also failed to exhaust basal dNTPs when incubated in HU. The inhibitory
effect of HU on DNA synthesis was bypassed when

dbf4

cells that are temperature

sensitive for replication initiation were allowed to pre-accumulate dNTPs at 37°C
before being released to the permissive temperature in the presence of HU.

Accumulation of dNTPs at 01/S was not a prerequisite for replication initiation, as
dbf4 cells

incubated in HU at 25°C were able to initiate replication when cells were

switched to the nonpermissive temperature and HU was removed. The results
indicate that DNA replication in yeast requires a critical dNTP threshold, below
which replication forks are completely arrested.
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INTRODUCTION
Hydroxyurea (HU) is a potent inhibitor of the enzyme ribonucleotide

reductase (RNR) and inhibits DNA synthesis in a wide variety of cells. The
simplest explanation for HU inhibition of DNA synthesis is that it starves the

replication forks for dNTPs. HU treatment has been shown to reduce the purine
dNTP pools in a variety of mammalian cells (Adams et al., 1971; Skoog and
Nordenskjold, 1971; Skoog and Bjursell, 1974; Tyrsted, 1982), however,
conflicting data exist concerning its modulation of the pyrimidine dNTP pool

levels. There is no published information on the effects of HU on dNTP levels in
yeast, and little information is available regarding the regulation of RNR activity in

vivo. In yeast, HU blocks the progression of replication forks from early origins,
and inhibits the firing of late origins by an intra-S phase checkpoint mechanism

(Elledge etal., 1993; Santocanale and Diffley, 1998). The RAD53 gene product is
required for the HU-induced checkpoint (Elledge etal., 1993; Santocanale and
Diffley, 1998). In HU, rad53 mutants are not able to block the firing of late origins
and they partially synthesize DNA and accumulate replication intermediates

(Santocanale and Diffley, 1998; Lengronne et al., 2001). The occurence of late
replication in rad53 cells suggests that HU-treated cells normally arrest replication
without exhausting their dNTP pools. To determine the degree to which dNTP
pools fall in HU treated cells, the levels of all four dNTPs were determined in
synchronized wild-type and rad53 cells incubated in the absence and presence of
HU.

In mammalian cells, attempts to reverse HU inhibition by administration of
exogenous deoxyribonucleosides have had mixed success (Adams and Lindsay,

1967; Eriksson etal. 1987; Lagergren and Reichard, 1987). In yeast, the absence
of certain nucleotide salvage enzymes makes it diffucult to assay the ability of
exogenous deoxyribonucleosides to reverse the effects of HU. However, certain
yeast cdc mutants offer an alternative approach to study the relationship between

dNTP levels and HU-induced replication arrest. Yeast cells carrying a dbf4
mutation superaccumulate dNTPs when they are released from an a factor arrest at
the nonpermissive temperature (Chapter II of this dissertation). The Dbf4
polypeptide, together with Cdc7, form a heterodimeric protein kinase that is

essential for replication initiation (Sclafani, 2000). The Dbf4/Cdc7-requiring
process is the last genetically identified step in the pathway linking START to

replication origin firing (Sclafani, 2000). We used a dbf4 mutant strain to
investigate whether preaccumulation of dNTPs bypasses the inhibitory effect of
HU on replication.
The dbf4 mutant strain was used to test another aspect of the relationship

between dNTP accumulation and initiation of replication. In yeast and in several
mammalian cell types, experiments have shown that dNTPs accumulate as

synchronized cells enter S phase (Chapter II of this dissertation). The concomitent
synthesis of dNTPs and DNA suggests there might be a link between the initiation

of these two events. Previous experiments have established that the accumulation
of dNTPs is not dependent on initiation of replication (Chapter II of this
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dissertation), but the reciprocal relationship has not been tested. In other words, a
threshold level of dNTPs may be needed for cells to initiate replication. To test this

possibility, a factor-arrested dbf4 mutants were released into HU medium at the
permissive temperature and tested for their ability to replicate at the nonpermissive

temperature when flU was removed.
We found that HU treatment blocked dNTP accumulation and DNA

synthesis but did not exhaust the basal dNTP pools. Checkpoint-deficient rad53
mutants similarly did not exhaust their dNTP pools in the presence of HU. Cells
were able to replicate in the presence of HU, if they were allowed to pre-

accumulate high levels of dNTPs prior to HU addition. Finally, replication was
able to initiate in the absence of dNTP accumulation.
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EXPERIMENTAL PROCEDURES

Media, Strains and General Methods
Cells were grown in YEPD medium. Yeast strains used are listed in Table
3. MY273 and SY2626 are derivatives of W303-1 that carry a bar] mutation, to

facilitate a factor synchronization. To derive the dbf4-]

bar]

strain MY3 17,

MY273 was mated to L128-20 (L. Johnston, NIMR, Mill Hill, London) and

random spores from the resulting diploid were screened for a factor- and

temperature-sensitivity. To derive the

rad53-11 bar]

strain MY376, MY273 was

mated to BS883 (Sciafani, U. of Colorado, Medical Center, Denver, CO) and

tetrads from the resulting diploid were dissected and tested for a factor sensitivity

and uracil prototrophy. (The

rad53-]1

mutation was linked topep4:URA3.) The

wildtype RAD53 strain (MY377) was derived from the same tetrad used to derive
MY376.

Gi-arrested cells were obtained by incubating asynchronously-growing
cells with 100 nglml a factor for 3 hours at 25°C. To achieve synchrony, arrested
cells were collected on Whatman #1 filters, washed once with fresh YEPD and
once with 100% conditioned medium, resuspended in 25% conditional medium,

and incubated at either 25°C or 37°C. Conditioned medium was prepared by
growing W303-la cells to saturation in YEPD and removing the cells by filtration.

Table 3. Yeast Strains

Strain

Genotype

W303-IA

MAT-a ade2 ura3 leu2 irpi his3 can!

(WaIlis, 1989)

SY2626

MA T-a ade2 ura3 Ieu2 trpl hisi ban

(Sprague, U Oregon)

L128-20

MAT-a ade5 ura3 Irpi db4-1

(Johnston,

BS883

MAT-a ura3 leu2 irpi his3 rad53-1I pep4:URA3

(Sciafani, U Colorado)

MY273

MAT-a ade2 ura3 ku2 trpl his3 bar!

This study

MY309

MAT-a/a ade2/ack2 ade5/ADE5 ura3/ura3 LEU2/leu2
trpI/trpl HIS3/his3 dbf4-1/DBF4 ban/ban
This study

MY3 17

MA T-a ade2 ura3 trpl his3 dbf4-1 ban

MY375

MAT-ala ADE2/ade2 ura3/ura3 ku2/leu2
trp//trpl his3/his3 rad53-1 1/RAD53 pq4: URA3

MY376
MY377

Source

This study

bar//bar!

This study

MA T-a ADE2 ura3 leu2 Irpi his3 rad53-/ I
pep4. URA3 bar!

This study

MAT-a ade2 ura3 leu2 trpl his3 bar!

This study

1982)

Flow cytometry
About 5 x 1

6

cells were collected by centrifugation and fixed in 70% ethanol

overnight. After microcentrifugation (10,000 rpm, 5 sec), the cell pellet was
washed with 100 i.tl 50 mM sodium citrate buffer (jH 7), resuspended in 100

.Ll

sodium citrate buffer and sonicated for 6 seconds. After a 1-hr incubation at 50°C
with RNase-A (0.25 mg/ml) and a 1-hr incubation with proteinase K (1 mg/ml),

100 tl of sodium citrate buffer containing 16 tg/ml propidium iodide was added
and samples were incubated at 4°C overnight in the dark. A Beckman Coulter
Epics XL flow cytometer was used to analyse the samples. For each histogram,
25,000 cells were assayed.

Deoxyribonucleotide pool measurements
Approximately 3 x

108

cells were harvested and extracted as described by

Muller (Muller, 1994). Each precipitated sample was resuspended in 200 p.1 cold

H20 and assayed for each of the four dNTPs by the DNA polymerase-based

enzymatic assay (North etal., 1980), which is based on the incorporation of a
limiting dNTP into an alternating co-polymer template poly(dA-dT) or poly(dI-dC)
by Kienow polymerase in the presence of an excess of 3H-labeled complementary
dNTP.

58

RESULTS

HU prevents dNTP accumulation at GuS in a factor-synchronized yeast
Wild-type cells (MY377) were synchronized by a factor arrest and release.

As shown in Fig. 7A, cells arrested with a Gl DNA content in the presence of a
factor, and most cells entered S phase by 40 minutes after a factor release. Parallel

measurements of dNTP pool sizes (Fig. 7B and Table 4) showed that the levels of
all four dNTPs were lower in Gi-arrested cells than in asynchronous cells, and that
the levels of all four dNTPs increased 2.5- to 4-fold as cells entered S phase. The

absolute size of each dNTP pool varied, with dlTP being considerably larger than
the others. For example, 108 asynchronous cells contained 293 pmol dTTP, 183
pmol dATP, 74 pmol dCTP and 65 pmol dGTP.
HU has been shown to induce alterations in dNTP pools in mammalian
cells, presumably through its interaction with ribonucleotide reductase (Adams et
al., 1971; Skoog and Nordenskjold, 1971; Skoog and Bjursell, 1974; Tyrsted, 1982;

Hendricks and Mathews, 1998). In general, dATP levels were the most strongly
inhibited by HU; however, in different experiments using different mammalian
cells, the effects of HU on individual dNTP pools varied quantitatively and

qualitatively. Yeast represented a system where cell synchrony could be easily
achieved, and where the effects of HU on individual dNTP pools as cells entered S

phase could be determined. In particular, we were interested in determining if any
dNTP pool was exhausted as cells began replicating. As shown in Fig. 7C, when a
factor-arrested MY377 cells were released to fresh medium containing HU, DNA

content did not increase, indicating that HU blocked replication. As shown in Fig.

Fig. 7. Deoxyribonucleotide levels in a factor-synchronized wild-type yeast
released in the absence or presence of HU.
DNA content and dNTP levels were determined in wild-type yeast (MY377) that
were asynchronously growing (a), a factor-arrested (0), or released from an a factor
arrest for the indicated number of minutes. A and C. Flow cytometric analysis of
DNA content in the absence or presence of 0.1 M HU, respectively. Gi and G2/M
peaks are labeled 1C and 2C, respectively. B and D. Deoxynucleotide levels in the
absence or presence of HU, respectively. Histograms represent mean ± range for
duplicate determinations.

Table 4. dNTP pool levels

Strains

Samples

dATP
pmolIlO8

183±7

a

"?

150± 14

20

93±13

198±1

78 ±2
80±11

180 ±16

202±27

82±8

168±5

a

77 ±3

0
20
40
60
80

114±4
177±22
239±23
213±15

2cJ'

68±9

401

60r*J
80J

a

0
201I

'

')70r'

40r-)'

66 ±5

67±5
58±2

99 ±1
35 ±1

111±3
171±4

60J
80 1

241±6

120J +HU

23 ± 1

ioo25 C

(dbf4)

293±7
201±6
254±4

803±58
704±21

101± 12
113 ±6

80J

MY317

pmol/108 cells

97 ±3

60t

(rad53)

dTTP

0
20
40
60
80

401

MY376

cells

a
0
201

i'-' '40(
6& +HU
801
10037°C
120J

74 ±2
41 ±1

95 ±1
30 ±2
33 ±2
30 ±5
22 ± 5

33 ±2
174±5

260± 18

523 ±20

188±4

158±1
302±27
233± 11

240±5

245± 12

372±39
316±57
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dCTP
pmol/108

cells

74 ±2
55 ±3
73 ±9

176±6
218±17

52 ±13

42 ±4

79 ±22

38±8
42±5

50 ±9
39±11
136±5

90 ±2
55 ±7
88 ±4
106± 1

84 ±21

123 ±2

40 ±3

44±1

104±1

68 ±6

67 ±15
71 ±2
85 ±1
48 ±5

42±1

24 ± 10

47 ± 12

32±12

56±10

25 ±6

38 ±10

273±2

103±5
119±4

143 ± 12

89 ±10
88 ±6

310± 14
235± 15
181±15

65 ±2

44±5
44±4

211±2

231±103

cells

175 ±8

53 ±6

132± 12

pmol/108

110±11
128± 12

205 ±76
194 ±4
182 ±36

188±9

dGTP

143 ±3
106± 1

45 ±1

33 ±4
20 ±2

48±6
55 ±8
70 ±8
10 ±2
8 ±1

281±19
132±12
115±5

21 ±11

6±1
33 ±1
20 ±1

107 ± 1

73 ± 9

17 ± 1

113± 1

129± 19

282±3
370±3

101±5

25 ±8
27 ±9

78 ±24
50 ±26

259± 17

16 ±1
18 ±2

24 ±2
100± 1

96 ±1
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7D, HU blocked the accumulation of dNTPs that normally occurred beginning

about 40 mm after a factor release (see Fig. 7B). The result suggested that HU
blocked the synthesis of all four dNTPs in yeast. HU affected the dNTP pools
evenly, and did not change the relative ratios of the pools to each other. For

example, the dTTP : dATP : dCTP : dGTP ratio was 39: 19: 11: 10 before release
into I-lU medium, and was 41: 15 : 6: 10 after one hour in flU. After 80 mm in
HU, the pools had decreased 21% for dTTP, 13% for dATP, 29% for dCTP and
15% for dGTP.

Pre-accumulation of dNTPs permits replication in the presence of IIU
The persistence of significant dNTP pools in HU-treated yeast belies the
simple idea that HU-induced replication arrest is due to exhaustion of the substrates

needed for chain elongation by DNA polymerase. Earlier mammalian cell studies
showing similar persistence of dNTP pools in the presence of HU also suggest that
HU-induced replication arrest is not due to exhaustion of a bulk dNTP pool.
Several alternative explanations for HU-induced replication arrest are conceivable.
First, cells may have a mechanism for sensing the size of the dNTP pools and
halting replication fork progression when a dNTP pool falls below a certain

threshold. Second, inhibition of RNR may completely exhaust a dNTP pooi at
replication forks and yet only mildly affect the bulk dNTP pools measured in whole

cells. Third, inhibition of RNR may affect the redox state of thioredoxin, which is
the putative electron donor in the ribonucleotide reduction reaction, and thereby
affect redox state and activity of other proteins that control or are required for

replication fork progression. Fourth, although RNR is the only characterized target
of HU, the drug may affect the activity of an, as yet, uncharacterized target that is
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required for replication fork progression. The latter three of these explanations
predict that HU should continue to block replication if a means of artificially
raising the bulk dNTP pools were achieved. The first of these explanations predicts
that cells should be able to bypass the HU-induced replication block if a means of
raising the bulk dNTP poois were achieved.
As a means of raising the bulk dNTP pools in yeast we investigated the use

of a temperature-sensitive dbf4 mutation. Dbf4, together with Cdc7, forms a
holoenzyme with protein kinase activity. The Dbf4/Cdc7 protein kinase is located
at replication origins and catalyzes the last known step in the cascade of events

linking START to replication origin firing (Sclafani, 2000). At the nonpermissive
temperature (25°C), dbf4 mutants arrest at GuS with unfired origins of replication.
Fig. 8 shows the results obtained when a factor-arrested dbf4 mutants were
released from pheromone at the nonpermissive temperature in the absence of flU
and were subsequently switched to the permissive temperature in the presence of
HU.

Fig. 8B shows that dNTP levels were lower in a factor-arrested dbf4 cells
than in asynchronous cells, and that dNTP levels increased two- to three-fold when
cells were released from a factor and incubated at 37°C for 60 mm. Apparently,
the mechanism for increased dNTP synthesis following START was not dependent
on Dbf4 and therefore dNTPs accumulated when dbf4 cells were incubated at the

non-permissive temperature for DNA replication. When cells were then switched
to 25°C in the presence of flU, dNTP levels gradually decreased over the next 60
mm. Having pre-accumulated dNTPs at 37°C, would dbf4 cells switched to the
permissive temperature be able to replicate in the presence of HU? The slow
decrease in dNTP levels after cells were switched to 25°C in the presence of HU

was consistent with the consumption of dNTPs through their incorporation into

DNA. To directly monitor DNA synthesis in the cells, DNA content was
determined by flow cytometry. As shown in Fig. 8A,

dbf4 cells

arrested with a Gi

DNA content when incubated in a factor, and did not enter S phase for at least 60

mm when a factor was removed and cells were incubated at the nonpermissive
temperature (37°C). However, when cells were subsequently switched to the
permissive temperature (25°C) in the presence of HU, a majority of the cells

achieved a G2 content of DNA within 60 mm. We did not confirm that the cells
went on to divide in HU, and in fact, earlier reciprocal-switch experiments have
shown that cell division is inhibited when cdc 7 cells are released from the

nonpermissive temperature into HU (Hartwell, 1976). Thus, in the experiment
shown in Fig. 8, it is possible that the genome was not completely replicated when
dbf4

cells were released from the nonpermissive temperature into HU.

Nevertheless, based on the flow cytometry data, the conclusion that significant
amounts of replication occurred in the presence of HU is inescapable.
From the results in Fig 8, we conclude that pre-accumulation of dNTPs
allows cells to replicate their DNA in the presence of HTJ. The results are
inconsistent with models in which the HU-induced replication arrest is due to an
effect of HU on a privileged dNTP pool, on the redox state of RNR co-substrates
such as thioredoxin or glutaredoxin, or on an as yet uncharacterized target of the

drug. The results support a model in which DNA replication in yeast requires a
critical dNTP theshold, below which replication forks are arrested. According to
this model, HU induces a replication arrest because, in the absence of RNR

activity, cells cannot maintain their dNTP pools above the threshold required to
prevent replication arrest.

Deoxyribonucleotide accumulation is not required for Dbf4/Cdc7 activity
Although the data in Fig. 8 showed that Dbf4/Cdc7 activity is not required
for dNTP accumulation at GuS, the reciprocal question of whether dNTP
accumulation is required for Dbf4/Cdc7 activity at 01/S has not formally been
addressed. To investigate this question dNTP levels and DNA content were
measured in a factor-synchronized dbf4 cells released from pheromone at the
permissive temperature in the presence of HU and subsequently switched to the
nonpermissive temperature in the absence of HU.

As shown in Fig. 9B,

dbf4

cells released from pheromone at the permissive

temperature in the presence of HU did not accumulate dNTPs. When subsequently
switched to the nonpermissive temperature in the absence of HU, the cells

gradually accumulated dNTPs over the next 60 mm. Parallel determination of
DNA content by flow cytometly (Fig. 9A) showed that cells remained with a 01
DNA content during the initial 60 mm incubation at the permissive temperature in

the presence of HU, and that most cells acquired a 02 DNA content during a
subsequent 60-mm incubation at the nonpermissive temperature in the absence of
HU. The increase in DNA content at the nonpermissive temperature shows that the
majority of cells were able to traverse the Dbf4/Cdc7 execution point during the
initial incubation at the permissive temperature, even though HU was present and
prevented dNTP accumulation. As the execution point for the Dbf4/Cdc7 kinase
lies very close to the act of replication origin firing, it is likely that origins were
able to initiate replication in the absence of dNTP accumulation.
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The persistence of dNTP pools in HU-arrested rad53 cells
The persistence of dNTP pools in HU-arrested wild-type cells (see Fig. 7),
and bypass of the HU arrest in dbf4 cells that had preaccumulated dNTPs prior to
HU addition (see Fig. 8), suggested that cells have a mechanism for preventing

DNA chain elongation when dNTP levels fall below a minimum threshold. One
protein known to play a role in arresting replication in HU-treated cells is the

checkpoint protein Rad53. Checkpoint-deficient rad53 cells incubated in flU enter
mitosis with unreplicated DNA and die (Santocanale and Diffley, 1998). It was
recently shown that checkpoint-deficient rad53 cells are able to synthesize DNA

from late-firing origins in the presence of HU (Labib et al., 2000). As replication
from late-firing origins would require dNTPs, we speculated that the mechanism
responsible for replication arrest at low dNTP levels was defective in rad53 cells.

In other words, DNA replication in flU-treated rad53 may continue until one of the
dNTP pools is totally exhausted. To investigate this possibility, DNA content and
dNTP levels were determined in a factor-synchronized rad53 cells incubated in the
presence or absence of HU. As shown by the flow cytometry data in Fig. 1OA,

rad53 cells arrested with a Gi DNA content when incubated in a factor, and began
to synthesize DNA within 40 mm of a factor removal. In contrast, when rad53

cells were released from pheromone into medium containing HU (Fig. bC), most
cells retained a Gl DNA content throughout the course of the experiment. As was
observed for HU-treated wild-type cells, the DNA profile of HU-treated rad53 cells
showed a slight bulge in the descending portion of the Gl peak, suggesting that

some cells synthesized a small amount of DNA in the presence of flU. Fig. lOB
shows dNTP levels in a factor-synchronized rad53 cells. Asynchronous cell dTTP
and dATP levels in rad53 cells were similar to those in wild-type cells, and dCTP

dGTP levels were about 1.7-fold larger in rad53 cells than in wild-type cells. As
was previously observed for wild-type cells, the levels of all four dNTPs fell when

asynchronous rad53 cells were arrested in Gi by incubation in cc factor. As also
previously observed for wild-type cells, dNTP levels increased when rad53 cells
were released from a factor. However, the size of the increase was generally

smaller in rad53 cells than in wild-type cells. For example, by 60 mm after
pheromone release, dTTP, dATP, dCTP and dGTP increased 1.6-, 3.1-, 1.2- and
1.3-fold, respectively, in rad53 cells, and increased 4.0-, 2.1-, 4.0 and 2.1-fold,

respectively, in wild-type cells. The reduced ability of rad53 cells to accumulate
dNTPs at GuS is consistent with the hypothesis that Rad53 is part of a pathway
that positively regulates RNR activity (Zhao et al. 1998). Fig. 1OD shows dNTP

levels in a factor-synchronized rad53 cells released to medium containing HU. As
was previously observed for wild-type cells, HU blocked dNTP accumulation but
did not result in exhaustion of any one of the four dNTP pools. However, on closer
examination, the data showed that dCTP dropped to lower levels in rad53 cells
than in wild-type cells. For example, by 60 mm after pheromonerelease in the
presence of HU, dCTP had dropped to 25 pmolIlO8 cells of Gi arrested level in

rad53 cells and only dropped to 50 pmolIlO8 cells in wild-type cells.
An alternative way of evaluating the changes in dNTP levels in cells
released from pheromone into HU is to calculate the absolute amount of each dNTP
consumed. If this is done for the wild-type C.INTP pool data in Fig. 79, we find that

126,000 dTTP, 114,000 dATP, 30,000 dCTP and 72,000 dGTP molecules per cell
were consumed by 60 mm after release from pheromone in the presence of 1-lU.

The smallest change was for dCTP, and if we assume that all of the 30,000 dCTPs
consumed were lost through their incorporation into DNA, it would allow for

,II

Figure 10. Deoxyribonucleotide levels in a factor-synchronized rad53 yeast
released in the absence or presence of HU.
DNA content and dNTP levels were determined in rad53 yeast (MY376) that were
asynchronously growing (a), a factor-arrested (0), or released from an a factor
arrest for the indicated number of minutes. A and C. Flow cytometric analysis of
DNA content in the absence or presence of 0.1 M HU, respectively. B and D.
Deoxyribonucleotide levels in the absence or presence of FlU, respectively.
Histograms represent mean ± range for duplicate determinations.
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replication of 0.0025% of the yeast genome ([3x104][3x107f'[0.25]=0.0025). If the
same calculations are done for the rad53 data shown in Fig. 1OD, we find that
307,000 dTTP, 60,000 dATP, 391,000 dCTP and 138,000 dGTP molecules per cell
were consumed by 60 minutes after release from pheromone in the presence of HU.

The smallest change was for dATP, and if we assume that all of the 60,000 dATPs
consumed were lost through their incorporation into DNA, it would allow for

replication of only 0.05% of the yeast genome. Thus, dNTP pool changes
suggested that slightly more DNA replication may have occured in HU-treated
rad53

cells. Nevertheless, significant levels of dNTPs remained and the vast

majority of the genome remained unreplicated in both HU-treated wild-type and
rad53 cells.
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DISCUSSION
The effect of HU on dNTP pools has been studied in different mammalian

cells. These studies have revealed that HU treatment generally leads to reduced
purine dNTP levels, particularly for dATP. Unexpectedly HU treatment is often
associated with an elevation of pyrimidine dNTPs, in particular dTTP (Adams

et al.

1971; Skoog and Nordenskjold, 1971; Skoog and Bjursell, 1974; Tyrsted, 1982).
The molecular basis for differential effects on individual dNTP pool in mammalian
cells is not clear.

HU treatment blocked the accumulation of all four dNTPs in synchronized

yeast. When yeast cells were released from a Gi block into medium containing
HU, the levels of all four dNTPs decreased. By 60 minutes after release to HU,
dTTP had decreased 10%, dATP 20%, dCTP 8% and dGTP 20%. No dNTP pool
was completely exhausted in HU-treated yeast. The persistence of dNTPs in HU
treated cells suggested that dNTP depletion triggers a checkpoint which blocks
further usage of dNTPs by stopping replication.
To test the involvement of the checkpoint protein Rad53 in dNTP
exhaustion in HU treated cells, dNTP pools were measured in a checkpoint-

deficient rad53 strain during the cell cycle in the presence of HU. When
synchronized rad53 cells were released to 1111 medium, none of the four dNTP

pools became completely exhausted. Thus, the mechanism signaling a replication
arrest prior to exhaustion of any one of the dNTP pools was still functional when
the checkpoint function of Rad53 protein was inactivated.
The mechanism that triggers replication arrest in HU-treated cells is not

known. It is possible that cells may detect the persistence of single-stranded DNA
at stalled replication forks that result from HU treatment (Lee

et

al., 1998). It has
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been postulated that the HU checkpoint senses the presence of replication protein
complexes at unfired origins (van Brabant etal.,

2001).

Although these

mechanisms may explain how the elongation block is sensed they do not explain

how the initial elongation block is triggered. Our results suggest that the
elongation block is not due to dNTP exhaustion, but rather is due to dNTP levels
falling below a critical threshold level.
A significant difference we observed between wild-type and

rad53

mutant

cells was that rad53 cells had lower levels of dNTPs during S phase. This
suggested that Rad53 plays a role in dNTP synthesis during a normal cell cycle in
yeast. It has been shown that the binding of Sml I protein negatively regulates the

activity of ribonucleotide reductase. Mutations hi SMLJ were first identified as
bypass suppressors of the essential function of Mccl and RadS3 proteins. It has
already been shown that the Rad53 pathway is necessary to remove the inhibitory

effects of Smll protein on ribonucleotide reductase. This pathway is thought to
help cells to maintain the dNTP pools when Rad53 is activated during S phase or in

the presence of DNA damage (Zhao etal., 1998).
While there have been several reports on the reversal of HU inhibition in
different cell types, no one has succeeded in completely reversing the HU block.
Lagergren and Reichard (1987) were able to partially reverse the effect of HU on
replication in hamster cells by simultaneous administration of deoxyadenosine and

deoxyguanosine. Slabaugh et al. (1991) found that HU-mediated inhibition of
vaccinia virus reproduction is reversible by exogenous deoxyribonucleosides, but
only if an inhibitor of adenosine deaminase is present.
We were able to bypass the inhibitory effect of HU on replication in yeast

by increasing the sizes of the dNTP pools genetically. Previous attempts to reverse
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HU inhibition in mammalian cells were probably complicated by allosteric

regulation of dNTP synthesis pathways. For example, in mammalian cells, a single
enzyme (deoxycytidine kinase) has the ability to phosphoiylate the purine
eoxyribonucleosides and deoxycytidine with a different affinity for each substrate

(Lagergren and Reichard, 1987). Thus, addition of exogenous
deoxyribonucleosides to the cells may not lead to accumulation of normal amount
of dNTPs in vivo.

It has previously been suggested that yeast can fire replication origins in the
presence of HU based on the presence of replication intermediates at origins and
the composition of replication complexes (Santocanale and Diffley, 1998;

Lengronne et al.,

2001).

In the presence of HU, yeast cells were able to fire early

origins and synthesize 8-10 kilobases of DNA before replication forks stalled. This
observation is consistent with our dNTP measurements. When synchronized cells
were released to HU, dNTP levels decreased slightly. Probably this decrease was

due to synthesis of replication intermediates from early origins in HU. Firing of
late origins in HU-treated rad53 cells may have been responsible for the slightly
greater reduction in dNTP levels when rad53 cells were released in HU medium.
The ability to initiate replication without prior dNTP accumulation suggested that
DNA synthesis and dNTP synthesis are independent events, but that they occur at
the same time during the cell cycle to protect the integrity of the genome.
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ABSTRACT
Although both the glutaredoxin and thioredoxin systems can reduce
ribonucleotide reductase

in vitro,

the in

vivo

hydrogen donor for ribonucleotide

reductase has not been established. In budding yeast, the cytoplasmic thioredoxin
system is comprised of one thioredoxin reductase (Trrl) and two thioredoxins
(Trx 1, Trx2). Previous experiments revealed that cells missing both thioredoxins
have an elongated generation time and longer S phase but the basis for S phase

protraction was not identified. To investigate the role of the thioredoxin system in
DNA replication, the levels of each of the four deoxynucleoside triphosphates were

determined during the cell cycle in a factor-synchronized wild-type and mutant

yeast. In wild-type yeast the levels of all four

dNTPs

increased several fold as cells

entered S phase. In &rrl yeast lacking thioredoxin reductase, the increase in dNTP
levels was significantly lower than that of wild-type cells. In &rxl Atrx2 yeast
lacking thioredoxin, no increase in dNTP levels occurred as cells entered S phase.

Similarly, no increase in dNTP levels occurred in Atrrl &rxl &rx2 yeast lacking
both thioredoxin reductase and thioredoxin. The data suggest that, in the absence
of thioredoxin, the cell cannot accumulate dNTPs and that dNTP accumulation is

required for efficient DNA replication. This study provides the first in

vivo

evidence that the thioredoxin system is a physiologically relevant hydrogen donor
for ribonucleotide reductase during DNA precursor synthesis.
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INTRODUCTION
Thioredoxins are a group of small proteins widely distributed in both

prokaryotes and eukaryotes. Thioredoxins contain a dithiol active site sequence of
Cys-Gly-Pro-Cys (Holmgren and Slaby, 1979), and participate in redox reactions
through the reversible oxidation of its active center dithiol to a disulfide. Oxidized

thioredoxin can be reduced by NADPH through the action of a flavoprotein,
thioredoxin reductase (Moore etal., 1964). Thus, thioredoxin, thioredoxin
reductase and NADPH form a disulfide reduction pathway called the thioredoxin

system. Thioredoxin was first identified in yeast as a reducing agent for the
reduction of methionine sulfoxide and sulfate (Black

et al.,

1960; Wilson et

al.,

1961). In E. coli, thioredoxin was identified as a protein capable of serving as
hydrogen donor in the reaction catalysed by purified ribonucleotide reductase
(Laurent etal., 1964). Also in E.

coli,

thioredoxin was identified as a hydrogen

donor for 3'-phosphoadenosine-5'-phosphosulphate (PAPS) reductase in the sulfate
assimilation pathway as well as for methionine sulfoxide reductase. Similar in
vitro analyses established that thioredoxin could serve as hydrogen donor in the
reactions catalysed by eukaryotic ribonucleotide reductase, PAPS reductase and

methionine sulfoxide reductase (Holmgren and Bjornstedt, 1995). Furthermore,
thioredoxin donates electrons to thioredoxin peroxidases that reduce hydrogen
peroxide, scavenge free radicals and protect cells from oxidative stress

(Schalireuter and Wood, 1986; Spector etal., 1988). Thioredoxin can also

facilitate folding of disulfide-containing proteins (Lundstrom and Holmgren,

79

1990), activate IL-2 receptor (Tagaya et al., 1989). In addition to functions in
redox reactions, thioredoxin plays a crucial role in the life cycle of some
bacteriophages such as T7 and M13 (Chamberlin, 1974; Lim etal., 1985) Finally,
thioredoxin has also been shown to affect the DNA binding activity of some
transcription factors, e.g. NFK-B (Matthews et al., 1992), and stimulate lymphoid

and tumor cell growth (Wakasugi etal. 1990; Gasdaska etal., 1995).
InS. cerevisiae, two thioredoxins (Trxl, Trx2) and one thioredoxin
reductase (Trrl) form the cytoplasmic thioredoxin system. The two genes
encoding the thioredoxins were cloned (Muller, 1991; Gan, 1991) and the cloned
genes were used to generate and characterize a set of thioredoxin null mutants.
Characterization of mutants revealed that the two thioredoxin genes, TRX7 and
TRX2, are interchangeable and loss of either one alone has no obvious phenotype.

However, deletion of both thioredoxin genes leads to a 33% increase in generation
time, 3-fold increase in S phase duration (Muller, 1991), and 3-fold decrease in the

rate of DNA synthesis (Muller, 1994). It was shown that an optimal rate of DNA
synthesis requires redox active thioredoxin (Muller, 1995). As thioredoxin was
thought to be the hydrogen donor for ribonucleotide reductase, inhibition of DNA
synthesis in thioredoxin double mutants was predicted to be caused by a decrease in

deoxyribonucleotide pool levels. However, the finding that deoxyribonucleotide
levels were normal in the mutant lacking both thioredoxins led Muller (1994) to
postulate that S phase protraction in Atrxl

Atrx2

mutants was due to an alternative

mechanism. However, the component of the replication machinery that interacts
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with thioredoxin has not been identified.
Although wild-type and thioredoxin-deficient cells were shown to have
similar dNTP pools (Muller, 1994), these earlier measurements were made in
asynchronously growing cells, which may have masked defects in dNTP

accumulation during the cell cycle. To more critically evaluate the role of the
thioredoxin system in DNA synthesis, we examined deoxyribonucleotide levels in

synchronized yeast. We found that both thioredoxin reductase and thioredoxins are
required for efficient deoxyribonucleotide accumulation in late Gi/early S phase of
the cell cycle.

EXPERIMENTAL PROCEDURES

81

Strains, media and cell synchrony
Standard yeast genetic methods were applied for the analysis of strains and

crosses. Cells were grown either in YEPD medium or in YNB medium containing

required supplements. Yeast strains are listed in Table 5. SY2626 is a derivative
of W3 03-1 that carries a bar] mutation to facilitate a factor synchronization.
Strains MY402 through MY406 were derived by tetrad dissection of diploid strain

MY407, which was heterozygous for &rrl, 4trxl, 4trx2 and bar] mutations.
MY407 was obtained by mating MY370 and MY4O1. MY4O1 was derived from a

diploid made by mating MY326 and SY2626. MY326 is a derivative of EMY56-

5D. MY370 is also a derivative of EMY56-5D that carries a 4trr] mutation. To
achieve synchrony, cells were treated with 100 ng/ml a factor for 3 hours at 25°C.
Arrested cells were collected on Whatman #1 filters, washed once with fresh YEPD
and once with 100% conditioned medium and resuspended in 25% conditioned

medium. Conditioned medium was prepared by growing W303-la cells to
saturation in YEPD and removing the cells by filtration.

Flow Cytometry
About

5x106

cells were collected by centrifugation and fixed in 70%

ethanol overnight. After microcentrifugation (10,000 rpm, 5 sec), the cell pellet
was washed with 100 pJ 50 mM sodium citrate buffer (pH 7), resuspended in 100

tl sodium citrate buffer and sonicated for 6 seconds. After a 1-hr incubation at
50°C with RNase-A (0.25 mg/mi) and a 1-hr incubation with proteinase K (1
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Table 5. Yeast Strains

Strain

Genotype

W303-IA

MAT-a ade2 ura3 leu2 trpl his3 can!

(Wallis, 1989)

SY2626

MA T-a ade2 ura3 leu2 trpl hisi can! ban

(Sprague, U Oregon)

EMY56-D

MAT-a ade2 ura3 leu2 trpl his3 lys2.H1S3
4trxl:LYS24 trx2:LEU2

(Muller, 1996)

MAT- a ade2 ura3 Ieu2 trpl his3 lys2
4 trrl :HIS3 4 trr2: URA3

This study

MAT- a ade2 ura3 leu2 trpl his3 lys2
4 trxI:LYS2 4 trx2.LEU2

This study

MAT- a ade2 ura3 leu2 trpl his3 lys2
4 tm! :HIS3 4 trxl.L YS2 4 trx2.LEU2

This study

MY4O I

MA T-a ade2 ura3 Ieu2 trpl his3 lys2 ban

This study

MY402

MA T-a ade2 ura3 leu2 trpl his3 lys2 4 tm] :HIS3

MY287

MY326
MY370

MY405

MY406

MY407

Source

bar!

This study

MA T-a ade2 ura3 leu2 trp] his3 lys2ii trxl :L YS2
4 tmrx2.LEU2 bar!

This study

MAT-a ade2 ura3leu2 trp] his3 lys2 4 trrl:HIS3
4 trxl:LYS2 4 trx2:LEU2 bar!

This study

MA T-a/ a ade2/ade2 ura3/ura3 ku2/leu2 trpI/trpl

his3/his3 lys2/lys2 MET/met 4 tmnl.H1S3/TRR]
4 tnxl:LYS2/TRXJ 4 tnx2:LEU2/TRX2 bani/BARI

This study

Strains carrying Atrrl or &rxl &rx2 mutations were auxotrophic for
methioni ne
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jig/mi), 100 jil of sodium citrate buffer containing 16 jig/mi propidium iodide

was added and samples were incubated at 4°C overnight in the dark. A Beckman
Coulter Epics XL flow cytometer was used to analyze the samples. For each
histogram, 25,000 cells were assayed. To determine the percentage of cells in each
cell cycle phase, histograms were analysed by MultiCycle DNA content and Cell
Cycle Analysis Software distributed by Phoenix Flow Systems, Inc.

Deoxyribonucleotide pool measurements
Approximately

3x108 yeast

cells were harvested and extracted as described

by Muller (1994). Each precipitated sample was resuspended in 200 p1 cold
deionized 1120 and assayed for each of the four dNTPs by the DNA polymerase-

based enzymatic assay (North etal., 1980), which is based on the incorporation of a
limiting dNTP into an alternating copolymer template [poly(dA-dT) or poly(dIdC)] by Klenow polymerase in the presence of an excess of 3H-labeled
complementary dNTP.
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RESULTS

Deoxyriboncleotides accumulate more slowly at GuS in &rrl cells
As a baseline with which to compare mutant data, we first analysed cell
cycle parameters and cell cycle-dependent fluctuations in dNTP pools in a wild-

type (SY2626) strain. The generation time of this strain under our experimental
conditions was 110 minutes. Flow cytometric analysis of cell cycle parameters is

shown in Fig. hA. In an asynchronously growing population, 17% of the cells
had a Gi content of DNA, 34% had an S phase content and 49% had a G2+M

content. In an asynchronous population, the proportion of cells in a given phase of
the cell cycle is related to the length of the time spent in that phase (Slater

et al.,

1977). Thus, the calculated length of the cell cycle phases in wild-type cells was

18 minutes for Gi, 37 minutes for S, and 54 minutes for G2+M. Flow cytometry
confirmed that 93% of the cells arrested with a Gi content of DNA (1C) when
incubated in a factor for three hours and that 65% of the cells entered S phase

about 40 minutes after a factor release.
Fig. 11B and Table 6 show dNTP levels in asynchronous and synchronous
yeast. Our measurements of dNTP pools in asynchronously growing wild-type
cells (223 ± 14 pmolIlO8 cells for dTTP, 100 ± 1
pmol/108

pmolIlO8

cells for dATP, 71 ± 3

cells for dCTP and 35 ± 1 pmolIlO8) were in agreement with previously

published results (Kohalmi et

al.,

1991; Muller, 1994; Zhao et

al.,

1998). When

cells were arrested in Gi with a factor, the levels of all four dNTPs decreased.
When a factor was removed, the levels of all four dNTPs increased. The increase
in dNTP levels began about 40 minutes after pheromone removal, when flow
cytometry showed that cells were beginning to enter S phase. The increase was
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Fig. 11. Deoxyribonucleotide levels during the cell cycle in wildtype yeast.
DNA content and dNTP levels were determined in wildtype cells (SY2626) that
were asynchronously growing (a), a factor-arrested (0), or released from a factor
arrest for the indicated number of minutes. A. Flow cytometric analysis of DNA
content. Peaks labelled 1 C and 2C refer to G 1 and G2/M cells, respectively. B.
Deoxyribonucleotide pool measurements.
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Table 6. dNTP pool levels

Strains

Samples dATP

pmol/108 cells

a

0
20

SY2626

(WT)

40
60
80

100
120
140

a

0

MY402

20
40
60
80

(4trr1)

100

120
140
a

0

MY405

(4Jrxl

41rx2)

MY406
(

rr

4frxl

itrx2)

20
40
60

100±1

32 ±1
40 ±1
93 ±2

119±4
135±9
121±1
103±2

94 ±

1

dTTP
pmol/108

cells

223±14
100±5

99 ±1

301±2
403±2
510±13
483±19
395±0
229 ±

3

dCTP

pmol/108 cells

71 ±3
35 ±2
50 ±2

170±4
179±7
214±4
181±5
142±3
100 ±

1

118±9

232±3
192±10

93 ±1
68 ±1

154±2
168±21

294±8
362±6

150±2
189±6

137± 1
146± 1

209 ±

1

285±1

289±1
244± 1

200±2
90 ±

1

152±5
131±1

125 ±

1

236± 1

380 ±

1

± 1

44±1
33±1
37±1
34±1
41±1
51

± 1

353 ±3
271 ± 27

104 ±2
94 ± 1

52 ±1
44 ± 1

118 ± 2

68 ±

291± 12

336±3

346 ± 24

a
0
20
40
60
80
100
120

282± 12

398±7

118±1
126±7
186±8

23

436± 10

183± 1

98 ±3
89 ±7

35±1
13±1
14±1
44±1
52±1
62±1
57±1
33±1

75±1
91±1

256±5
342±3
376±2

123±3
205±20
145±5

199 ± 2

cells

213±3
188±4
163±3

67 ±2
87 ±8
127± 1

100± 1

dGTP
pmol/108

444±1
451±2

80
100
120
140

140
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300± 3

212± 1
303± 14

300±17
413± 13

372±23
420±19
267±24
395±8

132±2
116±2

89 ±3
59 ±2
132± 1
124± 1

96 ±5
57 ±3

108±5
104±2

91 ±2
89 ±9
55 ±1
94 ±8
112±4

84±1

83 ±1
79 ±1

1

67 ±2
42 ±1
94 ±2
126± 1

67±5
33±2
48±1
50±2
59±2
56±1
23±1
24±4
32±2
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maximal about 80 minutes after pheromone removal. The greatest increase was
observed for dCTP, which increased 6-fold, from 35 ± 1 pmIlO8 cells in Giarrested cells to 214 ± 4 pm/108 cells at 80 minutes after release. The smallest

change was observed for dATP, which increased 4-fold, from 32± 1

pmIlO8

cells

in Gi-arrested cells to 135 ± 9 pm/108 cells. The levels of dTTP and dGTP
increased approximately 5-fold, from 100 ± 5 pmIlO8 cells to 510 ± 13

pmIlO8 cells

and from 13 ± 1 pm/108 cells to 62 ± 1 pm/i 08 cells, respectively.

Cell cycle parameters and deoxyribonucleotide pooi dynamics were

abnormal in Ettrrl cells lacking thioredoxin reductase. As shown in Fig. 12A,

&rrl cells had an elongated Gi phase. In an asynchronously growing population,
approximately 53% of cells were in Gi, 19% in S and 28% in G2+M. The lengths

of S (36 minutes) and G2+M (53 minutes) in &rrl cells were similar to those of
wild-type cells, but the length of 01 (100 minutes) was about 5-fold longer than

that of wild-type cells. Thus, the &rrl mutation affected the duration of 01.
Protraction of 01 was also evident in the data for synchronous cells, where only
12% of the cells had entered S phase by 40 minutes after a factor release. In

contrast, 65% of wild-type cells entered S phase by 40 mm after release (see Fig.
1 1B). To achieve a comparable fraction of S phase cells in the Atrrl population, an
80 mm-incubation without pheromone was necessary.

Asynchronous wild-type cells and &rrl cells had similar levels of each
respective dNTP pooi (compare samples labeled "a" in Fig. 11B and 12B). As

shown in Fig. 12B and Table 6, in asynchronous &rrl cells, dNTP pooi sizes were
232 ± 3

pmoIIlO8

cells for dTTP, 137 ± 1

cells for dCTP, and 44± 1

pmol/l08

pmol/l08 cells

cells for dATP, 93 ± 1

pmol/108

for dGTP. The data in Fig. 12B and
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Fig. 12. Deoxyribonucleotide levels during the cell cycle in tttrrl yeast lacking
thioredoxin reductase
DNA content and deoxyribonucleotide pools were determined in Atrrl cells
(MY402) that were asynchronously growing (a), a factor-arrested (0), or released
from an a factor block for the indicated number of minutes. A. Flow cytometric
analysis of DNA content. B. Deoxyribonucleotide pool measurements.
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Table 6 also show that Lrr1 cells were able to accumulate dNTPs after a factor
release. However, in Atrrl cells dNTP accumulation occurred at a slower rate than
in wild-type cells. For example, peak dNTP accumulation occurred 120 mm after

a factor release in &rrl cells (as opposed to 80 mm after a factor release in wildtype cells).

Deoxyribonucleotides do not accumulate at GuS in Etrxl

birx2

cells

Previously published experiments with thioredoxin double mutants showed
that these cells have a longer generation time, longer S phase and slower DNA

replication rate than wild-type cells (Muller, 1991). Although asynchronous cell
measurements suggested that ALrxl Atrx2 double mutants had normal or slightly

higher dNTP levels (Muller, 1994), we felt that asynchronous cell measurements
may not have detected a deficiency in dNTP accumulation during the cell cycle.
Before initiating dNTP pool measurements in synchronized yeast missing one or

both thioredoxin genes, we analysed the cell cycle parameters of &rxl, itrx2 and
Atrxl &rx2 cells. As previously described by Muller (1991), we found that Atrxl
and Atrx2 single mutants showed cell cycle parameters that were indistinguishable

from wild-type cells. Therefore, we did not investigate the single mutants further.
The generation time of iVrxl Atrx2 cells (MY405) was 145 minutes, which was
31% longer than wild-type cells and matched the effect previously described by

Muller (1991). In an asynchronously growing population, 8% of &rxl &rx2 cells
were in Gi, 55% were in S, and 37% were in G2+M (Fig. 13A). The calculated
times for cell cycle phases were 12 minutes for Gi, 80 minutes for S, and 53

minutes for G2+M. When compared to wild-type cells, &rxl Atrx2 cells had a
33% shorter Gi, but a 120% longer S phase. The length of G2+M was not
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Figure 13. Deoxyribonucleotide levels during the cell cycle in birxl birx2 cells
lacking thioredoxin.
DNA content and deoxribonucleotide pools were determined in &rxl &rx2 cells
(MY405) that were asynchronously growing (a), a factor-arrested (0), or released
from an a factor block for the indicated number of minutes. A. Flow cytometric
analysis of DNA content. B. Deoxynucleotide pool measurements.
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affected. Thus, the observed 31% increase in generation time in &rxl &rx2
cells was mainly due to a longer S phase. Deoxyribonucleotide levels in

asynchronously growing &rxl &rx2 double mutants were: 353 ± 3 pmolil

for dTTP, 200±2 pmolIlO8 cells for dATP,
52± 1

pmoL/108

104

8

cells

± 2 pmo]1108 cells for dCTP, and

cells for dGTP (Fig. 13B and Table 6). When compared to wild-

type cells (Fig. 11 B), asynchronously growing thioredoxin double mutants had

slightly larger dNTP pools. In general, our cell cycle parameters and dNTP pool
measurements for asynchronous Atrxl Atrx2 cells were in agreement with
previously published data (Muller,

1991;

Muller,

1994).

Data describing the rate of cell cycle progression and dNTP levels in

synchronized &rxl &rx2 cells are shown in Fig. 13 and Table 6. After a factor
release &rxl &rx2 cells entered S phase at approximately the same time as wildtype cells (around 40 minutes after release) but progression of S phase was slower

(Fig. 13A). The number of cells in S phase reached its maximum value (over 90%)
between 80 and 100 minutes after release. Deoxyribonucleotide levels in a factor-

arrested &rxl Atrx2 cells were 271 ± 27 pmolIlO8 cells for dTTP, 90

± 1 pmoL'108

cells for dATP,

cells for

94 ± 1

pmol

/108

cells for dCTP, and 44

± I

pmol

108

dGTP. In contrast to wild-type cells, &rxl &rx2 cells showed no increase in
dNTP levels as they entered S phase. All four dNTP pools stayed at around Gi
levels and fluctuated very little during the cell cycle (Fig. 13B). At some points,
when the majority of cells were in S phase (80 and 100 minutes after release),

dNTP pools dropped below GI levels. Lower levels of dNTP pools during S phase
(even lower than Gl -level) suggested that, in the absence of thioredoxin, the rate of
dNTP production was not sufficient to match the rate of dNTP consumption at

replication forks. The results suggest that thioredoxin is a major part of the dNTP

synthesis machinery and constitute in vivo evidence for the idea that thioredoxin
supplies the hydrogen atoms used by ribonucleotide reductase.

Deoxyribonucleotides do not accumulate at GuS in &rrl &rxl &rx2 cells
Even though thioredoxin reductase and thioredoxin together comprise the
thioredoxin system, deletion of thioredoxin reductase and deletion of the

thioredoxins had different effects on cell cycle parameters and dNTP pools. The
Atrrl mutation led to a 72% increase in generation time, a 400% increase in the
length of G 1 phase and a significantly slower rate of dNTP accumulation following

a factor release. The Atrxl Atrx2 double mutation led to a 31% increase in
generation time, a 120% increase in the length of S phase and complete inhibition

of dNTP accumulation following a factor release. To see how a combination of the
AirrJ and &rxl &rx2 mutations affected the cell cycle and dNTP accumulation,

we constructed and tested a &rrl &rxl &rx2 triple mutant yeast lacking
thioredoxin reductase and thioredoxin.

In asynchronously growing Atrrl Atrxl &rx2 population, 30% of cells were
in Gi, 58% were in S, and 12% were in G2+M (Fig. 14A). The calculated lengths
of the cell cycle phases were 57 minutes for Ui, 112 minutes for S. and 21 minutes
for G2+M. Thus, the Atrrl Lsfrxl Atrx2 triple mutation resulted in a 72% increase

in generation time (equal to the generation time of &rrl single mutants), a 200%
increase in the length of Gi, a 200% increase in the length of S phase, and 2.5-fold

shortening in the length of G2 + M. Thus, the EJrr1 Atrxl EJrx2 triple mutation
resulted in cell cycle parameters that were observed in neither Atrrl nor ttrx1

Atrx2 cells. Ui was expanded, as in Atrrl cells, but the expansion was not as great

(200% in Atrrl &rxl &rx2 cells versus 300% in &rrl cells). S phase was

Figure 14. Deoxyribonucleotide levels during the cell cycle in
cells lacking thioredoxin reductase and thioredoxin.

Etrr1 Atrxl &rx2

DNA contents and deoxyribonucleotide pools were determined in &rrl &rxl
&rx2 cells (strain MY406) that were asynchronously growing (a), a factor-arrested
(0), or released from an a factor block for the indicated number of minutes. A.
Flow cytometric analysis of DNA content. B. Deoxynucleotide pool
measurements.
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expanded, as in Atrxl Atrx2 cells, but the expansion was significantly greater
(200%
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in ttrr1 &rxl Atrx2 cells versus 120% in Atrxl Atrx2 cells). With respect to

cell cycle parameters, the &rrl Etrx1 Atrx2 phenotype more closely resembled the
Atrrl phenotype than the Lvrxl Atrx2 phenotype.
In contrast to cycle cycle parameters, deoxyribonucleotide pool levels in

ttrr1 Atrxl Atrx2 mutants (Fig. 14B and Table 6) more closely resembled that of

Atrxl&rx2 cells. In asynchronously &rrl &rxl &rx2 cells, the level of dl'TP was
398 ± 7 pmolIlO8 cells,

pmol/108

dATP was 282

cells, and dGTP was 67

± 12 pmoIJlO8

± 5 pmolIlO8

cells, dCTP was 96± 5

cells. The levels of all four dNTPs

decreased when &rrl &rxl &rx2 cells were arrested in Gi by a factor. Thus, as
previously observed for Atrrl single mutants and Atrxl Atrx2 double mutants, the

Atrrl &rxl bJrx2 triple mutants had roughly the same dNTP pool sizes as wildtype cells, providing the measurements were done on asynchronous cell

populations. However, measurements on synchronized cells showed that the Atrrl
&rxl &rx2 triple mutant, unlike wild-type cells, did not accumulate dNTPs when

released from a factor and allowed to enter S phase (Fig. 14B and Table 6). In this
respect, the phenotype of &rrl Mrxl Atrx2 triple mutant cells was similar to that of

&rxl &rx2 double mutant cells. It should be noted that dNTP levels were no

lower in the &rrl &rxl &rx2 triple mutant during S phase than in the &rxl Atrx2
double mutant during S phase. This confirms that, with respect to providing the
dNTPs necessary for DNA replication, thioredoxin is in the same epistasis group as
thioredoxin reductase and that thioredoxin is epistatic to the reductase.

DISCUSSION
Since the demonstration that the thioredoxin could serve as a hydrogen
donor for E. coil ribonucleotide reductase in

vitro,

many experiments have been

conducted to investigate the importance of thioredoxin for deoxyribonucleotide
synthesis

in vivo.

An extract from an E. coli mutant lacking thioredoxin showed no

decreased capacity to reduce the enzyme ribonucleotide reductase by NADPFI,

which indicated that thioredoxin is a non-obligatory intermediate in ribonucleotide

reduction (Holmgren,1978). Studies also identified a glutaredoxin system that was
able to give hydrogen atoms to ribonucleotide reductase (Flolmgren, 1976). In
vitro

ribonucleotide reductase assays showed that glutaredoxin was almost 10-fold

more active than thioredoxin on a molar basis, which favoured glutaredoxin as
being the natural hydrogen atom donor during ribonucleotide reduction (Holmgren

and Slaby, 1979). In yeast, the finding that deoxynucleotide levels were normal in
yeast lacking both thioredoxins (Muller, 1994) suggested that thioredoxin was not

the in vivo hydrogen donor for ribonucleotide reductase. Although earlier work in
bacteria and asynchronous yeast did not support a role for thioredoxin in
deoxyribonucleotide synthesis, our results using synchronized yeast indicate that
thioredoxin is necessary for efficient dNTP synthesis during S phase.

Deletion of thioredoxin reductase impaired growth. The generation time of
&rrl cells was 72% longer than wild-type cells, due to a 5-fold longer Gi phase.

The &rrl mutation did not affect the length of S or G2+M. The result obtained
with the deletion mutant differed from that obtained in an earlier study in which a

mutant allele of thioredoxin reductase (trr]-21) resulted in an equal expansion
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of the Gi, S and G2 phases (Machado etal., 1997).
DNA microarray analysis has shown that 70% of the putative Yap 1-induced
genes are overexpressed in Es.trrl cells (Cannel-Harel et

al.,

2001). Yap 1 (yeast

AP- 1) is a transcription factor crucial for the oxidative stress response in yeast. It
regulates the expression of several genes whose products play major roles in

oxidative stress tolerance. One of these target genes is TRX2, which is expressed 4-

fold higher in &rrl cells. In the absence of thioredoxin reductase, oxidized TRX2
may accumulate and retard cell growth. Oxidized thioredoxin may steal electrons
from other proteins leading to oxidative inhibition of growth in G 1. The presence

of a shorter GI in a &rxl Ltn2 cell supports the idea that oxidized thioredoxin
inhibits growth in trr1 cells. However the presence of a moderately longer G1 (3-

fold longer than wild-type, but 43% shorter than &rrl cells) in &rrl &rxl &rx2
cells, suggests that oxidized thioredoxin may not be the only factor lengthening the

duration of Gi in &rrl cells.
Wild-type cells and cells lacking thioredoxin reductase had roughly the

same levels of dNTP when measured in asynchronous cells. However, when dNTP
pools were measured in synchronized cells, the accumulation of dNTPs following

a factor release was significantly slower in Atrrl cells. For example, peak dNTP
levels (5-fold higher than Gi levels) were achieved by 80 mm after pheromone
release in wild-type cells, but peak levels (2.5-fold higher than GI levels) were not

achieved until 120 minutes in Atrrl cells. Finding a normal length of S phase

suggested that the lower levels of dNTPs in EsJrrl cells did not affect
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progression of S phase. This shows that Airri cells had high enough levels of
dNTP pools to replicate the genome with wild-type efficiency.

Deoxyribonucleotide pool measurements in synchronized Atrxl &rx2 cells
revealed that thioredoxin was required for efficient dNTP accumulation during S

phase. In Atrxl &rx2 mutants, none of the dNTP pools increased above Gi levels
when cells entered S phase. Inhibition of dNTP accumulation in iXtrxl &rx2 cells
was consistent with the idea that thioredoxin was the major in vivo electron donor

for ribonucleotide reductase. Previous dNTP pool measurements in asynchronous

&rxl &rx2 cells (Muller 1994) may have been misleading. Our dNTP
measurements in asynchronously growing &rxl Atrx2 cells confirmed earlier
findings (Muller, 1994) that deletion of thioredoxin does not affect apparent dNTP

levels. However, wild-type dNTP levels in an asynchronously-growing Atrxl
&rx2 cells does not mean that mutant cells have normal rates of dNTP synthesis
during S phase. In an asynchronously growing state, levels of dNTP pools are
dependent on the percentage of cells in S phase, and the rate of dNTP synthesis

during S phase. As S phase gets longer, cells have more time to synthesize dNTPs.
If the rate of dNTP synthesis during S phase is lower in Atrxl &rx2 cells, it may
not affect asynchronous cell dNTP pool estimates, because the extended length of S

phase masks the defect. When we synchronized cells and checked their dNTP
pools during the cell cycle, we found that Atrxl Atrx2 cells were unable to

accumulate dNTPs as they entered S phase. We speculate that in the absence of

thioredoxin, reduction of ribonucleotide reductase by the glutaredoxin system
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was unable to meet the demands of the replication machinery for

deoxyribonucleotides. Our results suggest that impaired synthesis of dNTPs was
the basis for the S phase protraction.
Deoxyribonucleotide pools of iXtrrl Atrxl Atrx2 cells were almost the same
as those of Atrxl Atrx2 cells, suggesting that deleting thioredoxin reductase in

Atrxl Atrx2 cells had no effect on dNTP pools. A model for the role of the
thioredoxin system in dNTP synthesis is shown in Fig. 15. Thioredoxin reductase
acts upstream of thioredoxin in the pathway linking NADPH to ribonucleotide

reductase. In the absence of thioredoxin, electrons cannot flow from thioredoxin

reductase to ribonucleotide reductase. Therefore, the presence or absence of

thioredoxin reductase in &rxl &rx2 cells does not affect dNTP synthesis. Since
&rrl cells were partially able to accumulate dNTPs, there must be a second
electron donor (Sed) for thioredoxins. A second thioredoxin reductase encoded by
a gene (TRR2) on chromosome 8 is a possible donor, but Trr2 was shown to be

mitochondrial (Pedrajas et al., 1999). It is unlikely that proteins in different
cellular compartments can interact with each other. Moreover, &rr2 cells did not
have altered cell cycle parameters, and TRR2 mRNA was not detectable by
northern blot analysis in either wild-type or in iXtrrl cells (our unpublished data).

Thus, Trr2 is not a likely electron donor for thioredoxins in the absence of Trrl.
According to our model, the thioredoxin system is the major electron donor for
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Sed

rNDPs

NADPH > Trrl > Trx > Rnr
'i'

Girl ----> GSH ---> Grx

dNDPs

Figure 15. Model for role of the thioredoxin system in dNTP synthesis.
According to this model the thioredoxin system is the main route through which
electrons flow from NADPH to ribonucleotide reductase (Rnr). Thioredoxin
reductase (Trrl) and a Second Electron Donor (Sed) reduce thioredoxin, which in
turn reduces Rnr. Rnr can also be reduced by glutaredoxin system, but to a lesser
extent.

ribonucleotide reductase in vivo. In the absence of Trrl, the second electron
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donor (Sed) partially compensates for the absence of Trrl in dNTP synthesis.
Under normal conditions, Trrl and Sed might work together to keepthioredoxin in
a reduced state. However, the absence of thioredoxins stops the electron flow from

both Trrl and Sed, and therefore strongly affects dNTP synthesis. Under this
condition, we speculate that the glutaredoxin system can provide the reducing

power for ribonucleotide reductase, but does so very inefficiently. In fact, under
physiological conditions, participation of the glutaredoxin system in ribonucleotide

reduction may be less significant than what we observed here, due to activation of
the glutaredoxin system in response to mutations in the thioredoxin system (Muller,

1996; Carmel-Harel et al., 2001). Mutants lacking both thioredoxins are inviable in
the absence of glutathione reductase (GLRJ), indicating that thioredoxin mutants

need reduced glutathione to survive (Muller, 1996). Yeast contains two
glutaredoxins, GRXJ and GRX2, and mutants missing both glutaredoxins are viable

without major phenotypes. Strains missing both thioredoxins and both
glutaredoxins are not viable, but strains containing either a single glutaredoxin or

thioredoxin gene are viable (Draculic et al., 2000). This suggests that cells need at
least one of these pathways to survive.

A new family of glutaredoxin-related proteins was identified in yeast after

completion of the yeast genome sequence (Rodriguez etal., 1999). These
glutaredoxins (GRX3, GRX4 and GRX5) differ from GRXJ and GRX2 in that they

contain a single cysteine residue at their putative active sites. Thus, they are not

expected to substitute for classical thioredoxin and glutaredoxin functions that
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involve dithiol mechanisms.

Clearly, thioredoxin is not the sole hydrogen donor to ribonucleotide

reductase in yeast, as &rxl &rx2 cells are viable. However, the failure of Atrxl
&rx2 yeast to accumulate dNTPs at GuS suggest that the alternative pathways for
supplying ribonucleotide reductase with reducing equivalents are not sufficient to
meet the normal demands of replication machinery for deoxyribonucleosides
triphosphates.

CHAPTER V
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CONCLUDING REMARKS

Synchronized yeast were used to study the relationship between MCB gene

expression, dNTP accumulation and replication initiation. When DNA synthesis
was blocked by HU or a dbf4 mutation, MCB gene induction occurred at the
normal time after pheromone release, indicating that MCB gene induction was

independent of DNA synthesis. Similar results were obtained by using
temperature-sensitive cells that were synchronized by release from a cdcl5 block at

G2/M. Hence, similar to bud emergence and spindle pole body duplication, MCB
gene induction after "START" is independent of replication initiation.
Concurrent with MCB gene induction, deoxyribonucleotide pools increased

as cells crossed the GuS boundary and they continued to increase during the first

half of S phase. The patterns of both MCB gene expression and dNTP
accumulation during the cell cycle were temporally related. Disruption of MCB

gene periodicity by a swi6 mutation also disrupted the periodicity of dNTP
accumulation at 01/S. The, results suggest that MCB gene mRNA accumulation at
01/S results in increased levels of dNTP-synthesizing enzymes, which in turn
results in dNTP accumulation.

HU treatment prevented dNTP accumulation but had no effect on
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initiation of replication, as defined by traversal of the Dbf4/Cdc7 execution point.
This suggests that dNTP accumulation is not a prerequisite for replication
initiation.

The HU block of replication was bypassed if yeast were allowed to pre-

accumulate dNTPs. This suggests that HU blocks replication by inhibiting
ribonucleotide reductase and thereby interfering with dNTP synthesis. Similar
bypass experiments in manimalian systems were less successful, perhaps due to a
limited ability to synchronize the cells and to achieve a physiological level of all
four dNTPs.

Even though HU blocked dNTP accumulation at GuS, it did not result in
complete exhaustion of any dNTP pool, suggesting that there is a certain dNTP

level below which replication fork progression is blocked. The mechanism
responsible for replication arrest prior to dNTP exhaustion was not dependent on
the checkpoint protein Rad53, as dNTP pools were similarly not exhausted in

rad53 mutants that were released from a factor into HU.
The identity of the physiological electron donor for ribonucleotide reductase

during deoxyribonucleotide synthesis has been controversial. Although thioredoxin
clearly can reduce both prokaryotic and eukaryotic ribonucleotide reductase in
vitro,

previous studies both in E. coli and S.

cerevisiae

insinuated that the

thioredoxin system was not the major electron donor in vivo (Holmgren and Slaby,

1979; Muller, 1994). However, our experiments using synchronized yeast showed

that cells lacking thioredoxin were unable to accumulate dNTPs at GuS, and
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had an elongated S phase. Our results are consistent with a model in which the
thioredoxin system is the major electron donor for ribonucleotide reductase in vivo.
When cells are forced to use an alternative electron donor, as in mutants lacking
thioredoxin, deoxyribonucleotide synthesis is inhibited and replication of the
genome requires more time.
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A. YEAST SYNCHRONIZATION
Two different methods were used to synchronize the cells. Gi-arrest was
obtained by treating exponentially growing cells with 100 ng/ml a factor for a
period equal to two generation times at 25°C. To achieve synchrony, arrested cells
were collected on Whatman #1 filters, washed once with fresh YEPD and once
with 100% conditioned medium, resuspended in 25% conditioned medium, and

incubated at 25°C. Conditioned medium was prepared by growing wild-type cells
to saturation in YEPD and removing the cells by filtration.
To synchronize temperature-sensitive dbf4 cells, the same method was
applied with the exception that cells were washed and resuspended in pre-warmed
medium to inhibit Dbf4 function prior to incubation at 37°C.
The second method of synchronization was to employ a temperature-

sensitive allele of the CDC15 gene. Conditional mutations in CDC15 cause cell
cycle arrest in late anaphase (Cullotti and Hartwell,

[1971], Exp Cell Res. 67:389-

401). Exponentially growing cells were collected in late anaphase by a 3-hr
incubation at the nonpermissive temperature (37°C). Cells were then shifted back
to the permissive temperature (25°C) and samples were removed at different time
intervals.

Both methods were used to synchronize cells for release into medium with
or without 100 mM hydroxyurea (HU), an inhibitor of ribonucleotide reductase.
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B. YEAST DNA CONTENT ANALYSIS OF YEAST BY FLOW
CYTOMETRY
1. Grow cells under desired conditions.
2. Transfer about 5x106 cells to a 1.5 ml microfuge tube and spin 12 seconds

in microfuge.
3. Aspirate the medium with drawn out pipet, and resuspend cells in 300 jtl

4. Add 700 t1 95% ethanol and store samples at 4°C overnight. (Samples can
be saved multiple days at 4°C if necessary).
5.

Spin down cells in microfuge for 15 seconds and aspirate supernatant.

6. Resuspend cells in 100 tl 50 mM sodium citrate buffer (pH 7), spin 12

seconds in microfuge and aspirate supernatant.
7.

Resuspend cells in 100 p1 50 mM sodium citrate buffer (pH 7) and sonicate
for 5 seconds.

8. Add RNase-A to a final concentration of 0.25 mg/mi and incubate samples
at 55°C for 1 hour.

9. Add Proteinase-K to a final concentration of 1 mg/ml and incubate samples
at 55°C for 1 hour.

10. Add 100 j.tl 50 mM sodium citrate buffer containing 16 j.tg/ml of propidium
iodide and store samples at 4°C overnight.

11. Adjust volume to 500 t1 with sodium citrate buffer and transfer samples
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to tubes compatible with flow cytometer instrument (Beckman Coulter Epix
XL).

12. Analyse the samples with FL3 detector at 890 V.
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C. RNA ISOLATION FROM YEAST BY GLASS BEADS/HOT PHENOL
METHOD
(Adopted from Ayes et a! [1985] EMBO
1.

J. 4:

457-463)

Harvest cells by spinning 3 mm at maximum speed in IEC centrifuge. (50
ml culture containing 50x iø cells will yield about 250 jig total RNA).

2. Aspirate supernatant with drawn out pipet, resuspend pellet in cold tris

buffered saline (TBS) solution and spin again.
3. Aspirate supematant and either proceed through the protocol or save the

pellet at -80°C for later usage.

4. Add 250 j.il cold SETH and add acid-washed glass beads to meniscus.
5. Vortex 5 minutes (use 30 sec bursts while chilling on ice).

6. Add 2.5 ml cold TNESH.
7. Add 5 ml 65°C water-saturated phenol.
8.

Incubate 5 mm at 65°C, with intermittent vortexing; spin 3 mm in IEC
centrifuge.

9.

Transfer upper phase to a fresh tube and extract twice more with hot phenol.

10. Extract once with phenollchloroform.
11. Add 2.5 volumes ethanol and chill at -8 0°C for 1 hr.

12. Centrifuge 20 mm at 10K rpm at 4°C in sorval SS24 rotor.
13. Wash pellet with cold 70% ethanol.

14. Dissolve pellet in 400 tl RNase free water and determine concentration by
A260. (1 OD =40 jtg/ml).

15. Add NaC1 to 250 mM concentration and add 2.5 volumes ethanol, chill
at -20°C for 1 h.

16. Spin 15 mm in microfuge at 4°C, wash pellet with 5OOtl of cold 70%
ethanol.

17. Resuspend RNA pellet in RNase free water to 1 j.tg/tl final concentration.
Solutions:

SETH: 0.32 M Sucrose, 10 mM EDTA, 20 mM Tris pH 7.5
0.5 mg/ml heparin.
TNESH: 50 mM Tris pH 7.5, 100 mM NaC1, 5 mM EDTA,
1 % SDS, 0.5 mg/ml heparin.
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D. NORTHERN BLOT ANALYSIS
Ambion's NorthernMax complete northern blotting kit (Cat.# 1940) was
used for northern blot analysis. The manufacturer provided all solutions, reagents
and protocols.

Ge/preparation

1.

For 100 ml gel, use 1 g agarose and 90 ml RNase free water. Melt the
agarose in microwave oven and cool to 55°C in a water bath.

2. Add 10 ml lox denaturing gel buffer.
3. Pour the gel.

4.

Submerge the gel in 1X MOPS running buffer.

Preparation ofsample RNA

1.

Transfer 8 p.g RNA to tube (RNA sample volume should not exceed the
capacity of the wells).

2. Add 3 volumes of formaldehyde loading dye.
3. Denature sample for 15 minutes at 65°C.

4. Spin the sample down and place on ice.
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Electrophoresis

1.

Load the denatured RNA sample on the gel. Run the gel at up to 5 V/cm.

2. Recirculate running buffer if gel is run more than 3 hr.
3.

Put the gel in a dish, and stain with 0.5 tg/ml ethidium bromide in 1X
running buffer for 15 mm.

4. Wash the gel for 1 hr in sterile water with slow shaking.
5. Photograph the gel under UV light.

Capillary transfer to the membrane

1.

Assemble a downward transfer apparatus.

2. Allow transfer to continue 1.5 hr.
3. Crosslink RNA to membrane immediately(12000 J, UV Stratalinker).

4. Cover the membrane with saran wrap and save at 20°C until hybridization.

Hybridization

1.

Prehybridize the membrane in 10 ml hybridization solution for at least 30
mm.

2. Dilute 2 x 106 cpm of each probe in 1 ml hybridization buffer.

3.

Denature the probe by heating 10 minutes at 95°C, chill quickly on wet

129

ice.
4. Immediately transfer the diluted and denatured probe to the container with

the membrane.
5.

Incubate at 42°C overnight.

Washing and exposing membrane to phosphorimager or X-ray film

1. Wash the membrane twice with low stringency wash solution. Agitate at
least 5 minutes at room temperature for each wash.

2. Wash twice with high stringency wash solution. Agitate 15 minutes at 42°C
for each wash.
3. Cover the blot in plastic wrap. Do not allow the blot to dry out at any time

or it will be impossible to strip it and reuse.

4. Expose it to a Phosphor Imager plate or X-ray film.
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E. RNASE PROTECTION ASSAY
Hybridization probes are prepared by cloning the gene of interest

downstream of a phage promoter. The plasmid is cut with restriction enzymes that
generate 5' overhangs and transcribed with a phage RNA polymerase in the
presence of labeled ribonucleotides. The template DNA is removed by DNase
digestion, the enzyme is removed by phenollchloroform extraction, and the
unincorporated label is removed by either ethanol precipitation or size exclusion

column chromatography. The probe RNA is hybridised to sample RNAs. The
samples are treated with RNase to remove free probe, leaving intact fragments of
probe annealed to homologous sequences in the sample RNA. These fragments are
recovered by ethanol precipitation and analysed by electrophoresis on a sequencing

gel. The presence of the target mRNA in the samples is revealed by the appearance
of an appropriately sized fragment of probe. Inclusion of a standard curve
generated using synthetic pseudo mRNAs synthesized by in vitro transcription
allows absolute quantification of cellular mRNAs.

Probe Preparation

1. Mix in a sterile tube: 4 1 5X transcription buffer, 1
3 NTP mix, 5

.tl

tl

200 mM DTT, 2

tl

[32P]UTP (lOmCilml), 1 p1 RNasin (Placental ribonuclease

inhibitor, 20 to 40 U), 5 j.il of 0.1 Lg/l linearized plasmid, 1
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bacteriophage RNA polymerase (10 U).
2. Incubate 1 hr at 40 °C.

3. Add 10 U DNaseI, incubate 1 hr at 37°C.
4. Add 20 p.g chick RNA as carrier.
5.

Purify the probe using a 5-mi Sephadex (G-50 fine) colunm equilibrated
with 1X TES.

6. Extract with phenol/chloroform.
7. Extract with chloroform.

8. Add 200

.tl

of 2.5 M ammonium acetate and 750 p1 100% ethanol, mix and

chill the sample in freezer for 1 hr (or overnight).
9. Spin 15 minutes in refrigerated microflige, remove the supernatant using a

drawn out glass pipet.
10. Dissolve the pellet in 100 p.1 hybridization buffer.
11. Count 1 p.1 to determine incorporation.

Hybridization

1.

Lyophilize 20-5 0 p.g cellular RNA or appropriate amount of synthetic

pseudo mRNAs in sterile tubes. Tube for "probe only" control receives 10
p.g chick RNA and other samples receive 50 p.g chick RNA as carrier.

2. Dissolve samples in 30

jtl

of hybridization buffer containing 5-25 fmol
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probe. "Probe only" control gets 0.5 thiol probe.
3. Incubate 5 mm at 85°C to denature RNA and rapidly transfer to 55°C for

12-24 hr incubation.

RNase Digestion

1. Remove tubes from 55°C water bath and centrifuge 10 seconds.
2. Add 350 p.1 RNase cocktail to each tube.
3. Vortex, spin down for 3 sec, and incubate at 37°C for 1 hr.

4. Add 20 p.1 of 1 p.g/p.1 proteinase K, vortex, spin down and incubate at 37°C

for 15 mm.
5. Extract with phenol/chloroform.

6. Add I ml ethanol and precipitate.
7. Dry pellet and redissolve in 5 p.1 RNA loading buffer.
8.

Incubate 5 mm at 85°C to denature and run the samples on a denaturing
polyacrylamide/urea (sequencing) gel.

9.

Dry the gel and expose to X-ray film or phosphoimager plate.

Reagents and solutions

a) Phage RNA polymerase

T7, T3 are used depending on the vector in which gene of interest
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subcloned.

b) [32P] UTP

Commercially available (specific activity 3000 Cilmmol)

c) Hybridization buffer:

5X stock solution: 200 mM PIPES, pH 6.4,2 M NaC1, 5 mM EDTA.
lx working solution: 4 parts formamide, 1 part 5X stock buffer.

d) RNase cocktail:

RNase digestion buffer (10 mM TrisCl, pH 7.5, 300 mM NaCl, 5 mM

EDTA), 10 mg/mI RNaseA, 0.35 U/.tl RNase Ti.

e) PK mix: lox TES, 1

j.tg/j.tl

proteinase K, 0.5

.tg4il

chick RNA.

I) Loading buffer: 80% formamide, 1 mM EDTA, 0.1% Bromphenol Blue
0.1% Xylene Cyanol.
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F. DEOXYRIBONUCLEOTIDE POOL DETERMINATION
The dNTP pooi assay works by using dNTPs supplied by cell extracts and
DNA polymerase, usually E. coli DNA polymerase 1, for DNA synthesis on

defined alternating copolymer templates (poly dAdT or poly dIdG). By using an
alternating copolymer template, nucleic acid synthesis on the template is limited to

only two of the dNTPs supplied by cell extracts. To measure the concentration of a
given dNTP in a cell extract, a large excess of radioactive complementary dNTP is

added to the reaction mixture. Thus, the dNTP being measured becomes the

limiting factor for the reaction. At the end of the reaction, the amount of
incorporated radioactive dNTP will be essentially equal to the amount of
complementary dNTP incorporated.

For example, to measure the dATP concentration in a cell extract, an aliquot
of the cell extract is mixed with an excess amount of 3H-dTTP, template (poly
dAdT), and DNA polymerase. After the reaction has been completed (1 h at 3 7°C),

acid precipitable radioactivity is determined using a liquid scintillation counter. By
using known concentrations of dATP solutions as standards, the amount of dATP
in the cell extract can be calculated.

Preparation of cell extract for dNTP pool assay

1. Grow yeast under desired conditions.

2. Remove 1 ml of cells and detennine cell number. Cell number can be
determined by

A600,
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(0.4 OD= io cells/mi) or by cytometer counting. (If

necessary, cells can be fixed in 70% ethanol and counted later.
3. Harvest approximately 3 x 108 cells (i.e., 30 ml at 0.4 OD) by spinning 3

minutes at maximum speed in IEC centrifuge.

4. Remove growth medium (supernatant) completely with a drawn out pipet
without disturbing the pellet.

5. Add 2 ml of ice-cold 10% TCA, swirl to mix and incubate 10 minutes on ice.
6. Vortex 5 minutes (use 30 seconds bursts with chilling on ice in between).
7. Incubate on ice for 10 minutes.
8. Vortex 5 minutes (use 30 seconds bursts with chilling on ice in between).

9. Spin 5 minutes at 2500 rpm at 4°C and transfer supernatant to a new tube (keep

it on ice).

10. Add 3 ml cold Freon-amine reagent and vortex for 20 seconds to neutralize
TCA.

11. Transfer the upper aqueous phase to a new tube and check the PH; if>6,

proceed to next step. If<6 make another extraction.
12. Freeze the neutralized extracts in liquid nitrogen and lyophilize.
13. Resuspend sample in 200 jfl cold QDW.

14. Proceed to pool assay or freeze samples at 80°C for later analysis.
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dNTP pool assay
1.

Prepare sheets of Whatman 3MM chromatography paper. Mark off 2 cm x

2 cm squares with pencil. Cut off enough for the day's reactions and label
with a pencil in upper right corner
2. Prepare wash buffer, 5% TCA /2% PPi (pyrophosphate) (amount needed

will depend on the number of reactions to be run, about
3. Spot 100

j.tl

6 ml per

reaction).

of TCA!PPi on each square.

4. Set paper to dry, either in hood with air flow or under infra-red lamp.
5. Label 0.5 ml microftige tubes, one for each reaction. Labels should be same

as the filters to avoid confusion.
6.

Add 5

tl

of standard or sample to each tube and keep the tubes in freezer

until ready to add reaction mixture. (Plan for a water blank, 4 standards and
each of your samples, all in duplicate).
7. Prepare reaction mix (enough for the number of reactions, plus 1 or 2).

Keep all the solutions and reagents on ice at all the time.
Per 50 p.1 reaction:

5X dNTP buffer

10

Sterile water

27.2 p.1

1MDTT

0.25 p.1

10 mg/mi BSA

1.0

p.1

template

0.5

p.1

complementary dNTP(100 p.M)

0.5

p.1

dAMP(lOOmM)

5

p.1

p.1

3H complementary dNTP

0.5

Kienow (5 UI

0.02

tl)
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tl

8. Add 45 p.1 reaction mix to each tube, vortex and do a quick (5 sec) spin in
refrigerated microfuge to bring liquid to bottom of tube.
9. Place all tubes into a 37°C water bath and set timer for time determined in

standard curve reaction experiment (incubation time is usually 1 hour).
10. While reaction is running, cut dried 3MM paper into squares and place into
a baking dish lined with Saran Wrap.
11. At the end of the reaction time, remove tubes from water bath and
immediately spot 20 p.1 of each reaction on to the appropriate square.

12. Dry the filters under the infra-red lamp (or in hood).
13. Transfer the dried squares to a dish and wash 3 times with an appropriate

amount (about 2 ml per square) of TCAIPPi solution. Shake the dish for 15
minutes at low speed for each wash. Pour liquid waste into the radioactive
liquid waste carboy.

14. Wash twice with 95% ethanol (about 4 ml per square).

15. Arrange filters well separated on fresh Saran Wrap in dish. Dry under heat
lamp.

16. Place dried filters into scintillation vials with 5 ml Ecolite scintillation
cocktail and count for 5 minutes on channel 3H.
17. Also count 5 p.1 of reaction mix to look at specific activity of the reaction
mix.
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Solutions

5X dNTP buffer: 5 muM Tris HC1 pH 8.3, 0.5 ml 1M MgC12, 14.5 ml

water.

100 j.tM stocks for dNTPs: 100mM dNTP solutions are available through

Promega. Dilute each dNTP stock to 1 mM by mixing 5 tl stock with 495 .il

sterile water or 1X dNTP buffer. Dilute this to 100 tM by mixing 50 tl with 450
tl sterile water or buffer.

Working dNTP standards:
Serially dilute the 100 p.M stocks to get 4 p.M. 2 p.M, 1 p.M, 0.5 p.M, 0.2 p.M and

0.1 p.M working standards. Sterile water or lX dNTP buffer can be used for
dilution.

lM Dithiothriteol (DTT):
Dissolve 1.55 g DTT in 10 ml 0.01 M NaOAc, pH 5.2. Do not autoclave.

Aliquot to 1 ml. Store at 20 °C.

