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ABSTRACT
The Pif1 family of DNA helicases is conserved from yeast to humans. Although the helicase domains of

family members are well conserved, the amino termini of these proteins are not. The Saccharomyces cerevisiae
genome encodes two Pif1 family members, Rrm3p and Pif1p, that have very different functions. To
determine if the amino terminus of Rrm3p contributes to its role in promoting fork progression at �1000
discrete chromosomal sites, we constructed a deletion series that lacked portions of the 249-amino-acid
amino terminus. The phenotypes of cells expressing alleles that lacked all or most of the amino terminus
were indistinguishable from those of rrm3� cells. Rrm3p deletion derivatives that lacked smaller portions
of the amino terminus were also defective, but the extent of replication pausing at tRNA genes, telomeres,
and ribosomal DNA (rDNA) was not as great as in rrm3� cells. Deleting only 62 amino acids from the
middle of the amino terminus affected only rDNA replication, suggesting that the amino terminus can
confer locus-specific effects. Cells expressing a fusion protein consisting of the Rrm3p amino terminus
and the Pif1p helicase domain displayed defects similar to rrm3� cells. These data demonstrate that the
amino terminus of Rrm3p is essential for Rrm3p function. However, the helicase domain of Rrm3p also
contributes to its functional specificity.

HELICASES harness the energy of nucleotide hy- Although most eukaryotes encode only a single Pif1
family member, S. cerevisiae is one of several single-celleddrolysis to separate the two strands of duplex nu-
eukaryotes that encode two Pif1 family members. Pif1pcleic acids. DNA helicases are essential for replication,
and Rrm3p, as well as the single fission yeast Pif1 homo-recombination, and repair while RNA helicases play crit-
log, called Pfh1p, are 5� to 3� DNA helicases as deter-ical roles in transcription, RNA processing, and transla-
mined by in vitro assays (Foury and Kolodynski 1983;tion. Most DNA and RNA helicases contain seven motifs
Ivessa et al. 2000; Zhou et al. 2000; Zhou et al. 2002).that are spread throughout a 200- to 700-amino-acid
At least for Rrm3p and Pfh1p, this in vitro helicase activ-region (Gorbalenya and Koonin 1993). Because the
ity does not require the amino terminus of the protein.seven helicase motifs are short and degenerate, their

Although the helicase domains of Pif1 homologs arepresence alone does not confer significant similarity
highly similar, the members of this family do not haveupon two proteins that contain them. Rather, helicases
identical functions. The fission yeast Pfh1p is essentialare placed into families on the basis of more extensive
and appears to function in a late stage of chromosomesequence similarities that occur both within the helicase
replication (Tanaka et al. 2002; Zhou et al. 2002). Inmotifs and in other regions of the protein. For example,
contrast, neither Pif1p nor Rrm3p is essential, and cellsthe Saccharomyces cerevisiae DNA helicase Rrm3p is a
lacking both proteins are also viable (Schulz and Zak-member of the Pif1 family of DNA helicases of which
ian 1994; Ivessa et al. 2000). Pif1p plays an importantPif1p is the prototype member. Pif1 family members
role in the maintenance of mitochondrial DNA (Fouryhave �30% similarity in all pairwise combinations over
and Kolodynski 1983) and also inhibits telomerase-an �400-amino-acid region that contains the helicase
mediated lengthening of telomeres (Zhou et al. 2000;motifs (Zhou et al. 2000; Bessler et al. 2001). However,
Myung et al. 2001), while Rrm3p functions in semicon-the amino termini of these homologs rapidly diverge (Fig-
servative replication of chromosomal DNA. In the ab-ure 1; Zhou et al. 2000; Bessler et al. 2001), and the
sence of Rrm3p, replication forks pause at an estimatedregion carboxy terminal to the helicase domain varies in
1400 discrete sites, including telomeres, tRNA genes, cen-size and sequence.
tromeres, inactive replication origins, transcriptional si-
lencers, and multiple sites within the ribosomal DNA
(rDNA; Ivessa et al. 2000, 2002, 2003). The helicase activity
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TABLE 1

S. cerevisiae strains used in this study

Strain Genotype Reference or source

VPS106 MATa ade2 ade3 leu2-3 112 ura3� trp1� lys2-801 can1 Schulz and Zakian (1994)
VPS106 rrm3 UT rrm3::TRP1 VII-L::URA3 Ivessa et al. (2000)
JBB44 VPS rrm3::TRP1 fob1::URA3-HA Torres et al. (2004a)
YPH501 MATa/� ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 Sikorski and Hieter (1989)
JZT121 YPH501 RRM3/rrm3::HIS3 SRS2/srs2::TRP1 Torres et al. (2004b)
JZT254 YPH501 RRM3/rrm3::HIS3 RAD50/rad50::TRP1 Torres et al. (2004b)
JZT630 YPH501 RRM3/rrm3::HIS3 MEC1/mec1::HA SML1/sml1::TRP1 Torres et al. (2004b)
JZT531 VPS106 rrm3::hygromycin Fob1p-13Myc J. Z. Torres

where stable, nonnucleosomal protein complexes are Guthrie 1998; Schneider and Schwer 2001; Ziegelin
et al. 2003). The amino termini of Pif1p, Rrm3p, andbound to DNA. Disruption of these complexes elimi-

nates dependence upon Rrm3p, leading to the proposal Pfh1p encode a signal sequence for mitochondrial import,
although its functionality has been demonstrated only forthat Rrm3p promotes fork movement past nonnucleoso-

mal protein-DNA complexes (Ivessa et al. 2003; Torres Pif1p (Figure 1; M. K. Mateyak and V. A. Zakian, unpub-
lished results; Schulz and Zakian 1994; Zhou et al.et al. 2004a).

The role of Rrm3p in fork progression has also been 2000, 2002). Additionally, the amino terminus of Rrm3p
contains a putative PCNA interaction motif and inter-found to contribute to genome integrity, as its absence is

correlated with replication fork breakage (Ivessa et al. acts with PCNA by yeast two-hybrid and in vitro transla-
tion assays (Figure 1; Schmidt et al. 2002).2000, 2002, 2003), site-specific increases in recombination

(Ivessa et al. 2000, 2002, 2003; Keil and McWilliams In this article, we examine the function of the 249-
amino-acid amino-terminal region of Rrm3p. Although1993), and elevated Ty transposition (Scholes et al.

2001). The stalled and broken forks that accumulate in the amino terminus of Rrm3p is not required for heli-
rrm3� cells activate DNA checkpoints, as demonstrated case activity in vitro (Ivessa et al. 2002), this region was
by the hyperphosphorylation of Rad53p, an effector ki- essential for the replication function of Rrm3p in vivo
nase for both the DNA damage and the intra-S-phase as well as for regulation of protein abundance. Addition-
checkpoints (Ivessa et al. 2003; Torres et al. 2004b). ally, deletion of internal portions of the amino terminus
Although rrm3� cells are viable, this viability requires altered Rrm3p function, both diminishing its replica-
the ability to activate DNA checkpoints. For example, tion activity and causing new phenotypes. The helicase
rrm3� cells that also lack Mec1p, the sensor kinase for domain of Rrm3p likely also contributes to in vivo speci-
DNA checkpoints, are inviable at low temperatures ficity, as a hybrid protein having the amino- and carboxy-
(Ivessa et al. 2003). Likewise, when RRM3 is deleted terminal regions of Rrm3p fused to the helicase domain
in conjunction with other genes encoding repair and of Pif1p was unable to supply the replication activity of
checkpoint proteins, including SRS2 and RAD50, the Rrm3p. Amino-terminal deletion alleles that had some
doubly mutant strains are not viable (Ivessa et al. 2003; but not all of the replication defects of rrm3� cells did
Ooi et al. 2003; Weitao et al. 2003; Schmidt and Kolod- not activate Rad53p nor did they require the MEC1,
ner 2004; Torres et al. 2004b). This loss of viability is SRS2, or RAD50 genes for viability. Together, these re-
likely due to the inability to detect or repair the damage sults support a model in which a threshold of stalled
caused by rrm3�-dependent replication fork stalling. replication forks must be surpassed to activate the intra-

Although the S. cerevisiae Pif1 and Rrm3 proteins are S-phase checkpoint.
40% identical and 60% similar over their helicase do-
mains, their �250-amino-acid amino termini have al-
most no similarity. The amino termini of helicases can MATERIALS AND METHODS
serve a variety of functions. For example, the amino

Yeast strains and methods: Yeast strains used are rrm3�terminus of the human RecQ family Werner’s helicase derivatives of VPS106 (Schulz and Zakian 1994; Ivessa et
has an exonuclease domain (Huang et al. 1998; Suzuki al. 2000) or YPH499 (Sikorski and Hieter 1989). In each
et al. 1999), while the amino terminus of the S. cerevisiae experiment, these derivatives carried the centromere plasmid

YCplac111 or the 2� plasmid YEplac181. These plasmids wereRecQ homolog Sgs1p helicase interacts with topoisom-
used to express Rrm3p and the deletion allele series. The full-erase III (Gangloff et al. 1994; Bennett et al. 2000) and
length Rrm3p was expressed from an �3300-bp fragment,may have an additional function that is independent of
which contains 467 bp of sequence upstream of the start of

the helicase domain (Mullen et al. 2000). In other the open reading frame. All deletion alleles carried the same
helicases, the amino terminus can recruit the helicase amount of upstream sequence. Western analysis and two-

dimensional gel electrophoresis (2D gels) were done in VPSto its site of action or promote dimerization (Wang and
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TABLE 2

Plasmids used in this study

Name Insert Reference or source

YCplac111 CEN4 ARS1 LEU2 Gietz and Sugino (1988)
pJB5a RRM3 J. B. Bessler; Ivessa et al. (2002)
pJB108a RRM3gly8Myc9 This study
pJB61a rrm3�3-139 This study
pJB104a rrm3�3-139gly8Myc9 This study
pJB67a rrm3�134-196 This study
pJB105a rrm3�134-196gly8Myc9 This study
pJB72a rrm3�121-211 This study
pJB106a rrm3�121-211gly8Myc9 This study
pJB75a rrm3�53-202 This study
pJB107a rrm3�53-202gly8Myc9 This study
pJB134a rrm3�2-249gly8Myc9 This study
pJB133a rrm3�2-234gly8Myc9 This study
pJB135a rrm3�2-218gly8Myc9 This study
pJB140a rrm3�2-194gly8Myc9 This study
pJB141a rrm3�2-177gly8Myc9 This study
pIA20 RRM3 ADE3 URA3 CEN4 ARS1 Ivessa et al. (2003)
YEplac181 2� LEU2 Gietz and Sugino (1988)
pJB121b RRM3 This study
pJB118b rrm3�134-196 This study

a Plasmid backbone is YCplac111.
b Plasmid backbone is YEplac111.

strains, except for the Stu I gels, which were done with YPH (1996), except an eight-glycine linker was placed between
the nine Myc epitopes and the carboxyl terminus of Rrm3p.strains. Cell viability assays were done in the rrm3� YPH strains

with deletions of other genes made as described (Torres Fob1p-13Myc was made by J. Torres as described in Longtine
et al. (1998). Southern blots and Western blots were used toet al. 2004a,b). Chromatin immunoprecipitation (ChIP) was

done in VPS strains carrying Fob1-13Myc. Strains and plasmids confirm correct tagging and protein expression. ChIPs were
done as described in Wellinger et al. (1996) and Taggartused in this study are listed in Tables 1 and 2, respectively.

Construction of Rrm3p mutant alleles: A Pst I fragment con- et al. (2002) except that Protein G Dynabeads (Dynal) were
used and sonication levels were increased. DNA immunopre-taining RRM3 was obtained from the L3000 plasmid, a gift

from Ralph Keil (Keil and McWilliams 1993), and cloned cipitated from Myc-tagged Fob1p was amplified using 23 cycles
of multiplex PCR with a primer set surrounding the replicationinto YCplac111 (Gietz and Sugino 1988). The rrm3�2-249,

rrm3�2-234, rrm3�2-218, rrm3�2-194, and rrm3�2-177 alleles fork barrier (RFB) (RFB� CTCTGGAACTTGCCATCATCA
TTC, RFB� GCAAAGATGGGTTGAAAGAGAAGG) and an-were made by using site-directed mutagenesis to convert the

start codon of Rrm3p to an Nde I site (Mullen et al. 2000). other set flanking an internal region of 35S (35S� TTGACT
TACGTCGCAGTCCTCAGT, 35S� AGGACGTCATAGAGGGAnother Nde I site was created at the position of various methio-

nines (amino acids 234, 218, 194, and 177). At amino acid TGAGAATC). Fold enrichment was quantitated using Eagle
Eye images of gels, densitometric analysis with NIH Image249, an Nde I site was engineered without a methionine codon

present. The region between the two Nde I sites was removed 1.60, and the following equation: fold enrichment of Fob1p �
(Myc tag RFB/no tag RFB) 	 (no tag 35S/Myc tag 35S).by digestion with Nde I and the rest of the plasmid was gel

purified and then religated. The junctions were sequenced to Cell viability assays: Heterozygous RRM3/rrm3� strains were
constructed and the deletion was covered using pIA20, a URA3ensure that proper ligation had occurred. The other deletions

were made by digesting L3000 with Avr II (rrm3�3-139) or Spe I plasmid containing wild-type RRM3. The second gene of inter-
est was then deleted. Strains were sporulated and spores with(rrm3�134-196, rrm3�121-211, and rrm3�53-202) followed by

BAL31 digestion with aliquots taken at different time points. the desired genotype and carrying the plasmid were recovered
(Torres et al. 2004b). rrm3 alleles were transformed into theseBAL31-digested DNA was religated and sequenced to identify

in frame deletions. Once deletion alleles were obtained they haploid strains on LEU2 plasmids. Strains carrying both plas-
mids were streaked to complete media lacking leucine (YC-were cloned into YCplac111.

The Rrm3-Pif1 fusion protein was constructed by digesting LEU) to allow for the loss of the URA3 plasmids. After 2 days,
cells were streaked onto YC-LEU 5-fluoroorotic acid (5-FOA)YCplac111-RRM3 or YEplac181-RRM3 with Age I. The digested

DNAs plus a PCR fragment containing the Pif1p helicase do- plates and grown for 3 days at 23
 (mec1� sml1� rrm3�) or 2
days at 30
 (all other strains).main flanked by sequence from the Rrm3p amino terminus

and the Rrm3p carboxyl terminus were cotransformed into Protein isolation, Western blotting, and gel methods: Pro-
tein isolation and Western blotting was done using a TCAan rrm3� derivative of VPS. Recombination in yeast between

the RRM3 sequences flanking the PIF1 DNA in the PCR frag- method adopted from Pellicioli et al. (1999) as described
in Ivessa et al. (2003). A wet electrophoretic transfer in phos-ment and the RRM3 sequences on the plasmid generated the

fusion protein. phate buffer was used to transfer protein to nitrocellulose
membranes, which were probed with anti-Rad53p (gift of J.Myc epitope tags and chromatin immunoprecipitation: Myc

tagging was carried out as described in Wellinger et al. Diffley), anti-Myc, or anti-actin (gift from M. Rose of antiserum
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Figure 1.—Rrm3p is a
member of the Pif1 family of
DNA helicases; alignment of
Rrm3p with Pif1p is shown.
Dashes indicate gaps in the
alignment. Conserved resi-
dues are in gray; numbers
refer to Rrm3p amino acids.
The positions of the seven
helicase motifs are indicated
with black boxes and roman
numerals. The dashed box
outlines the proposed site
of PCNA interaction (War-
brick 2000; Schmidt et al.
2002). RRM3 is predicted to
encode both nuclear and
mitochondrial forms of the
protein (M. K. Mateyak and
V. A. Zakian, unpublished
results); the arrow indicates
the predicted cleavage site
for removing the mitochon-
drial signal sequence. The
putative NLSs are under-
lined.

made by T. Wang and A. Bretscher). All 2D gels were done such that the proteins carried nine Myc epitopes at the
as described by Ivessa et al. (2000, 2002, 2003). carboxyl end. This addition does not impair the ability

Sequence alignments: Rrm3p and Pif1p sequences were ob-
of full-length Rrm3p to promote replication fork pro-tained from the Saccharomyces Genome Database (www.yeast
gression by the criterion of 2D agarose gel electrophore-genome.org). The protein alignment was done using ClustalW

default parameters online at www.ebi.ac.uk/clustalw/#. The sis (J. B. Bessler, J. Z. Torres and V. A. Zakian, un-
alignment was imported into GeneChoice software for presen- published results). The rrm3�2-249 allele is a complete
tation (www.psc.edu/biomed/genedoc; Nicholas and Nich- deletion of the amino terminus while rrm3�2-234, rrm3�2-
olas 1997). 218, rrm3�2-194, and rrm3�2-177 compose a series of

smaller amino-terminal deletions (numbers refer to deleted
amino acids; i.e., rrm3�2-249 lacks amino acids 2–249)RESULTS
(Figures 1 and 2A). We also constructed four alleles with

The Rrm3p amino terminus negatively regulates Rrm3p more internal deletions in the amino terminus (rrm3�3-
abundance: Rrm3p is 723 amino acids long and the first 139, rrm3�134-196, rrm3�121-211, and rrm3�53-202). In
helicase motif starts at amino acid 250 (Figure 1). To Figure 2B, the different amino-terminal deletion mu-
determine the contribution of the amino terminus to the tants are grouped into three classes based upon their
in vivo functions of Rrm3p, we constructed a series of dele- overall phenotypes, as determined by the experiments
tions that removed different amounts of the amino termi- reported in this article.

Before examining the phenotypes of cells expressingnus (Figure 2A). The deletion alleles were modified
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1209Structure and Function of the Rrm3p Helicase

Figure 2.—Structure and summary of
phenotypes of rrm3 deletion alleles. (A)
Amino-terminal deletions of Rrm3p. Dele-
tion alleles are named according to the
amino acids removed. The amino termi-
nus of Rrm3p is 249 amino acids long.
Full-length Rrm3p is 723 amino acids. The
dashed vertical line indicates the end of
the amino terminus and the beginning of
the helicase domain. Thick lines are the
regions of the protein that are present
and thin lines indicate the regions de-
leted. (B) The nine alleles are divided into
three classes based upon the phenotypes
described in this article, which are summa-
rized here. Plus indicates a wild-type phe-
notype; minus indicates the null pheno-
type; �/� indicates an intermediate
phenotype; RFB indicates a novel pertur-
bation at the RFB. The protein column
indicates a rough estimate of protein lev-
els, with the wild-type level defined as one.

these amino-terminal deletion alleles, we first estab- tein, were detected. Because these degradation products
were not detected by antiserum to the amino terminus oflished that each mutant protein was expressed. All al-

leles, including wild-type RRM3, were cloned into the Rrm3p, they are consistent with Rrm3p being degraded
or cleaved within its amino terminus (data not shown).LEU2 centromere plasmid YCplac111 and expressed as

Myc-tagged proteins under the control of the RRM3 By comparing Westerns from 10-, 30-, and 100-fold serially
diluted proteins (Figure 3), we estimate that rrm3�134-promoter in an rrm3� strain. Proteins were prepared

from equivalent numbers of log phase cells for each strain, 196, rrm3�121-211, and rrm3�53-202 were expressed at
levels that were roughly 10-fold higher than the wild-separated by electrophoresis, and visualized by Western

analysis using anti-Myc antibody (Figure 3; asterisks indi- type level, while rrm3�2-234 was expressed up to 100
times higher than the wild-type level. Alleles rrm3�2-cate expected positions for full-length proteins). For ease

of comparison, we loaded 1:10 (Figure 3A), 1:30 (Figure 249, rrm3�2-218, rrm3�2-194, rrm3�2-177, and rrm3�3-
139 were �10-fold but �100-fold overexpressed (sum-3B), and 1:100 (Figure 3C) dilutions of extract from strains

expressing the deletion alleles. Membranes were stripped marized in Figure 2B). Comparable or even much
higher overexpression is seen for amino-terminally trun-and reprobed with an anti-actin antibody to verify that

extracts from the deletion strains contained similar cated versions of the S. cerevisiae Sgs1p DNA helicase
(Mullen et al. 2000). Although very high levels of over-amounts of protein. The extracts from the RRM3 and the

rrm3� strains were not diluted. expression of full-length Rrm3p from a GAL promoter
cause slow growth (J. Z. Torres and V. A. Zakian, un-All of the deletion alleles produced stable protein (Fig-

ure 3). In fact, all of the terminally deleted mutant proteins published results), none of the strains expressing the
amino-terminal rrm3 deletion alleles had obvious growthwere overexpressed relative to wild-type Rrm3p. In some

cases, degradation products, in addition to full-length pro- defects (data not shown). Since all of the mutant alleles
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Figure 3.—The Rrm3p amino terminus nega-
tively regulates protein abundance. For each
strain, proteins were extracted from equal num-
bers of cells, diluted as indicated, separated by
SDS-PAGE, and analyzed by Western blotting us-
ing a monoclonal anti-Myc antibody (BD Biosci-
ences Clonetech). The same membranes were
also probed with anti-actin antibody to establish
that similar amounts of protein were loaded for
each of the strains expressing rrm3 deletion al-
leles. Positions of molecular weight markers are
indicated. For each allele, the expected position
of full-length protein is marked with an asterisk.
In each strain, the YCplac111 plasmid alone or
carrying an allele expressed from the RRM3 pro-
moter was introduced into an rrm3� strain. (A)
A 1:10 dilution of protein extract was loaded for
all lanes except the lanes with extracts from RRM3
(lane 1) and rrm3� (lane 2) cells; i.e., 10 times
more RRM3 and rrm3� extract was loaded com-
pared to the amount from each of the deletion
alleles. (B) 1:30 dilutions of mutant protein ex-
tracts. (C) 1:100 dilutions of mutant protein ex-
tracts. Protein abundance was estimated from
these gels. Note the band visible for rrm3�2-218
is a doublet. Western exposure times were varied
according to the dilution level of the extracts from
the rrm3 deletion alleles.

are expressed, any mutant phenotypes are not due to digested with the appropriate restriction enzyme, sepa-
rated on 2D gels, and analyzed by Southern blotting. Welack of protein. In addition, we conclude that the amino

terminus negatively regulates protein levels. examined replication of an alanine tRNA gene (tRNAA,
tA[AGC]F), the left telomere of chromosome VII, andReplication fork progression is altered in Rrm3p amino-

terminal deletion alleles: In the absence of Rrm3p, replica- the rDNA in each of the nine amino-terminal deletion
mutants. On the basis of their patterns of replicationtion forks slow or stall at �1400 discrete sites, including

tRNA genes, telomeres, and multiple sites within the through these three DNA substrates, the mutants fell
into three classes. Four mutants had replication pheno-rDNA array (Ivessa et al. 2000, 2002, 2003). These repli-

cation defects are detected using 2D agarose gel electro- types indistinguishable from that of rrm3� cells (class
1); four mutants were defective in replication but notphoresis (Brewer and Fangman 1987). After separation

by 2D gels, nonlinear replication intermediates migrate as defective as rrm3� cells (class 2); one mutant had
wild-type or nearly wild-type replication at tRNAA andmore slowly than linear molecules of the same mass. In

an asynchronous culture, most DNA molecules are non- telomere VII-L but a novel replication pattern in the
rDNA (class 3; summarized in Figure 2B). For ease ofreplicating and form a large spot (1N spot) on the arc

of linear molecules (Figure 4.1; arc of linears is indicated presentation, we show the results for only one mutant
from each of the three classes for each DNA substrate.with a dashed line). Simple forked replication interme-

diates will emanate from the 1N spot and become in- Even in wild-type cells, replication forks pause at
tRNAA (Deshpande and Newlon 1996; Figure 4.2; indi-creasingly nonlinear until the fork reaches the midpoint

of the fragment (Figure 4.1; arc of replication intermedi- cated by arrow), but this pausing is increased dramati-
cally in rrm3� cells (Ivessa et al. 2003; Figure 4.3). Inates is indicated with a solid line). As replication prog-

resses, the forked intermediates become increasingly addition, structures with the mobility expected for
breakage of these stalled forks were detected (Martin-linear in shape until they reenter the arc of linear mole-

cules when their replication is almost complete and Parras et al. 1992; Figure 4.3; indicated with asterisk).
The pattern of tRNAA replication in cells carrying class 1their mass is close to 2N. When replication forks are

slowed or stopped at a specific site, they generate an area alleles (rrm3�2-249, rrm3�2-234, rrm3�2-218, and rrm3�
2-194) was indistinguishable from that seen in rrm3�of more intense hybridization on the arc of replication

intermediates at the site of pausing (Figure 4.1; pause cells (Figure 4.4). In the four class 2 mutants (rrm3�2-
177, rrm3�3-139, rrm3�121-211, and rrm3�53-202), thesite indicated by an arrow).

To determine if the amino-terminal rrm3 deletion extent of pausing at tRNAA was intermediate between
that seen in wild-type and rrm3� cells (Figure 4.5). Inalleles can supply the replication functions of Rrm3p,

genomic DNA was isolated from asynchronous cultures, addition, replication fork breakage was not detected in
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1211Structure and Function of the Rrm3p Helicase

replication forks paused as they moved through the
�300-bp tract of telomeric DNA, and this telomeric
pausing was exacerbated in rrm3� cells (Figure 4.8, WT;
9, rrm3�; position of telomere indicated by arrow). Also
as shown previously, another pause mapping to a site
within the adh4 gene was detected in rrm3� but not in
wild-type cells (Figure 4.9; indicated with asterisk). Cells
expressing class 1 rrm3 alleles showed both the increased
pausing within the VII-L telomere and the adh4 pause,
again making replication in these mutants indistinguish-
able from rrm3� cells (Figure 4.10). Although the four
class 2 mutants had a telomere pause similar to that in
rrm3� cells, the pause within adh4 was barely detectable
(Figure 4.11). Thus, as at tRNAA, the telomere replica-
tion phenotype for class 2 mutants was intermediate
between that of wild-type cells and cells lacking Rrm3p.
The class 3 mutant had a telomere replication pattern
similar to that of wild-type cells (Figure 4.12).

We also examined replication through the rDNA lo-
cus. S. cerevisiae rDNA is organized into �150 tandem
9.1-kbp repeat units. Each repeat contains the 5S and
35S rRNA genes, a potential origin of replication (ARS),
and an RFB. Even though each repeat contains an ARS,
only �20% of these ARSs are active in a given cell cycle
(Brewer and Fangman 1988; Linskens and Huberman
1988; Pasero et al. 2002). Therefore, the pattern of
replication intermediates in the rDNA 2D gels is a com-
posite of repeats that contain an active origin and re-
peats that are replicated from a fork initiated in another

Figure 4.—Class 1 and class 2 rrm3 deletion alleles have repeat.
impaired replication at tRNAA and telomere VII-L. (1) Sche-

The RFB is a unidirectional block to replication forkmatic of 2D gel analysis of the 5.3-kbp Bgl II fragment that
progression (Brewer and Fangman 1988; Linskenscontains tRNAA in RRM3 DNA. The arrow indicates the posi-

tion of tRNAA on the arc of forked replication intermediates. and Huberman 1988). When leftward moving forks en-
(7) Schematic of 2D gel analysis of the 3.8-kbp Cla I fragment counter the RFB, they arrest. This arrest appears as an area
that contains the modified telomere VII-L in a wild-type strain: of intense hybridization on the arc of forked replication
the asterisk indicates a pause in subtelomeric DNA, and the

intermediates (Figure 5, 1 and 2; marked by bracket).arrow indicates the pause within the �300-bp telomere. In 1
When a rightward moving fork converges on the left-and 7, the 1N spot, which consists of nonreplicating DNA,

falls on the arc of linear molecules (indicated with a dashed ward fork arrested at the RFB, an X-shaped structure is
line). Almost fully replicated DNA fragments reenter the arc formed (Figure 5, 1 and 2; marked with X). In the ab-
of linear molecules when their mass is nearly 2N. Although sence of Rrm3p, the amount of DNA in converged forks
replication was examined in each deletion allele, only one

increases (Ivessa et al. 2000). In addition, sites that doexample is shown from each class. DNA from the indicated
not cause replication fork slowing in wild-type cells arestrains was digested with Bgl II (tRNA gels) or Cla I (telomere

gels), separated by 2D gels, and analyzed by Southern blotting pause sites in rrm3� cells (Ivessa et al. 2000). In rrm3�
using a portion of HIS2 (for tRNAA) or URA3 (telomere VII- cells, rightward moving forks pause at the RFB, near
L). (2 and 8) Wild type; (3 and 9) rrm3�; (4 and 10) class 1 the beginning and end of the 35S rRNA gene, near the
mutants; (5 and 11) class 2 mutants; and (6 and 12) class 3

5S rRNA gene, and at inactive origins (Figure 5.3; formutant.
mapping of pause sites, see Ivessa et al. 2000).

To examine rDNA replication, DNA was digested with
BglII, which produces a 4.5-kbp fragment with the RFBany of the class 2 mutants. The class 3 mutant rrm3�134-

196 exhibited a replication pattern at tRNAA indistin- in the middle of the fragment. Because of the pausing
of rightward moving forks at the RFB (in addition toguishable from that of wild-type cells (Figure 4.6).

Next we examined replication through the chromo- the arrest of leftward moving forks at this site), the
amount of signal at the RFB in Bgl II-digested DNA issome VII-L telomere (Figure 4.7). For these experi-

ments, the chromosome VII-L telomere was modified about two times higher in rrm3� cells than in wild-type
cells (Ivessa et al. 2000; Torres et al. 2004a). rDNAby insertion of URA3 into the ADH4 gene, which deletes

the subtelomeric repeats and a portion of ADH4. As replication in cells expressing class 1 alleles (rrm3�2-
249, rrm3�2-234, rrm3�2-218, and rrm3�2-194) had theshown previously (Ivessa et al. 2002), in wild-type cells,
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1212 J. B. Bessler and V. A. Zakian

same rDNA replication pattern as in rrm3� cells (Figure
5.4). The class 2 mutants (rrm3�2-177, rrm3�3-139,
rrm3�121-211, and rrm3�53-202) again had a phenotype
between that of wild-type and that of rrm3� cells (Figure
5.5). Converged forks were more abundant than in wild-
type cells but less frequent than in rrm3� cells. Addition-
ally, replication forks paused at most of the rrm3�-
dependent sites, but the extent of pausing was lower
than in rrm3� cells. The class 3 mutant rrm3�134-196
exhibited a unique rDNA phenotype (Figure 5.6). In
this mutant, pausing at the RFB was not localized to
a discrete spot but rather occurred over a larger area
surrounding the RFB. In addition, there were even fewer
converged forks than in wild-type cells, while all other
deletion alleles showed more converged forks. In addition,
pauses at the ARS, 5S, and 35S genes were not detected.

To confirm the novel RFB phenotype in the class 3
mutant, we examined rDNA replication in rrm3�134-
196 cells after digestion with StuI. This digest produces
a fragment of �5.0 kbp in which the ARS is in the
middle of the fragment. The subset of repeats with active
origins generates bubble-shaped replication intermedi-
ates (Figure 5.7; BU). Forks stalled or converged at the
RFB migrate on the arc of forked intermediates near
the position of fully replicated (2N) molecules (Figure
5.7; RFB and X). As in BglII-digested DNA, the RFB
appeared less discrete in StuI-digested DNA from
rrm3�134-196 cells than in wild-type cells, and again,
converged forks were almost absent. Pausing was not
detectable at the 5S, 35S, and ARS sites, and the fre-
quency of initiation was not detectably altered (Figure
5.10; compare to 8 and 9).

The class 3 mutant phenotype is Fob1p dependent:
Fob1p binds to the RFB (Huang and Moazed 2003) and
is essential for RFB function (Kobayashi and Horiuchi
1996). In the rrm3�134-196 mutant, fork arrest at theFigure 5.—Class 1 and class 2 rrm3 deletion alleles have

impaired replication at rDNA. (1) Schematic of 2D gel analysis RFB appeared less efficient: the RFB pause was less
of the 4.5-kbp Bgl II rDNA fragment in RRM3 DNA. The posi- discrete than in wild-type cells, and forks did not con-
tions of forks arrested (RFB; marked by bracket) and con- verge at the RFB (Figure 5.6 and 10). One possible
verged (X) at the RFB are indicated. Arrows mark the positions explanation for this result is that Fob1p does not bindof replication forks at inactive origins of DNA replication

or binds less well to the RFB in this mutant. To test this(ARS), the end of the 35S transcript (35S), and the 5S rRNA
possibility, we used ChIP to monitor Fob1p binding. Wegene (5S). (7) Schematic of 2D gel analysis of the 5.0-kbp

Stu I rDNA fragment in RRM3 DNA; symbols are the same as used a Fob1p-Myc13-tagged protein that functions as
in 1. In addition, HJ indicates putative Holliday junctions, BR well as wild-type Fob1p to arrest forks at the RFB (J. Z.
indicates broken replication intermediates, and BU indicates Torres and V. A. Zakian, unpublished results). Chro-
bubble-shaped replication intermediates that arise from the

matin was crosslinked in vivo, sheared, and immunopre-�20% of repeats that contain an active origin. Although rDNA
cipitated with anti-Myc antibody. The crosslinks in thereplication was examined in each deletion allele, only one
immunoprecipitate were reversed, and the DNA in theexample is shown from each class. DNA from the indicated

strains was digested with Bgl II (2–6) or Stu I (8–13), separated pellet was amplified by quantitative multiplex PCR, us-
by 2D gels, and analyzed by Southern blotting using a portion ing primers that amplify a 363-bp fragment that spans
of rDNA as a probe. (2 and 8) Wild type; (3 and 9) rrm3�; the RFB and a 407-bp fragment from within the 35S
(4) class 1 mutant; (5) class 2 mutant; and (6 and 10) class 3

coding region (Figure 6A). In wild-type cells, the RFBmutant. To determine if the RFB phenotype of rrm3�134-196
was enriched 9.6 � 2.5-fold (average � SD) over itscells was Fob1p dependent, Stu I-digested DNA from fob1�

(11), rrm3� fob1� (12), and rrm3�134-196 fob1� (13) was ana- presence in the no Myc tag control strain. In rrm3�134-
lyzed. The thin arrow in 12 indicates the presence of a new 196 cells, the RFB was enriched 13.6 � 3.7 (Figure
pause in rrm3� fob1� cells (Torres et al. 2004a). 6B). These values are not significantly different by the
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1213Structure and Function of the Rrm3p Helicase

(Figure 5.13). This mutant had a replication pattern
that was indistinguishable from a fob1� strain (Figure
5.11). Thus, the presence of a functional RFB was neces-
sary for the unusual rDNA replication pattern of the
rrm3�134-196 mutant.

The amino terminus of Rrm3p is required for viability
in the absence of DNA repair proteins: The pausing
and breakage of replication forks that characterize rrm3�
cells make them dependent upon checkpoint and repair
proteins for viability (see Introduction). For example,
mec1� sml1� rrm3� cells are not viable at 23
 (Ivessa et
al. 2003). [All mec1� strains used in this study are also

Figure 6.—Fob1p binding to the RFB is not diminished in sml1� as mec1� sml1� strains are viable but checkpoint
rrm3�134-196 cells. (A) Schematic of a single repeat of S. defective (Zhao et al. 1998)]. Similarly, rrm3� srs2� and
cerevisiae rDNA. The DNA regions PCR amplified in the ChIP

rrm3� rad50� cells are not viable (Ivessa et al. 2003; Ooiassays are indicated below. (B) Chromatin immunoprecipita-
et al. 2003; Weitao et al. 2003; Schmidt and Kolodnertion using anti-Myc monoclonal antibody was carried out in

wild-type and rrm3�134-196 cells expressing Fob1-13Myc and 2004; Torres et al. 2004b).
in wild-type cells lacking an Myc-tagged protein (labeled no To determine if the amino terminus of Rrm3p is
tag). Twofold serial dilutions of rrm3� input DNA were ampli- needed for viability when cells are checkpoint or repair
fied to establish the linearity of PCR reaction. A 363-bp frag-

deficient, we asked if cells carrying the rrm3 amino-ment that spans the complete RFB (RFB) and a 407-bp se-
terminal deletion alleles as their only copy of RRM3quence from within the 35S RNA gene (35S) were PCR

amplified. PCR products were resolved on a 2.8% ethidium were viable in the absence of Mec1p, Srs2p, or Rad50p.
bromide/agarose gel and quantified by densitometric analysis. The deletion alleles were introduced on the LEU2 plas-

mid YCplac111 into rrm3� cells that also lacked MEC1
SML1, SRS2, or RAD50. These strains carried a wild-type

criterion of a t-test (P � 0.05). rrm3� cells also showed copy of RRM3 on the URA3 plasmid pIA20. Because
a similar level of Fob1p association at the RFB (J. B. cells expressing Ura3p are not viable on medium con-
Bessler and V. A. Zakian, unpublished results). Fob1p taining the drug 5-FOA (Boeke et al. 1987), only cells
binding was specific for the RFB, as the 35S sequence that retain viability upon loss of pIA20 and thus have
was not enriched in the anti-Myc immunoprecipitate only mutant Rrm3p will grow on 5-FOA media. The
from either strain (Figure 6B). Thus, the altered pattern rrm3� mec1� sml1� cells carrying the largest amino-ter-
of replication through the RFB in rrm3�134-196 was not minal deletions (class 1 alleles: rrm3�2-249, rrm3�2-234,
due to impaired Fob1p binding. rrm3�2-218, and rrm3�2-194) did not grow on 5-FOA

As shown previously (Torres et al. 2004a), the two medium, while strains expressing class 2 and class 3
rrm3�-dependent defects at the RFB, the pausing of alleles were viable in the absence of Mec1p (rrm3�2-177,
rightward moving forks, and the large increase in con- rrm3�3-139, rrm3�134-196, rrm3�121-211, and rrm3�53-
verged forks are Fob1p dependent (Figure 5.11). How- 202; for ease of presentation, only one example from
ever, other rrm3�-dependent rDNA pauses, such as the each mutant class is shown in Figure 7A). The mec1�
pause at inactive ARSs, are not diminished in a fob1� sml1� strains expressing class 2 and class 3 alleles grew as
rrm3� strain (Torres et al. 2004a). In addition, there well as RRM3 mec1� sml1� cells (data not shown). The
is a new pause in fob1� rrm3� rDNA that was not detected same result was obtained with rrm3� srs2� and rrm3�
in either wild-type or rrm3� cells (Figure 5.12; leftward rad50� cells: srs2� and rad50� cells expressing class 1 rrm3
moving forks pausing at an inactive ARS is indicated by alleles were not viable, while srs2� and rad50� strains
thin arrowhead; Torres et al. 2004a). Additional new expressing class 2 and 3 alleles were viable and grew as
pauses are seen with different digests (Torres et al. well as singly mutant strains (data not shown). Thus,
2004a). These pauses are attributed to the passage of the amino terminus of Rrm3p is required to prevent
leftward moving forks past parts of the rDNA through lethality in the absence of checkpoint or repair proteins.
which they do not normally move, as normally leftward However, as little as 72 amino acids of the Rrm3p amino
forks are arrested at the RFB by Fob1p. terminus, as in rrm3�2-177, were sufficient for viability

The unusual pattern of rDNA replication in the in checkpoint- or repair-deficient rrm3� cells.
rrm3�134-196 strain might be due to pausing at a new Activation of the intra-S-phase checkpoint requires
site in rDNA. Alternatively, the novel replication pattern the Mec1p-dependent phosphorylation of the kinase
near the RFB in the rrm3�134-196 strain could be due Rad53p. Rad53p hyperphosphorylation can be visual-
to altered replication through the RFB. If the second ized as the presence of higher molecular weight forms
model is correct, the elongated pause around the RFB of Rad53p on a Western blot (Sanchez et al. 1996).
should be Fob1p dependent. To test this possibility, we Extracts were prepared from rrm3� cells carrying a cen-

tromere plasmid without an insert or the same plasmidexamined rDNA replication in a fob1� rrm3�134-196 strain
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1214 J. B. Bessler and V. A. Zakian

Figure 7.—Class 1 alleles, unlike class 2 and 3 alleles, hyper-
phosphorylate Rad53p and require checkpoint and repair pro-
teins for viability. (A) A mec1� sml1� derivative of each rrm3
deletion allele was constructed. Each strain also contained the
RRM3 URA3 plasmid pIA20. Cells were streaked on plates
containing 5-FOA, which kills URA3 cells, and grown for 3
days at 23
. Only cells that retain viability upon loss of the
URA3 plasmid-borne RRM3 allele can grow on 5-FOA plates.

Figure 8.—The helicase domain contributes to the func-One example of each deletion class is shown. (B) Cell extracts
tional specificity of Rrm3p. (A) Schematic of the hybrid pro-were prepared from equal numbers of log phase cultures
tein. The top line shows Rrm3p divided into its three regions.of the indicated strains, separated on acrylamide gels, and
The second line shows Pif1p. In both cases, the numbersanalyzed by Western blotting using a Rad53p polyclonal anti-
indicate the first and last amino acid of the respective helicasebody JDI47 kindly supplied by J. Diffley.
domain. Rrm3p is 723 amino acids long and Pif1p is 859
amino acids. The third line is the hybrid protein. Hatched
regions are from Rrm3p and solid regions are from Pif1p. (B)

with either wild-type RRM3 or one of the rrm3 deletion Protein levels of wild-type protein vs. the Rrm3-Pif1 fusion
alleles. These extracts were examined by Western blot- protein. The Western blot was probed with anti-Myc mono-

clonal antibody. (C) Viability assay using an rrm3� mec1� sml1�ting, using an anti-Rad53p serum (Figure 7B). As re-
strain. Strains were grown at 23
 for 3 days on YC-LEU 5-FOAported previously (Ivessa et al. 2003), Rad53p from
media. Two independent transformants of Rrm3-Pif1p areRRM3 cells migrated as a discrete band but was hyper- shown. (D) A 2D gel of Bgl II-digested DNA from rrm3� cells

phosphorylated in extracts from rrm3� cells. The extent expressing Rrm3-Pif1p. X indicates the converged forks and
of Rad53p hyperphosphorylation in cells expressing the bracket marks the position of the RFB. Arrows point to

the position of the 5S rRNA genes, the 35S rRNA terminationclass 1 amino-terminal deletion alleles (rrm3�2-249,
site, and the ARS on the arc of simple Y’s.rrm3�2-234, rrm3�2-218, and rrm3�2-194) was indistin-

guishable from that of rrm3� cells. However, Rad53p
was not fully phosphorylated in any of the class 2 or

helicase domains, their amino termini are not related,the class 3 deletion alleles (Rad53p might be partially
and their in vivo functions are quite different (see Intro-activated in rrm3�53-202 cells; Figure 7B). Thus, even
duction). To determine if the amino terminus of Rrm3pthough cells expressing class 2 mutant alleles showed repli-
confers functional specificity on its helicase domain, wecation defects at multiple rrm3-dependent loci (summa-
generated an Myc-tagged hybrid protein consisting ofrized in Figure 2B), the extent of replication pausing in
the Rrm3p amino terminus, the Pif1p helicase domain,these mutants was not sufficient to fully activate the
and the Rrm3p carboxyl terminus and expressed it fromintra-S-phase checkpoint.
the RRM3 promoter (Figure 8A). Because the helicaseThe helicase domains of Rrm3p are also required for
domain of Pif1p is 41 amino acids larger than the corre-helicase specificity: This article shows that the amino
sponding region of Rrm3p, this hybrid protein was 41terminus of Rrm3p is needed for its replication function
amino acids longer than wild-type Rrm3p. We do notat tRNAA, telomere VII-L, and the rDNA (Figures 4 and

5). While Rrm3p and Pif1p are 60% similar within their know if the Pif1p helicase domain in the Rrm3-Pif1
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1215Structure and Function of the Rrm3p Helicase

fusion protein has helicase activity in vitro ; the helicase Rad53p and inviability when MEC1, SRS2, or RAD50 was
deleted (Figure 7). As all of the deletion proteins weredomains of both Rrm3p and the Schizosaccharomyces pombe

Pfh1p have helicase activity comparable to full-length expressed, their mutant phenotypes cannot be attrib-
uted to lack of protein. Indeed, each of the class 1 allelesPif1p (Zhou et al. 2000, 2002; Ivessa et al. 2002). West-

ern analysis revealed that this fusion protein was expressed was expressed at levels that were roughly 10–100 times
higher than wild-type Rrm3p levels (Figure 3; summa-at modestly reduced levels compared to wild-type Rrm3p

(Figure 8B). A Pif1p amino terminus-Rrm3p helicase do- rized in Figure 2B) and in some cases degradation prod-
ucts were visible. Similarly, amino-terminally deletedmain hybrid protein was also constructed. Although DNA

sequencing confirmed that the clone was properly con- versions of Sgs1p are overexpressed and often degraded
(Mullen et al. 2000). However, we do not believe thestructed, by the criterion of Western analysis, this fusion

protein was not expressed. degradation products account for the phenotypes de-
scribed in this article, as the presence of the smallerSeveral experiments were done to determine if the

Rrm3-Pif1 fusion protein could supply the replication proteins did not correlate with any set of phenotypes.
For example, rrm3�2-234 had almost no degradationfunction of Rrm3p. First, we asked if the hybrid protein

could suppress the inviability of cells deleted for RRM3 products, while rrm3�2-194 showed extensive degrada-
tion (Figure 3). Nonetheless, cells expressing these al-in conjunction with srs2�, rad50� or mec1� sml1�. In each

case, the doubly mutant cells were inviable without the leles had indistinguishable phenotypes (Figure 2B).
Additionally, although we cannot rule out the possi-plasmid-borne RRM3 (Figure 8C and data not shown).

The inability of the Rrm3-Pif1 fusion protein to support bility that the mutant phenotypes of the class 1 alleles
were due to protein overexpression, we consider thisviability held true even when the fusion protein was

expressed at higher levels by placing the construct on interpretation unlikely, as overexpression of full-length
Rrm3p from a high-copy-number 2� plasmid did nota multicopy 2� plasmid (data not shown). We also exam-

ined rDNA replication in cells expressing the hybrid affect DNA replication by 2D gels (J. B. Bessler and
V. A. Zakian, unpublished results). Also, none of theprotein. Cells expressing the hybrid protein had an

rDNA replication phenotype indistinguishable from class 1 alleles had an evident effect on growth rates
while very high level overexpression of Rrm3p from athat of rrm3� cells (Figure 8D). Taken together, these

data indicate that the helicase domain of Rrm3p also galactose-inducible promoter inhibits cell growth (J. Z.
Torres and V. A. Zakian, unpublished results). In con-contributes to functional specificity.
trast to the effects of deleting parts of the amino termi-
nus, point mutations in conserved helicase motifs that

DISCUSSION
eliminate in vivo Rrm3p function modestly reduce
Rrm3p abundance (J. B. Bessler, A. L. Garfall andAlthough Pif1 helicase family members are highly

similar throughout their helicase domains, their amino V. A. Zakian, unpublished results; Ivessa et al. 2000).
Thus, in addition to its role in promoting replication,termini are diverse. For example, the two S. cerevisiae

Pif1 family members, Pif1p and Rrm3p, are 60% similar the amino terminus of Rrm3p negatively regulates pro-
tein abundance.within their �450-amino-acid helicase domain but have

no significant similarity within their �250-amino-acid Another possible explanation for the null phenotypes
of class 1 alleles is that these proteins fail to enter theamino termini (Figure 1). Since a truncated Rrm3p that

lacks the first 194 amino acids of the protein has ATPase nucleus. Although one program (predictNLS;//maple.
bioc.columbia.edu/predictNLS) did not predict a nuclearand 5� to 3� DNA helicase activity, the amino terminus

is not required for in vitro activity (Ivessa et al. 2002). localization signal (NLS) in Rrm3p, another (PSORTII;//
psort.ims.u-tokyo.ac.jpl/form2.html; Nakai and HortonThis article examines the in vivo function of the Rrm3p

amino terminus. We constructed a series of alleles that 1999) detected three elements that meet the minimal
criteria for an NLS (at amino acids 106, 186, and 204;lacked all or part of the amino terminus of Rrm3p (Fig-

ure 2A) and tested their ability to support fork progres- Figure 1, putative NLSs are underlined). If the null
phenotypes of class 1 alleles are due solely to their failuresion at three Rrm3p-dependent loci, to suppress activa-

tion of DNA checkpoints, and to maintain viability in to be nuclear localized, then there must be an NLS
between amino acids 177 and 194, as rrm3�2-194 is athe absence of checkpoint and repair genes.

By each of these in vivo assays, the amino terminus nonfunctional class 1 allele and rrm3�2-177 is a partially
functional class 2 allele and therefore must be able toof Rrm3p was essential for Rrm3p function. Strains ex-

pressing the four largest amino-terminal deletion al- enter the nucleus. Indeed, one of the minimal NLS
elements predicted by PSORTII is in this region. How-leles, which contained 0–55 amino acids of the amino

terminus, had phenotypes indistinguishable from an ever, rrm3�53-202 is also a class 2 allele so it too must
be nuclear localized yet this allele lacks amino acidsrrm3� strain: cells expressing these class 1 alleles showed

rrm3�-like levels of replication fork pausing at rDNA, 177–194. Therefore, to explain the functionality of the
different amino-terminal deletion alleles by the pres-at telomeric and subtelomeric loci, and at tRNAA (Fig-

ures 4 and 5), as well as hyperphosphorylation of ence or absence of an NLS, one must invoke a second
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1216 J. B. Bessler and V. A. Zakian

NLS in amino acids 1–53. However, this region is not RFB binding proteins and Rrm3p. Although we cannot
eliminate this model, we did not detect an interactionpredicted to have even a minimal NLS. Thus, it is diffi-

cult to explain the phenotypes of the rrm3 amino-termi- between Fob1p and Rrm3p by co-immunoprecipitation
or two-hybrid experiments (data not shown).nal deletion alleles by nuclear localization alone. More-

over, at least the smallest deletion derivatives are Another possibility is that Rrm3�134-196p is a more
potent helicase than wild-type Rrm3p. A more activeprobably small enough to enter the nucleus by diffusion.

Finally, we used immunofluorescence microscopy to ex- Rrm3p might increase the probability that leftward mov-
ing forks can move past the RFB-protein complex, re-amine cells expressing Rrm3�2-249p and Rrm3�2-194p,

the largest and smallest amino-terminal deletion deriva- sulting in less pausing and fewer converged forks at the
RFB. This model predicts that pausing at other Rrm3p-tives that had null phenotypes, and found that neither

protein was excluded from the nucleus (M. Mondoux dependent sites might also be reduced in rrm3�134-
196 cells. Although we saw no suggestion for decreasedand V. A. Zakian, unpublished results). Therefore, it

is unlikely that failure to enter the nucleus is the expla- pausing at tRNAA in rrm3�134-196 cells (Figure 4.6),
there was a modest decrease in pausing through thenation for the null phenotypes of class 1 alleles.

Class 2 alleles, which had smaller amino-terminal de- VII-L telomere, although this difference was small and
could not be quantitated with confidence (Figure 4;letions, were also defective in DNA replication at all

three loci (Figures 4 and 5). Deleting either the terminal compare 12 and 8). The rrm3�134-196 allele is the only
one we isolated that appears to have locus-specific effects136 amino acids from Rrm3p (rrm3�3-139) or 90 amino

acids from the center of the amino terminus (rrm3�121- on replication. The model that Rrm3�134-196p is a
more active helicase is probably best tested by in vitro211) was sufficient to reduce the ability of the protein

to promote fork progression at multiple sites. However, assays, but we are unable to purify Rrm3p containing
large portions of its amino terminus (Ivessa et al. 2002).at each locus, the extent of pausing was not as great in

cells expressing class 2 alleles as it was in an rrm3� strain. However, there is precedent for negative regulation of
helicase activity by a portion of the amino terminus, as anMoreover, cells expressing class 2 alleles did not fully phos-

phorylate Rad53p nor were they dependent on Mec1p, amino-terminal deletion derivative of the yeast helicase
Dna2p has higher specific activity by in vitro assays thanSrs2p, or Rad50p for viability (Figure 7). Current models

propose that the intra-S-phase checkpoint is activated does full-length protein (Bae et al. 2001). In addition,
the amino terminus of Sgs1p is proposed to containonly once the number of stalled replication forks ex-

ceeds a certain threshold (Shimada et al. 2002; Tercero multiple activator and repressor domains, which can
modulate helicase activity in vivo (Mullen et al. 2000).et al. 2003). Our results with the class 2 rrm3 deletion

alleles support a threshold model for activation of the The presence of repressor and activator domains in
the amino terminus of Rrm3p would also explain theintra-S-phase checkpoint, as reducing the extent of rep-

lication fork pausing at the many rrm3-dependent pause intermediate phenotypes of the class 2 alleles. These
domains could be protein interaction sites or affect pro-sites obviated the dependence of class 2 mutant cells

on checkpoint and repair genes and did not hyperphos- tein folding and hence helicase activity.
We also constructed a fusion protein consisting ofphorylate Rad53p (Figure 7).

One deletion allele, rrm3�134-196, the smallest dele- the Rrm3p amino terminus fused to the helicase domain
of the highly related Pif1p (Figure 8). The failure oftion examined, had a novel phenotype. In most respects,

this allele was similar to wild type: replication pausing the Rrm3-Pif1 fusion protein to supply Rrm3p function
is unlikely due to insufficient protein, as the very smallat tRNAA and telomere VII-L was comparable to that in

wild-type cells, none of the rrm3-specific pauses in rDNA amount of Rrm3p expressed from a galactose-inducible
promoter in glucose grown cells is sufficient to conferwere seen, initiation of replication in rDNA was not

altered, Rad53p was not hyperphosphorylated, and cells viability on an rrm3 sgs1 strain (J. Z. Torres and V. A.
Zakian, unpublished results). Additionally, the fusionexpressing this allele did not require checkpoint or re-

pair genes for viability. However, pausing at the RFB was protein failed to supply Rrm3p function even when over-
expressed from a high copy plasmid. These data suggestperturbed: the arrest at the RFB was less discrete and the

abundance of forks converged at the RFB was even lower that both the amino terminus and the specific amino
acid sequence of its helicase domain are required tothan in wild-type cells (Figure 5, 7–13). Several models

can explain the phenotypes of rrm3�134-196 cells. For enable Rrm3p to promote fork progression.
The data in this article show that the amino terminusexample, Rrm3p could play a role in forming the pro-

tein complex at the RFB, and the rrm3�134-196 protein is a negative regulator of Rrm3p abundance and also is
required for the role of Rrm3p in moving replicationcould be defective for this function. However, this

model is unlikely, as Fob1p binding to the RFB was not forks past protein-DNA complexes. Most of the amino
terminus is required for these in vivo functions, as delet-perturbed in rrm3�134-196 cells (Figure 6). Alterna-

tively, the deletion could disrupt a protein interaction ing as little as 90 amino acids, as in rrm3�121-211, re-
duced its replication activity at multiple loci. The re-domain that is required for Rrm3p to recognize the

RFB. This model predicts a direct interaction between quirement for the amino terminus did not map to a

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/168/3/1205/6059645 by guest on 23 April 2024



1217Structure and Function of the Rrm3p Helicase

tandemly arrayed repeat units in Saccharomyces cerevisiae. Proc.single locus: deletion of a 90-amino-acid internal seg-
Natl. Acad. Sci. USA 80: 5345–5349.

ment (rrm3�121-211) or the amino-terminal 136 amino Gangloff, S., J. P. McDonald, C. Bendixen, L. Arthur and R.
Rothstein, 1994 The yeast type I topoisomerase Top3 interactsacids (rrm3�3-139) had similar phenotypes yet these
with Sgs1, a DNA helicase homolog: a potential eukaryotic reversedeletions were largely nonoverlapping. What is the func-
gyrase. Mol. Cell. Biol. 14: 8391–8398.

tion of the amino terminus? One appealing possibility Gietz, R. D., and A. Sugino, 1988 New yeast-Escherichia coli shuttle
vectors constructed with in vitro mutagenized yeast genes lackingis that it serves as a binding site for one or more proteins.
six-base pair restriction sites. Gene 74: 527–534.For example, PCNA binds to the amino terminus of

Gorbalenya, A. E., and E. V. Koonin, 1993 Helicases: amino acid
Rrm3p by both two-hybrid and in vitro experiments, and sequence comparisons and structure-function relationships.

Curr. Opin. Struct. Biol. 3: 419–429.this binding requires the terminal 54 amino acids of
Huang, J., and D. Moazed, 2003 Association of the RENT complexRrm3p (Schmidt et al. 2002). A candidate PCNA inter-

with nontranscribed and coding regions of rDNA and a regional
action motif or PIP-box is present in the amino terminus requirement for the replication fork block protein Fob1 in rDNA

silencing. Genes Dev. 17: 2162–2176.of Rrm3p, spanning amino acids 35–42 (Figure 1). How-
Huang, S., B. Li, M. D. Gray, J. Oshima, I. S. Mian et al., 1998 Theever, mutating the PIP-box from FF to AA in the context

premature ageing syndrome protein, WRN, is a 3�→5� exo-
of full-length Rrm3p did not affect rDNA replication by nuclease. Nat. Genet. 20: 114–116.

Ivessa, A. S., J.-Q. Zhou and V. A. Zakian, 2000 The Saccharomyces2D gel analysis (data not shown), although this mutation
Pif1p DNA helicase and the highly related Rrm3p have oppositedoes reduce the two-hybrid interaction (Schmidt et al.
effects on replication fork progression in ribosomal DNA. Cell

2002). Therefore, PCNA binding might not be essential 100: 479–489.
Ivessa, A. S., J.-Q. Zhou, V. P. Schulz, E. M. Monson and V. A.for Rrm3p function or, alternatively, PCNA might bind

Zakian, 2002 Saccharomyces Rrm3p, a 5� to 3� DNA helicaseto the amino terminus of Rrm3p at a site other than or
that promotes replication fork progression through telomeric

in addition to the putative PIP box. Identifying other and sub-telomeric DNA. Genes Dev. 16: 1383–1396.
Ivessa, A. S., B. A. Lenzmeier, J. B. Bessler, L. K. Goudsouzian,proteins that interact with the amino terminus of Rrm3p,

S. L. Schnakenberg et al., 2003 The Saccharomyces cerevisiaeas well as further in vitro analysis of Rrm3p, is likely to pro-
helicase Rrm3p facilitates replication past nonhistone protein-

vide insight into the mechanisms used by Rrm3p to pro- DNA complexes. Mol. Cell 12: 1525–1536.
Keil, R. L., and A. D. McWilliams, 1993 A gene with specific andmote fork progression through protein-DNA complexes.

global effects on recombination of sequences from tandemlyAdditionally, these analyses will further our understanding
repeated genes in Saccharomyces cerevisiae. Genetics 135: 711–718.

of the regulation of helicase activities. Kobayashi, T., and T. Horiuchi, 1996 A yeast gene product, Fob1
protein, required for both replication fork blocking and recombi-We thank J. Diffley for the anti-Rad53 antibody, M. Rose for the
national hotspot activities. Genes Cells 1: 465–474.anti-actin antibody, and A. Pellicioli and M. Foiani for advice on

Linskens, M. H. K., and J. A. Huberman, 1988 Organization of
detecting Rad53p phosphorylation. We are especially grateful to M. replication of ribosomal DNA in Saccharomyces cerevisiae. Mol.
Mondoux who examined the subcellular localization of amino trun- Cell. Biol. 8: 4927–4935.
cated versions of Rrm3p. We thank A. Ivessa and B. Lenzmeier for Longtine, M., A. I. McKenzie, D. Demarini, N. Shah, A. Wach et
assistance with 2D gels, J. Torres for strains and for development of al., 1998 Additional modules for versatile and economical PCR-

based gene deletion and modification in Saccharomyces cerevis-the Fob1p ChIP assay, and J. Sullivan, A. Garfall, and S. Schnakenberg
iae. Yeast 14: 953–961.for assistance with some of the experiments. We also thank A. Ivessa, B.

Martin-Parras, L., P. Hernandez, M. L. Martinez-Robles and J. B.Lenzmeier, J. Torres, M. Mateyak, and B. Wardleworth for numerous
Schvartzman, 1992 Initiation of DNA replication in ColE1helpful discussions over the course of this work and M. Mateyak,
plasmids containing multiple potential origins of replication. J.M. Sabourin, B. Wardleworth, and J.-B. Boulé for comments on the
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