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ABSTRACT

Ribosomal DNA (rDNA) replication origins of ~ Saccharo-
myces cerevisiae are known to function inefficiently,
both in the context of the tandem rDNA repeats in the
chromosome and as single copy autonomously rep-
licating sequences (ARSs) in plasmids. Here we
examined components of the rDNA  ARS that might
contribute to inefficient extrachromosomal replication.
Like the efficient H4 ARS, the rDNA ARS requires a
match to the 11 bp ARS consensus sequence (ACS)
and a broad non-conserved region that may contain
multiple elements, including a DNA unwinding element
(DUE). Using a single-strand-specific nuclease
hypersensitivity assay and by determining the super-
helical density required for stable DNA unwinding,
we found that the DNA of the rDNA  ARS is not as
easily unwound as the H4 ARS. Unwinding of the
rDNA ARS required additional energy, similar to the
unwinding of mutations in the H4  ARS that stabilize
the double helix in the DUE region and impair replication.

In vivo extrachromosomal replication of the rDNA
ARS was cold sensitive, like H4 ARS mutants that
require additional energy to unwind the DUE region
but unlike the easily unwound, wild-type H4
Impairment of replication function at reduced temper-
ature suggests that the elevated energy requirement
for DNA unwinding inherent in the wild-type rDNA
ARS contributes to inefficient replication function.
We also examined the essential ACS match in the
rDNA ARS, which is known to be imperfect at one
position. A point mutation in the essential ACS that
corrects the imperfect match increased the efficiency
of extrachromosomal replication. Our results reveal
that the essential ACS element and DNA unwinding
in the rDNA ARS are naturally impaired, suggesting
that inefficient function of the rDNA replication origin
has a biological purpose.

ARS.

INTRODUCTION

Duplication of the DNA in eukaryotic chromosomes initiates
at multiple sites called replication origins. The nature of rep-
lication origins, while well defined in bacteria and in certain
eukaryotic viruses, remains to be elucidated in most eukaryotic
species (reviewed in 1). Among eukaryotes, the replicator, the
collection ofcis-acting components that activate a replication
origin, is best defined in the yeaSaccharomyces cerevisiae
Yeast chromosomal replicators can be isolated as autonomously
replicating sequences (ARSs) which function as plasmid replication
origins. However, for unknown reasons, different replication
origins can vary widely in efficiency and not every ARS within
a chromosome is used in each S phase of the cell cycle (2,3).
A specific match to the 11 bp ARS consensus sequence
(ACS), WTTTAYRTTTW, is an essential component of plasmid
ARS elements and chromosomal replicators (4—7). An origin
recognition complex (ORC), consisting of six different proteins,
interacts with the ACS element and functions in initiation of
DNA replication (reviewed in 8). In addition to the ACS, the
flanking DNA, or B domain, contains multiple short sequence
elements that stimulate ARS function (7,9-12). Of four B elements,
B1-B4, two are known to interact with specific proteins. Element
B1 contributes to ORC binding (13,14). Element B3 binds a
known transcription factor (ABF1) which, depending on the
ARS, functions either near the ACS or at a distance (7,15).
The essential B domain of ARS elements spans a broad, non-
conserved region 3' to the T-rich strand of the required ACS
match. The DNA in that broad region is easily unwound (16-21)
and contains a DNA unwinding element (DUE). A DUE is a
cis-acting sequence whose intrinsic helical instability facilitates
replication origin activity (22). A DUE-containing region has
been roughly localized to the B domain by deletion mutations
within several ARS elements (see below). Helical stability
analysis of high resolution linker substitution mutations in
ARS307suggests that DUE function resides primarily in the
B2 element (23). The B2 element is functionally conserved
betweenARS307andARS1(9) and theARS1B2 element can
be functionally substituted by a broad, easily unwound
sequence (23). DUEs are functionally important in replicators
from other species, includingscherichia coli oriC SV40ori
and bacteriophage Tdri (22,24,25). In these replicators, the
DUE corresponds to the DNA sequence which first unwinds
during initiation of replication (25-28). By analogy with the
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DUE in prokaryotic and viral replicators, the DUE that flanks replication-defective HARSmutants that require additional
the yeast ACS element is proposed to facilitate localized DNAenergy to unwind the DUE region. To test the biological sig-
unwinding during initiation, providing the entry point into the nificance of the imperfection in the essential ACS match that
double helix for proteins involved in the subsequent steps ofve had previously identified (32), we show that a mutation that
replication. Consistent with this proposal, the initiation ofcorrects the imperfectionimproved the efficiency of
DNA synthesis in the yeagtRS1replicator starts in a region extrachromosomal replication. Our results indicate that the
near element B2 (29). essential ACS element and DNA unwinding in the rDRRS

A number of factors can determine the intrinsic ability of are naturally impaired, suggesting that inefficient function of
DNA to locally unwind and thus could influence DUE function. the rDNA replication origin has a biological purpose. Possible
Previous studies from this laboratory using negatively superbsiological purposes for natural impairments in the rDNA
coiled DNA have shown that temperature, superhelical streggplicator are discussed.
and DNA sequence are determinants of the unwinding ability of
DNA under specific ionic conditions vitro (16,30,31)In vivo,
sequence mutations and temperature variations have beM{ATERIALS AND METHODS
exploited to examine_the ro_Ie c_>f DNA unwinding_ability iN plasmids and DNA
ARS-mediated plasmid replication in yeast. Deletion or sub- _ o _
stitution mutations in the DUE region that replace an easilyPlasmids were propagated in either itiér HB101 strains of
unwound sequence with one that is more difficult to unwindE.colias described previously (19). The pWE vector is a derivative
reduce activity of a variety of ARS elements (6,16,19,31,32)0f pPBT3A (22). pBT3A is a pBR322 derivative that lacks
Conversely, dissimilar sequences that are easily unwound cé&clease hypersensitive sequences detected in pBR322 (30).
functionally substitute for the DUE region (6,19), suggesting?BT3A also lacks a portion of the ampicillin resistance gene
that the ease of DNA unwinding is a determinant of replicatiolAmp and the pBR322 segment froBspMIl to Tthill-1. The
origin function. The energetics of unwinding the replicationPWE vector contains the pUC12 polylinker inserted between
origin are biologically relevant since ARS mutations with anthePst andEcaRl sites of pBT3A (D.A.Natale and D.Kowalski,
elevated energy cost for unwinding the DUE region can pbalnpublished data). YIp5 is a pBR322-derived vector that contains

suppresseth vivo by increasing the temperature of cell growth the URA3gene as a selectable marker and has been described
(31). previously (42). pVHA (43) and YRp14CEN4 (44) are both

rDNA replication origins in the tandem rDNA repeats of centromeric plasmids that contain ti&A3gene as a selectable

yeast chromosome XII function inefficiently (33-35). Only a marker. Both plasmids also contain ti#JP11gene. The
small fraction of the potential rDNA origins in the 100—-200 smaller derivative o8UP11presentin pVHA does not contain
tandem repeats appear to be used to initiate DNA synthesis the WeakSUP1tassociatedARS3(43). YIp5, YRp14CEN4
yeast and the same is true for the tandem rDNA repeats of othéhd pVHA were used in various experiments to determine
organisms (36-38). A single copy rDNARSalso functions ARS function at different temperatures in yeast. The pWE and
inefficiently in extrachromosomal replication (32,39). Extra- YIpS vectors were used to assess supercoil-induced DNA
chromosomal rDNA replication is biologically important since unwindingin vitro. The sequences of HARS(H4, L35 and
rDNA circles containing the ARS element arise spontaneously vik96) and rDNAARS(r1, r2 and r3) derivatives used in these
recombination in the tandem repeats (40) and the accumulation 8xperiments have been previously described (32,45). Plasmids
rDNA circles in dividing yeast promotes cellular aging (41). used in P1 nuclease hypersensitivity assays or in two-dimensional

A cis-acting component closely associated with the rDNAgel analysis of topoisomers were isolated fréncoli by the
ARSmay contribute to the inefficiency of extrachromosomalboiling lysis method (46). This method of plasmid isolation
replication. Different sized rDNARSfragments ranging from ~ consistently yields plasmids with a median superhellc_al density of
2.7 kb down to a 107 bp minimal ARS function with similar —0.065 + 0.002 (17,30). Chromosomal and plasmid DNA for
inefficiency (32), minimizing the possibility that negative reg- Southern blot analysis were isolated from yeast by treating the
ulatory elements outside the minimal ARS are responsible fogells with lyticase (Sigma Chemical Co.) followed by lysis in
inefficient replication. Our previous characterization of¢ie ~ 0-5% SDS at 6% for 30 min and processing as described pre-
acting components of a minimal rDNA sequence with fullviously (47). The DNA was extracted with phenol:chloro-
ARS activity has identified the essential ACS match and dorm:isoamyl alcohol (35:34:1 v/v) and precipitated with
broad, easily unwound region containing a specific sequencethanol and resuspended in a solution of 10 mM Tris—HClI,
element and a DUE. However, the basis for inefficient extraPH 8, prior to restriction digestion.
chromosomal replication is not known.

In the present work, we have examined components of th
rDNA ARSthat might contribute to inefficient extrachromo-
somal replication. To better understand the structural propeffhe P1 nuclease is a single-strand-specific nuclease that was
ties and function of the DUE region, we have characterized thased to identify easily unwound regions in supercoiled DNA,
intrinsic unwinding ability of the  DNAARSas well as the as previously described (31). Under conditions of@7n
temperature dependence of extrachromosomal replication. W& mM Tris—HCI (pH 7.5) and 1 mM N&DTA, negative
find that the inefficient IDNAARSrequires more energy to supercoiling induces stable unwinding at the most easily
unwind than the HAARS an efficient replication origin. This unwound site in a plasmid and this site is hypersensitive to
finding appears to be biologically relevant since extrachromonicking by a single-strand-specific nuclease (31). Treatment of
somal replication mediated by the rDNARS in vivais cold  YIp5 and pWE derivatives containing the rDNARS
sensitive and similar cold-sensitive replication is seen witH{rl derivative) with P1 nuclease (2.4 ng iuR 600 U/mg) for

Mapping P1 nuclease hypersensitive sites in IDNARS
plasmids
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30 min resulted in complete conversion of the supercoiletransformants were grown to saturation under conditions
DNA to a nicked circular form. The frequency of the nicking selecting for plasmid retention (no uracil present) atG
event is once per molecule because immediately after nickingguid SD supplemented with ammonium sulfate, adenine
the superhelical tension is lost and the locally unwound regiosulfate and lysine HCI. The cells were then diluted and grown
renatures. After nicking, the plasmids were cut at a uniquén a non-selective medium, YPD (47), at specified tempera-
restriction site, end-labeled witP?P, irreversibly denatured tures for 25 generations.

with glyoxal and separated in an agarose gel as described , , i

previously (19). The gel was dried and subjected to autoradig®nalysis of plasmid content by Southern blotting

graphy. The P1 nuclease hypersensitive sites were mappeNA isolated from yeast was digested wiffcoRl (New
relative to known positions of restriction sites in the plasmidsEngland Biolabs) and separated in a 0.8% agarose gel at 6 V/cm
by determining the sizes of the denatured DNA products.  for 3 h in a Tris—phosphate buffer solution (TPE buffer). The
DNA in the gel was partially depurinated and denatured (49)
and was transferred to a Gene Screen |l membrane (DuPont) using
a Posiblot pressure blotting apparatus (Stratagene) according to
The level of negative supercoiling required to stably unwindhe manufacturer's protocol. After transfer, the DNA was
the rDNA ARSplasmid was assessed by two-dimensional getrosslinked to the membrane by exposure to 126214 light
electrophoresis of plasmid topoisomers (30). For this experimen254 nm) in a Stratalinker apparatus (Stratagene). The membrane
the rDNA ARS(r1 derivative) was subcloned between Bl was prehybridized with sheared salmon DNA, then treated
and EcoRl sites of the pWE vector. DNA topoisomers were with denatured radioactive DNA probe in a solution containing
generated by limited topoisomerase | relaxation of the negatively0% dextran sulfate, 0.5% SDS, and éoncentrated SSPE,
supercoiled plasmid isolated frafncoli(31). The first dimension allowed to react at 6% overnight and extensively washed to
of gel electrophoresis was conducted in 1% agarose‘@ BY  remove remaining probe that did not bind (49). A Phosphorimager
10 mM Tris—HCI (pH 7.5) and 1 mM NEDTA. The lane from  (Molecular Dynamics) was used to detect the radioactive signal
the first dimension gel was excised and imbedded in a moltefiom the probe that specifically bound to DNA on the membrane.
agarose solution to form the second gel. The second dimensidmageQuant computer software (Molecular Dynamics) was
gel electrophoresis was conducted in 1% agarose at ambiemsed to measure the relative amount of probe hybridized to
temperature in a Tris—phosphate buffer (36 mM Tris, 30 mMchromosomal and plasmid sequences.
NaH,PO,, pH 7.8) containing ig/ml chloroquine. After electro-  DNA probes for Southern analysis were isolated from
phoresis, the gel was soaked in water to remove the chloroquinestriction digests separated in low melting point agarose gels
and then stained with ethidium bromidel(@/ml) to visualize  and further purified by electrophoresis through a 5% acrylamide
the DNA topoisomers using UV transillumination. gel. The probe fragments were excised from the gel and
Cells and culture conditions labeled with32P using the random oligonucleotide priming
method (Prime-It Il kit; Stratagene). The probes used were
The YPHS strain of yeasafle 2-101ade 2-10]ura3-52ura3-52  either anAcd fragment from thdJRA3gene or aBglll-Tthill-1
lys2-801lys2-80) was used in all the experiments describedfragment present within the CEN4 insert in pVHA and
in this report. Yeast were transformed with plasmids by ayRp14CEN4.
modification of the lithium acetate method (48). Aliquots of )
transformed cells were spread on synthetic dextrose minimaiite-directed mutagenesis of the rDNA ACS

medium (SD) plates (47) supplemented with ammonium sulfatghe rDNA ARSwas subjected to site-directed mutagenesis
(5 g/1), adenine sulfate (20 mg/l) and lysine HCI (30 mg/l) andysing a previously described PCR-based approach (1). Primer
cultured at either 25 or 3€ for several days to assess theyrap2 (5-GAAATGGATCCTTTTGATTTTTTATGTTTT) and
effect of temperature on colony growth rate. For analysis ofn external vector primer were used to amplify and mutate the
plasmid stability by the colony color assay, cells containingg rDNA ARS derivative using the plasmid pWEr8 as a
plasmids were initially grown in liquid medium under selectiontemmate_ The resulting PCR product was digested @itbRI

for the plasmid (medium without uracil). The cells were gnd BanHI and subcloned into the corresponding sites in
diluted and plated on SD color indicator plates containingyyVHA. Sequencing of the r15 derivative showed that only the
4 mg/l adenine sulfate, supplemented with ammonium sulfatgesired G. T point mutation at the first position of the rDNA
and lysine HCI (see above) and containing uracil (20 mg/l)ACS was present. This mutation changes the natural 10-of-11

The plates were immediately incubated at specific temperaturgs, consensus match rDNARSto a perfect 11-of-11 bp match.
for 18 h and then switched to 30 for 4 days of additional

growth. For the experiments shown in Figure 3, colonies were

scored for half-sectoring events as described previously (44ESULTS

with pink-red half-sectored colonies being indicative of a plasmi . .

loss event during the initial division of a cell. Mitotic stability dTIhe rDNA ARSis not as easily unwound as other ARS

(the fraction of plasmid-containing cells in the population) ofélements

the r8 and rl15 derivatives was determined by plating yeast oAll ARS elements we have previously examined are easily
non-selective and selective (without uracil) media prior to andinwound by the energy of negative supercoiling in plasmid
after five generations of growth in non-selective liquid cultureDNA (16-19). The most easily unwound site in a plasmid is
medium. The mitotic stability values were then used to calculateecognized by a single-strand-specific nuclease under specific
the plasmid loss rate per generation as described (6). For analys@nditions in which negative supercoiling promotes localized
of plasmid copy number by Southern blotting, primaryand stable DNA unwinding (30). In the specific conditions of

Two-dimensional gel electrophoresis of plasmid
topoisomers
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Table 1. Rank of nuclease hypersensitive sites in ARS and vector sequences predicts the rank of superhelical density
required to stably unwind DNA

Nuclease hypersensitive site  Rank Superhelical density for stable unwinding References
H4 ARSIin Ylp5 1 —0.038 19,31
YIp5 (pBR322) vector 2 —-0.046 19,30
rDNA ARSin pWE 3 —-0.051 This study
PWE vector 4 <-0.057 22

aSites hypersensitive to a single-strand-specific nuclease were determined in negatively supercoiled plasmids with a
median superhelical density of —0.065.

bThe rank of nuclease hypersensitivity in different plasmids is defined by the site that is exclusively cleaved in a supercoiled
plasmid containing sequences of lower rank. For example, cleavage at hRS&ubcloned in YIp5 is dominant over

that at the YIp5 (or pBR322) vector site, located 3' to ftapgene. Cleavage of the latter site in the YIp5 vector is
dominant over cleavage in the rDNARSsubcloned in YIp5 (this study), while cleavage in the rDARSsubcloned

in pWE is dominant over cleavage in the pWE vector (this study).

¢Superhelical density for stable DNA unwinding was determined by two-dimensional gel electrophoretic analysis of
plasmid topoisomers as described in the text.

dData for nuclease hypersensitivity and two-dimensional gel electrophoresis are presented in detail in the references
cited. The superhelical density for the pWE vector is a minimal estimate obtained from the pWE construct GC91 in
which nuclease hypersensitivity occurs exclusively in the vector.

this assay, hypersensitivity of the ARS to nicking by a singlenuclease hypersensitive sequences present in YIp5. Previous
strand-specific nuclease suggests that the ARS has a loweucleotide level mapping of single-strand-specific nuclease
energy requirement for DNA unwinding as compared to othecleavages showed that the rDM¥RSis cleaved in the context
sequences present in the test plasmid, YIp5. Two differerfthe pWE vector, but provided no information on whether the
single-strand-specific nucleases, P1 nuclease and mung beARS or the vector contained the major nuclease hypersensitive
nuclease, recognize the same sites in negatively supercoilside (32). After P1 nuclease nicking, linearization at a unique
DNA (50) and we have used these enzymes interchangeablsestriction site and denaturation, a single pair of bands is seen
Here we used P1 nuclease to probe for localized unwinding dtelow the band containing the full-length plasmid (Fig. 2B),
the rDNA ARSIn YIp5 (Fig. 1A). After nicking by P1 nuclease, indicative of only one nuclease hypersensitive site in the entire
the DNA was linearized at a unique restriction site and irreversiblplasmid. The site that is hypersensitive to the single-strand-
denatured. Gel electrophoresis resolves a pair of bands of similapecific nuclease maps to the rDMRS(Fig. 2A). This obser-
intensity for each nuclease hypersensitive site and the sum wétion suggests that the rDNARSis more easily unwound
the DNA lengths for each pair equals that of the full-lengththan the sequences present in the pWE vector.
plasmid (19). Two band pairs, one major and one minor, are The hierarchy of nuclease hypersensitivity at different sites
seen below the band containing the full-length plasmid, revealingh supercoiled DNA reflects a hierarchy in the energy requirement
two P1 nuclease hypersensitive sites (Fig. 1B, lane YIp5 for unwinding those sites (30). Table 1 shows that the rDNA
rDNA ARS. The major and minor P1 nuclease hypersensitiveARS(in the context of pWE) ranks third in the hierarchy of
sites map in the vector, not in the rDNARSInsert (Fig. 1A).  nuclease hypersensitive sites present in theARS(in the
The major site occurs 3' to the pBR3&&pgene and the minor context of Y1p5), the YIp5 vector (major site, 3' to the pBR322
site occurs in the yeaklRA3gene. The same hypersensitive sitesAmpgene) and the pWE vector. This ranking suggests that the
are detected in the vector alone (Fig. 1B, YIp5). Thus, unlikeDNA ARShas a higher energy requirement for unwinding
other ARS elements we have previously examined, the rDNAhan the YIp5 vector sequences and the A&Scloned in
ARSis not hypersensitive to single-strand-specific nucleas&p5. The ranking also suggests that the rDMRShas a
within the context of the YIp5 vector. higher energy requirement for unwinding than other ARS
Earlier we showed that single-strand-specific nucleaselements (16,17) which, like the H¥RS are nuclease hyper-
hypersensitivity of negatively supercoiled DNA in our assaysensitive in the YIp5 vector.
condition is a consequence of thermodynamically stable, as Stable DNA unwinding at the nuclease hypersensitive site
opposed to transient, DNA unwinding (22,30,31). Thus, theequires a certain threshold of superhelical density (22,30,31).
nuclease hypersensitive site identifies the DNA sequence withhe free energy change for stable DNA unwinding is directly
the lowest free energy requirement for stable unwinding in theelated to the superhelical density (51,52). The superhelical
supercoiled molecule. Removal of the most easily unwoundensity can be determined after identifying the topoisomer
site permits supercoil-induced stable unwinding at a less easilyith the minimal number of negative supercoils required for
unwound site remaining in the DNA molecule, rendering thatstable DNA unwinding, i.e. the transition topoisomer. Stable
site hypersensitive to the single-strand-specific nuclease (30RPNA unwinding is detected after two-dimensional gel electro-
We tested for nuclease hypersensitivity at the rDNRSin a  phoresis of a topoisomer population. The first dimension
different vector, pWE (see map in Fig. 2A), which lacks theelectrophoresis is performed in the same specific conditions of
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Figure 2. The rDNA ARSis hypersensitive to P1 nuclease in a supercoiled
plasmid that lacks the easily unwound sites of Y1@9). {ap of the pWE plasnai
containing the rDNAARSInsert at theEcdRI (E) andPst (P) sites. The positions
Figure 1. The rDNA ARSiIs not hypersensitive to P1 nuclease in a supercoiledof the Nrul (U) site and the region hypersensitive (HS) to nicking by P1 nuclease
YIp5 vector. @) Diagram of the YIp5 vector containing the rDNARSInset are shown. Tet indicates the open reading frame for the tetracycline resistance
(r1) at theEcoRI (E) andHindlll (H) restriction sites. The positions of tiNcd gene. B) Mapping nicks at P1 nuclease hypersensitive sites in a negatively
(N) restriction site and the major and minor P1 hypersensitive sites are showsupercoiled pWE vector containing the rDM&RS DNA was treated with P1
The locations of the ampicillin resistance geAenp) and theURA3insertare  nuclease, linearized with eithBirul or EcaRl and the products labeled, sepagate
also indicated. B) Localization of P1 nuclease hypersensitive (HS) sites inand visualized as described in Figure 1. Below the full-length DNA band at the
negatively supercoiled plasmids: YIp5 and the YIp5 vector containing theop, one band pair is seen, indicating a single P1 nuclease hypersensitive site.
rDNA ARSinsert. The lane ‘markers’ contains glyoxal-denatured DNA size The sizes of the DNA products localize the P1 nuclease hypersensitive site to
markers. The lanes labeled YIp5 and YIp5 + rDM&RSindicate the super-  the rDNAARS High resolution analysis at the DNA sequence level has previously
coiled plasmids tested. After nicking with P1 nuclease, DNA was linearizedshown that the cleavages occur in the DUE and ACS of the riNR&(32).
and3?P-labeled at th&lcd site. DNA was irreversibly denatured, separated by gel
electrophoresis and visualized by autoradiography. The slowest moving ltands a
the top of each lane correspond to the full-length DNA strands complementary to
the strand nicked by P1 nuclease. Faster moving bands result from site-speci{ic Lo . -
P1 nicking. A major and a minor band pair, the sizes of which sum to the full- emperature and IOI’I.I(.: strgngth requ'rEd to detect the specific
length DNA, is seen for each P1 nuclease hypersensitive site (the minor barfuclease hypersensitive site. Previously we demonstrated that

pair for Ylp5 is difficult to see but is clearly seen in YIp5 + rDNARS. The the Stab|y unwound DNA topoisomers' detectable as a retar-

sizes of the DNA products in this and other experiments localize the P1 nuclea : . ; ;
nicks 3' to theAmpgene (major HS site) and within théRA3insert (minor HS tation of the transition topoisomer as well as more negatively

site). The location of the major HS site corresponds to that seen previously #UPercoiled topoisomers in the ﬁr.SF dimenslion electrophoresis,
the DNA sequence level (30). The rDNARSIs not detectably nicked. are also the nuclease hypersensitive topoisomers (30,31). For
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the rDNA ARSin pWE, the linking number difference of the
transition topoisomer in two independent experiments was —18.

The superhelical density of the transition topoisomer is —0.051 ACS

(-18/3691 bp/10.5 bp/turn). As shown in Table 1, the super- ARS DUE bp
helical density for stable unwinding at the rDNX¥RSis more Ha " 1 E 374
negative than that for the YIp5 (pBR322) vector site and the H I B

H4 ARS The hierarchy of the superhelical density required for H4/L35 " 5 162
stable unwinding is consistent with the independently determined H4/L96 %14 136
rank of nuclease hypersensitivity (Table 1). Our findings indicate  rpNA L | 5 227

that the rDNAARSrequires more negative superhelical stress,
i.e. more energy, to stably unwind than does the ARISor
other ARS elements we previously found to be nuclease hypeB
sensitive in the YIp5 vector (16,17).

The rDNA ARS like replication-defective H4 ARS mutations

(72}
that are difficult to unwind, mediates cold-sensitive 2 5
extrachromosomal replication S
The energetics of replication origin unwinding have important § 12 1
implications concerning the initiation of replicatiom vivo. A w
large increase in the energy cost for unwinding caused by o 4 ]
mutations in the DUE region of a number of ARS elements 9
severely diminishes replication origin function (6,16,23,32). @
Smaller increases in the energy cost for unwinding the DUE 3 61 i
region are accompanied by a partial loss of function and by a T
. . [=]
strong temperature dependence of ARS function under selectivi w3 B
conditions. Elevated temperature suppressed the mutatione &
defects in DNA unwinding at the HARSsince the defect was nZ_
xR

less severe in cells grown at 30 compared to those at 23
(31). Thus, if the elevated energy cost for unwinding the wild- PLASMID ARS ELEMENT
type rDNA ARSis relevant to the function of the ARS as a
replication originin vivo, we expect that the rDNARSwould
display a cold-sensitive replication function.

The previously published experiments performed orARS
mutations were carried out under selection BRA3 gene Figure 3. Cell growth temperature affects plasmid replication mediated by the
expression in the YIpS vector (32). We could not ule out thelA{Pe IO ARSer by A Rsceraties i DUE mustonsig e |
possibility that the H4ARSmutations confer a temperature aRs mutant H4ARSderivatives (deletions L35 and L96) and the wild-type
dependence on the expression of tHBRA3 gene by some rDNA ARS(r2) that were inserted into YRp14CEN4. The DNA sequendes o
unknown mechanism. Additionally, certagis-acting elements the ARS derivatives were previously described (32,45). The sizes of the DNA

; ; ; ; ; gments in base pairs (bp) are shown on the right. The diagram above illustrates
associated with ARSs can coniribute a segregation function I{ e location of the T-rich strand of the essential ACS element (box) in each

plasmlds inthe absence of a Centrome_re (53{5_4)' Given that trﬁﬁ'\lA fragment and the 100 bp 3'-flanking region (line) that contains the DUE
YIp5 vector lacks a centromere to provide efficient segregatiofh the wild-type rDNAARS Restriction sites used for cloning are indicated by: E,
function, we could not rule out the possibility that the HRS  EccRl; B, BanHI; H, Hindlll. (B) The colony color half-sectoring assay (44)
mutations provide a temperature-dependent segregatidffs used to determine the frequency of replication failure events for the ARS
function elements indicated on the lower axis. The cells containing the respective plasmids
) T . ... were plated on color indicator medium at 20 (solid bars) 6€C3(@ross-hatched

To rule out these possibilities, we analyzed ARS activity iNpars) to determine the effect of temperature on formation of pink-red half-séctore
the absence of selection f&fRA3 gene expression using a colonies. The higher the percentage of pink-red half-sectored colonies, the
vector that contains a centromere (CEN) element. A Co|onyigherthe frequency of replication failure mediated by the ARS element in the

: ; ot plasmid. The pink-red half-sectoring value for the L96 plasmid &C2i8 a
color assay deveIOped by Heiteral (44) permits quantitative inimal estimate. The actual value is likely even greater but could not be

assessment of ARS replicatior_l efficiency in a single cell,easured since exclusively red colonies were formed, reflecting an extremely
division. The vector also contains a suppressor tRNA gengigh loss rate for the plasmid at 2.

(SUP11 that suppresses the homozyg@ae2-101mutation

present in the diploid genome of the YPH3 yeast strain. The

color of colonies that results from the degree of suppression of

the ade2-101mutation bySUP11allows for the inference of

plasmid copy number. Red colonies contain no or low percentages S ) .

of plasmid, pink colonies contain one plasmid per cell andontaining the plasmid gives rise to the pink half of the colony
white colonies are composed of cells that contain two or morénd the cell with no plasmid forms the red half of the colony.

copies of theSUP11plasmid. A pink-red half-sectored colony The lower the proportion of pink-red half-sectored colonies in

ultimately results when, just after plating, a cell containing onghe population, the lower the frequency of plasmid loss due to
copy of the plasmid (a ‘pink’ cell) fails to replicate the plasmid replication failure and the higher is the plasmid replication

before the first cell division (a 1:0 segregation event). The celéfficiency.
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As shown in Figure 3B, the plasmid containing the wild-type 3
H4 ARSreplicates efficiently at both 20 and 30, as indicated
by the low proportion of pink-red half-sectored colonies (~2% or
only two 1:0 segregation events per 100 colonies). The results
show that replication mediated by the RSis not affected
by temperature. At the culture temperature ofG@he rDNA
ARSplasmid shows a half-sectoring frequency of 5.5%, while
at the lower temperature of 20 the frequency of half-sectoring
events is 10.5%, an ~2-fold increase. The results show that the
rDNA ARSis less efficient than the HARSIn mediating plasmid
replication at either temperature. Importantly, the results indicate
that plasmid replication mediated by the IA&Sis temperature
independent, while that mediated by the rDM&RSis cold 0
sensitive.

H4 ARSmutations L35 and L96 (45) were also examined in PLASMID ARS ELEMENT
this experiment. These mutations have deletions in the DUE
region that are substituted by vector sequences (Fig. 3A). The
vectpr ,Sequen(?es mcreasg the energy requirement for _DNﬁgure 4. Effects of growth temperature on the content of different ARS plasmids
unwinding relative to the wild-type ARS and the L96 mutationin gividing cells. The plasmids used in this experiment contained one of the
is more difficult to unwind than L35 (19). The frequency of following ARS inserts: wild-type HARS a mutant H4ARSderivative (L35 or
plasmid loss, as indicated by the percentage of pink-red half-96) with a deletion in the DUE region or the wild-type DN#RS The ARS
sectored colonies in Figure 3B, reflects the relative difficulty inf>"> ' described in Figure 3A. The plasmid content of the cells grown at

S L . S (cross-hatched bars) and°€3(solid bars) is reflected by the average

unwinding the d.erlvatlves' the L_96 plasmid is lost at a greate lasmid:chromosome ratio. Total DNA was isolated from yeast, cleaved with
frequency than is the L35 plasmid at the same temperature. AtoRI and analyzed by Southern blotting to determine the plasmid:chromosome
20°C the percentage of half-sectoring for colonies containingatio in cells grown at 34 and 2@ for the same number of generations in non-
L35 and L96 is increased reltive o that seen for the samgieie e, eisio Tpesitomonosyns Sndonon
?heerl;g?/ggft:ﬁge:%?ﬂga};ﬂg :gzzeltggggﬁmg?ﬁmsﬁﬂg?g%g at cultures of three independent colonies at each growth temperature.
exhibit a cold-sensitive replication phenotype, as was seen for
the wild-type rDNAARS The greater the degree of difficulty
in unwinding the DUE region (L96 > L35), the more severe is
the cold-sensitive replication phenotype. Overall, our result
indicate that the wild-type rDNAARSshares structural and £35 and L96 show
functional properties with replication-defective AR Smutations
in the DUE region: both require an elevated energy to bot
unwind and mediate cold-sensitive extrachromosomal replicatio

PLASMID/CHROMOSOME SIGNAL

~5- and 6-fold changes in plasmid content,
respectively. In all three cases, a cold-sensitive phenotype is
Ij]ndicated by the severe reduction in plasmid content at the
I{i)wer growth temperature as compared to the higher temperature.
{nalysis of the effect of growth temperature on plasmid contentin

Growth temperature severely affects the content of DNA @ different vector, pVHA (43), confirmed the cold-sensitive

ARSand the mutant H4 ARSplasmids in dividing cells phenotype for the DNAARS(data not shown). Thus, analysis
of the residual plasmid content after multiple cell divisions

An independent assay that reflects extrachromosomal replicati o o ;
ffcency Mediated by ARS lement s e esicua contrt f v U1 ' 00 snsitve replcation pheotpe dipeyes
a centromere-containing plasmid after multiple cell d'v's'onsmutations in the DUE reaion with an elevated enerav cost for
in the absence of selection for the plasmid. Cell cultures, initiall)bN A unwindin 9 9y

grown at 30C under selection for the plasmid (medium lacking 9-
uracil), were released from selection by subsequent growth iR imperfection in the essential ACS element contributes
non-selective (YPD) medium for the same number of generyg inefficient function of the rDNA ARS

ations at 23 or 34. A Southern blot oEcdRI-digested plasmid ] ] ]

and genomic DNA was probed with acd fragment of the Analysis of the.essenual ACS element in the rDMShas
URA3gene common to both the plasmid and the chromosomégvealed an imperfect match to the canonical WTT-
The ratio of the specific hybridization signals obtained fromTAYRTTTW sequence (32). A mismatch occurs at the first
the common p|asm|d and chromosomal DNA Sequencegosmon n Wh|Ch a G IS pr(—:-_sent InStead_Of an Aor T. We
reflects the residual content of the various ARS plasmids afteieasoned that the mismatch in the essential ACS element may
multiple cell divisions. The quantitative results for each plasmigcontribute to the inefficient replication property of the rDNA
ARS element compared at the two growth temperatures avdRSand that correcting the mismatch to a perfect match might
shown in Figure 4. The effect of growth temperature on theenhance replication efficiency.

content of the wild-type rDNAARSplasmid is severe compared The mismatched G at the first position of the rDN¥RS

to that seen for the wild-type HARSplasmid. The effect seen consensus was changed to a T using PCR-directed mutagenesis
for the wild-type rDNA ARSplasmid resembles that seen for (Table 2). The parental r8 derivative and the ‘corrected: G

each plasmid containing an HF¥RSmutation with a deletionin  derivative, r15, were evaluated for replication efficiency in the
the DUE region (L35 and L96). The wild-type rDNARS context of the pVHA plasmid, which contairSEN4 and
shows a 5-fold change in plasmid content with temperature anBUP11sequences (43). A qualitative colony color assay which
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is based oi8UP11suppression of a chromosonaale2mutation  of the pWE vector, which lacks the sequence 3' to Aimep
in the host yeast strain indicated that the r15 plasmid containingene and certain other easily unwound sequences present in
the mutated rDNAARSwas maintained more efficiently than YIp5 (Fig. 2). The results presented here, together with our
the plasmid utilizing the r8 plasmid containing the wild-type previous analyses of the nuclease hypersensitivity of other
rDNA ARS(data not shown). The results of a quantitative plasmidARS plasmids (16,17,19), show that hypersensitivity to the
loss rate analysis are shown in Table 2. The r8 plasmid containirgingle-strand-specific nuclease decreases in the following
the wild-type rDNAARSIs lost almost twice as frequently as is order: H4ARSand other ARSs analyzed > sequence 3' to the
the r15 plasmid containing the mutated rDMYRS Thus, the  Ampgene > rDNAARS> pWE vector. The hierarchy in hyper-
mutation in the rDNAARSthat corrected the GT in the  sensitivity to a single-strand-specific nuclease in our specific
essential ACS resulted in more efficient replication. Thesessay conditions implies a hierarchy in energy cost for local-
results demonstrate that the natural imperfection in the essentiaed unwinding at the nuclease hypersensitive sites (30). The
ACS element of the rDNAARSaccounts in part for the inefficient observed hierarchy in nuclease hypersensitivity suggested that
extrachromosomal replication. the rDNA ARSrequires extra energy to unwind compared to
the H4ARSand other ARSs tested and this was confirmed by
Table 2. A point mutation correcting the natural mismatch in the essential ~ determining the superhelical density required to induce the stably
ACS element increases replication efficiency unwound structure at the same temperature and ionic condition
required for nuclease hypersensitivity of the structure (Table 1).
We conclude that the rDNAARSrequires more energy for

[DNA ARS DERIVATIVE ACS ELEMENT PLASMID LOSS RATE? localized DNA unwinding than does the R Sor other ARS
18 (Wild Type) GTTTATGTTTT 19.3% per generation elements preViOUS|y analyzed'
r15 (Mutation) TTTTATGTTTT 11.8% per generation Un“ke the more eaSin unwound HARS the rDNA ARS
confers cold-sensitive extrachromosomal replication in yeast
TITTATS,TTTY, grown at different temperatures. The rDNRMRSplasmid is

lost more frequently at the lower versus the higher temperature
while the H4ARSplasmid loss is not detectably affected in a
single cell division (Fig. 3B). The cold-sensitive replication
The wild-type rDNA ACS element (r8) was altered in the natural mismatgh (G conferred by the rDNAARSwas expected only if the energetics of
using site-directed mutagenesis to create a perfect match (r15) to the ARS consegplication origin unwinding are limiting for its functiom

Sus sequence. vivo. Previous analysis revealed that ARSmutations which

2The plasmid loss rate was determined for the wild-type and the mutate s ; FRRE
rDNA ARS derivatives in the context of pVHA, a CEN plasmid. Cells were guﬁlmently increase the energy cost for unwinding the DUE

allowed to grow for five generations in non-selective medium when determin/€g10N confer cold-sensitive PhenOtypeS W'th_ respect to both
ing plasmid loss rate essentially as previously described (6). Thdovger ~ colony growth and cell doubling under selection for the ARS
plasmid loss rate for the r15 ARS is indicative of improved initiation effi- plasmid (31). In the present study, the assays that were used
ciency for the r15 derivative relative to the wild-type ARS in r8. provided a more direct measure of plasmid replication efficiency
mediated by the ARS since selection for plasmid gene expression
was not enforced and since the vectors contained a centromere
DISCUSSION to ensure efficient segregation. For both the wild-type rDNA
ARSand for the mutant HARSderivatives, the analyses show
We have previously shown that the DNA of several yeast AR$hat plasmid replication efficiency is cold sensitive. A reduced
elements is easily unwounéh vitro and that the easily replication efficiency at the lower versus higher temperature in
unwound sequence resides primarily in a functionally essentialividing cells is reflected in both an increased frequency of
region 3' to the ACS element. Mutations in this region thatplasmid loss in a single division (Fig. 3B) and an extremely
reduce either nuclease-detectable unwinding or DNA helicaleduced plasmid content after multiple divisions (Fig. 4). In
instability are accompanied by a reduction in ARS activity inthese assays, the wild-type rDN¥RSfunctions like replication-
living cells, suggesting that the essential region contains defective H4 ARS derivatives containing mutations that
DUE (6,16,19,32). The functionally essential region 3' to thancrease the energy cost for unwinding the DUE region. Our
ACS element also contains two or three B elementgesults indicate that the wild-type rDNARSshares structural
(7,9,10,12). Analysis of high resolution mutationsARS307 and functional properties with replication-defective KRS
suggests that, in addition to a known specific sequence requireiutations in the DUE region.
ment, the B2 element contains a DUE (23). The rDNRS In vivo, site-specific DNA binding proteins are thought to be
contains a DUE and the nuclease hypersensitive region residesjor effectors in initiating localized unwinding at replication
primarily 3' to the ACS (32), as in other ARS elements we haverigins. Proteins such as ORC that bind the ACS in yeast repli-
tested, however, as shown here, the rDNRSIs not as easily cators have been isolated and ORC contributes to initiation
unwound as other ARS elements. Unlike the M&S(19) and  vivo (reviewed in 8). However, the complete initiator protein
chromosome lllI-derivedARS305 ARS307 ARS309 and complex has yet to be positively identified and reconstitired
ARS31(16,17), the rDNAARSIs not hypersensitive to a single- vitro. At the SV40ori and atE.coli oriC, binding of the cognate
strand-specific nuclease in a negatively supercoiled YIp5 vectomitiator protein facilitates opening of the DNA helix at a specific
Instead, the major hypersensitive site occurs in the YIp5 vectagite in the originin vitro (26,27). At bothori regions, the specific
at a site 3' to the pBR322mpgene (Fig. 1), an easily unwound site is intrinsically easy to unwind and replication-defective
site which we had previously identified (30). However, themutations which increase DNA helical stability, as well as
rDNA ARSis the major nuclease hypersensitive site in the contexteplication-positive mutations which maintain a low helical

ARS Consensus Sequence
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stability, indicate that the specific site contains a DUE (22,24)appears to be normal and not detrimental (33—35). Even in an
Furthermore, at both the SV4i andE.coli oriC, a threshold extreme case, if only one in 10 rDNA replicators fired, the
temperature exits below which the cognate initiator protein canesulting replication origins would still be sufficiently closely
still bind but cannot unwind the origiim vitro (26,55). Failure spaced to passively replicate all rDNA repeats containing
to unwind DNA at the origin results in a failure to initiate DNA replicators that did not fire, based on estimates of the length of
replication. The properties of the rDNARSdescribed here, DNA that can be duplicated by a single replication fork (3).
elevated energy cost for DNA unwinding and cold-sensitive What is the biological purpose for inefficient functioning of
plasmid replication, are consistent with the possibility that thehe rDNA replicator? In the rDNA repeats in the chromosome,
available thermal energy modulates the activity of the DWE rDNA replicators are positioned between the transcriptionally
vivo. It is known that thermal energy can modulate localactive rDNA genes. Replication and transcription of rDNA
unwinding at a DUE region in naked supercoiled DNA (3h). genes occur concurrently throughout S phase (33,56). The
vivo, the elevated energy cost for unwinding the rDMRS  inefficient function of the rDNA replicator may have evolved
may render helix opening at the DUE more prone to fail atto restrict initiation of replication to a small fraction of the
lower temperatures, despite the presence of the required initiatzindem rDNA repeats, minimizing interference between replication
proteins and enzymes. and transcription of the rDNA genes.

Our previous identification of the essential ACS element of Another possible biological purpose for inefficient function
the rDNA ARSand the sequencing of several independentlyf the rDNA ARSconcerns extrachromosomal replication and
isolated rDNA ARSclones indicated that the ACS element cellular aging. Extrachromosomal rDNA circles (ERCs) con-
contains an imperfect match to the ARS consensus sequentaning the ARS element are spontaneously released from the
(32). The particular mismatch, a G in place of A or T at position 1tandem rDNA repeats in the chromosome by recombination
reduced replication efficiency when introduced as a mutatioi40). ERCs preferentially accumulate in mother cells when the
to the ACS element iARS307143). This result prompted us to mother and daughter cells divide and ERC accumulation is
test the effect of correcting the natural ACS mismatch in theaccompanied by progressive enlargement and fragmentation of
rDNA ARSto that of a perfect ACS. Replacing a G with a T atthe nucleolus, arrest of cell division and eventual cell death
the first position of the ACS improved rDNARSmediated (41). Mutations in a nucleolar DNA helicas8GS1 promote
plasmid stability as determined by a quantitative plasmid losaccumulation of ERCs and shorten the lifespan of yeast cells
rate assay (Table 2). To our knowledge, this is the first repor{57). Inefficient function of the rDNA replicator, on the other
of a mutation in an essential element thetreaseghe activity  hand, would tend to minimize accumulation of ERCs. Thus,
of a replication origin. Since the mutation is in the essentiathe natural impairments we identified in the ARS consensus
ACS element, the activity increase may result from improvedand in DNA unwinding that contribute to inefficient extra-
recognition or activation by ORC or other initiation factors thatchromosomal rDNA replication may have evolved as deter-
interact directly or indirectly through that element. Identificationminants of the normal lifespan of yeast cells. The low
of a functional impairment in the essential ACS element suggestfficiency of the rDNA replication origin may be a compromise
that there is selective pressure to maintain inefficient functioetween a level of efficency high enough to completely duplicate
in the IDNAARS the tandem rDNA repeats in the chromosome and a level of

While the replication efficiency of the DNARScontaining  efficiency low enough to prevent rapid accumulation of ERCs.
the ACS mutation was enhanced (i.e. plasmid loss was
reduced), it still did not display the efficiency of the RS
and other optimally functioning replication origins in yeast'A‘CK'\IOV\/LEDGEMENTS
(plasmid loss = 1.0-5.0% per generation). The absence of \We thank Martha Eddy for technical assistance. This research
functional B1 element is an unlikely explanation for inefficient was supported in part by shared resources of the Roswell Park
function since the  DNAARSresembles the efficie®RSlin  Cancer Center Support Grant (P30 CA16056) and by a grant
that both have a functionally important TT sequence at théGM30614) from the National Institutes of Health.
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