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We have reported the isolation of linking clones of HindIII and EcoRI fragments, altogether spanning a

230-kb continuous stretch of chromosome VI. The presence or absence of autonomously replicating sequence

(ARS) activities in all of these fragments has been determined by using ARS searching vectors containing
CEN4. Nine ARS fragments were identified, and their positions were mapped on the chromosome. Structures
essential for and/or stimulative to ARS activity were determined for the ARS firments by deletions and
mutations. The organization of functional elements composed of core and stimulative sequences was found to
be variable. Single core sequences were identified in eight of nine ARSs. The remaining ARS (ARS603) essential
element is composed of two core-like sequences. The lengths of 3'- and 5'-flanking stimulative sequences

required for the full activity of ARSs varied from ARS to ARS. Five ARSs required more than 100 bp of the
3'-flanking sequence as stimulative sequences, while not more than 79 bp of the 3' sequence was required by
the other three ARSs. In addition, five ARSs had stimulative sequences varying from 127 to 312 bp in the
5'-flanking region of the core sequence. In general, these stimulative activities were correlated with low local
AGs of unwinding, suggesting that the low local AG of an ARS is an important element for determining the
efficiency of initiation of replication of ARS plasmids.

Eukaryotic chromosomes consist of multiple replication
units (replicons), which replicate once in the cell cycle in a
fixed sequential order (11, 13, 24, 32). The mechanism and
regulation of the initiation of replication at the beginning and
during the progression of S phase have been the major issue
in the study of the molecular biology of eukaryotic DNA
replication. By analogy with prokaryotic chromosomes, we
would expect eukaryotic replicons to be composed of two
regulatory elements involved in the early steps of replication
initiation. One is the replication origin, a cis element which
acts as a signal for initiation of replication, and the second is
the initiator protein, a trans element which recognizes the cis
element to initiate the first step of a sequence of reactions
leading to the initiation of replication.
Autonomously replicating sequences (ARSs) isolated from

Saccharomyces cerevisiae are the best candidates so far for
the replication origins of chromosomes in eukaryotes. In-
deed, some of the yeast ARSs have been shown to behave
like origins (4, 27, 42). At the present, two cis-acting
elements appear to be essential for the function of yeast
ARSs. One is an AT-rich 11-bp sequence common to all
ARSs, 5'-(A/T)T'TA(C/T)(G/A)T'T(A/T)-3' (43). So far, all
ARSs examined except ARS121 contain either a perfect
match or a 10-of-11-base match to the consensus sequence as
elements essential for ARS activity. These sequences are

called core sequences, and mutations and small deletions
within them completely abolish ARS activity (2, 3, 5, 19, 23,
30, 45) as well as origin activity (7). The other cis element is
composed of a sequence in the 3' region of the T-rich strand
of the core sequence. These elements are referred to as

* Corresponding author.

DNA-unwinding elements (DUEs) and are operationally
defined as nuclease-hypersensitive sites (26, 40-42). By
analogy with AT-rich 13-mer sequences in Escherichia coli
oriC, the helical instability of DUEs is thought to be required
for initial unwinding of the double helix to permit the entry of
replication machinery into the origin of the chromosome
(20). The sequential deletion of the DUE has been shown to
cause a gradual reduction in replication efficiency and finally
the loss of ARS function before the deletion encroaches on

the core sequence (26). Computer analysis has shown that
the helical instability (local AG of unwinding) is correlated
well with both ARS efficiency and the nuclease-hypersensi-
tive site (26). DUEs have not been observed in the 5'-
flanking region of the core sequence. Other stimulative
sequences which can work at a distance from the core

sequence have been reported. Of those, the best studied are
the OBFI-ABFI binding sites associated with ARS1 and
ARS121 (8, 23, 38, 45-47).

Most studies of ARSs have been focused on those either
related to specific genes (2, 12, 19, 35) or isolated randomly
from various S. cerevisiae chromosomes (6, 39). The map of
the ARS positions on chromosome III has been described
recently (15, 28). It is essential to study the complete set of
ARSs from a single chromosome systematically in order to
understand the role of ARSs in the mechanism and regula-
tion of replication of multireplicon chromosomes. It is now
possible to study the replication of an individual chromo-
some of S. cerevisiae, as some of the chromosomes can be
physically separated and their primary structure can be
analyzed by subsequent cloning and sequencing (29). We
have recently reported the construction of a physical map of
chromosome VI and the isolation of two sets of linking
clones, each of which covers 80% of the chromosome (18).
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The aims of the present work were to isolate a complete set
of ARSs from chromosome VI, to map their precise loca-
tions on the chromosome, and to characterize their func-
tional structures.

MATERIALS AND METHODS

Strains. S. cerevisiae DKD-5D-H (AL4Ta leu2 his3 trpl)
was used throughout this study. Transformation of DKD-
SD-H was done by the Li-Ac method (17). E. coli DH5a [F-
supE44 A lacU169 (f80 lacZAM15) hsdRl7 recAl endA41
gyrA96 thi-1 reLAl] was used for plasmid preparation. Trans-
formation of E. coli was done by electroporation (9).

Plasmids. pKS1 was previously called YIplac128CEN4A
(see Fig. 1) (18). In order to invert chromosomal inserts
relative to CEN4 and oniP sequences, the multiple cloning
site region of pKS1 was replaced by that of pUC18 to create
pKS2. pKS3 is the same as pKS1, except that it has the
CEN4 fragment in the direction opposite to that in pKS1.
Ylplacl28 (14) was used to measure the ARS activity of the
CEN6-containing fragment.

Construction of a complete clone library and the physical
map of chromosome VI were reported previously (17).
Sixty-eight EcoRI, 75 HindIII, and 3 XbaI fragments and 1
EcoRI-HindIII fragment, which together spanned a contin-
uous 230-kb stretch of chromosome VI, were subcloned into
pKSl. To examine the correlation between mitotic stability
and doubling time, the following plasmids were constructed.
pKSlmARSlA was constructed by inserting the 19-bp core
region of ARSI (36) at the BamHI site of pKS1. pKSlm
ARSIB was constructed by inserting the same 19-bp frag-
ment at the BamHI site but oriented in the direction opposite
to that in pKS1nlARS1A. pKS3mARSJA was constructed
by inserting the same 19-bp fragment at the BamHI site of
vector pKS3. pKS3mARSlWB was constructed by inserting
two copies of the 19-bp sequence at the BamHI site of pKS3.
pKSlARSIA was constructed by inserting the 838-bp NaeI-
EcoRV fragment of ARS1 at the SmaI site of pKSl. pKSl
ARS1B was constructed by inserting the same fragment in
the direction opposite to that in pKSlARSIA.

Generation of deletions and mutations. Deletion derivatives
of ARS-containing fragments were prepared by (i) the exo-

nuclease III digestion method, (ii) the preparation of deletion
fragments by polymerase chain reaction, or (iii) digestion
with appropriate restriction enzymes. The plasmid contain-
ing a 30-bp ARS604 fragment was constructed by inserting
the synthetic oligomer

5'-GATCAATGTTCATTTTACGTTTTGTTACACAAAT-3'
3'-TTACAAGTAAAATGCAAAACAATGTGTTTACTAG-5'

into the BamHI site of pKS1 in both directions. Site-directed
mutagenesis of all ARSs was performed with the Mutan-G
kit obtained from Takara Shuzo Co. following protocols
provided by the manufacturer. All mutated plasmids were

sequenced to confirm mutation sites or deletion endpoints.
ARS activity and mitotic stability assay. ARS-containing

fragments were identified by measuring their ability to trans-
form S. cerevisiae DKD-5D-H with efficiencies 103-fold
higher than that of the control vector plasmid pKS1. In
addition to the high-frequency transformation, ARS activity
was defined by two criteria: (i) whether transformants could
be restreaked on selective plates and (ii) whether transfor-
mants could grow in liquid selective medium. The mitotic
stability of ARS plasmids was determined by measuring the
decrease in the percentage of cells containing a plasmid
during incubation for 10 generations in nonselective medium

(22). Cells from each colony were inoculated into selective
liquid medium and grown until the optical density at 600 nm
reached 0.5. The percentage of plasmid-bearing cells was
determined by diluting and plating of 100 to 200 cells on a
nonselective medium followed by replication on selective
plates. This process was repeated after the transformants
were diluted into nonselective medium and grown for 10
generations. From the percentage of plasmid-containing
cells at generations 0 and 10, mitotic stability (the fraction of
cell divisions in which both daughter cells receive plasmids)
was calculated (25). For each plasmid, mitotic stability was
determined by using two independently isolated transfor-
mants.
To compare the ARS activities of various deletion mutants

from a given ARS, doubling times of transformants contain-
ing the deletion plasmids of the ARS were measured under
identical conditions. Cell growth was monitored by reading
the optical density of the logarithmically growing cultures at
600 nm at 1-h intervals over a period of 10 h. The data were
obtained by using two independently isolated transformants
for each plasmid. We used the data with correlation coeffi-
cients better than 0.990. For each growth experiment, the
percentage of plasmid-containing cells at generation 0 was
determined to make sure that the plasmid was maintained
extrachromosomally. When the plasmid was integrated into
the chromosome, the proportion of plasmid-containing cells
at generation 0 became 100%. In contrast, the proportion was
<85% when plasmids were present extrachromosomally.

Calculation of local AG of DNA. The local AG of unwinding
of the DNA, the free energy required for the strand separa-
tion of the 100-bp segment of DNA, was calculated by
THERMODYN, the computer program developed by Natale
et al. (26). All calculations were carried out with a 100-bp
size window with 1-bp step movement and parameters
corresponding to 10 mM NaCl and 37°C.

Nucleotide sequence accession numbers. The sequences of
all ARSs reported in this paper have been registered in
GenBank/EMBL with accession numbers D13931 to D13938.

RESULTS

Identification and mapping ofARSs on chromosome VI. We
cloned all except a few large EcoRI and HindIII fragments
from a 230-kb continuous stretch of chromosome VI into the
ARS searching vector pKS1 (Fig. 1). Since pKS1 cannot
replicate autonomously in S. cerevisiae cells, ARS frag-
ments can be readily identified by measuring the efficiency of
transformation by recombinant plasmids containing chromo-
somal inserts. In some cases, abortive transformants gave
rise to very tiny colonies on selective plates at a high
frequency. To make certain that ARS plasmids were present
in the transformed cells, transformants were tested for
growth in the liquid selective medium. Plasmids that gave a
high frequency of transformants which were capable of
growing in the liquid selective medium were defined as those
containing ARSs (see Materials and Methods). The growth
rate in the selective medium and the rate of producing
segregants (cells without a plasmid) in the nonselective
medium varied from transformant to transformant. Since the
vector plasmid contains CEN4, which confers to plasmids
the ability to segregate correctly at each cell cycle, the
mitotic stability of the plasmid should directly reflect the
efficiency of initiation of plasmid replication. The mitotic
stability of a given plasmid should in turn reflect the ARS
activity. Furthermore, by measuring doubling times in the
selective medium and mitotic stabilities of the transformants
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FIG. 2. Correlation of mitotic stability (M.S.) with doubling time

(D.T.) of cells bearing an ARS plasmid. The D.T. and M.S. of
transformants containing ARS plasmids were determined as de-
scribed in Materials and Methods. The line of correlation between
M.S. and D.T. was constructed by using data for 14 plasmids (see
Materials and Methods). The D.T. and M.S. of ARS plasmids for
this figure were based on the data in Table 2 and on the following
data for various deletion plasmids: plasmid 1D3A (Fig. 4a) had a
D.T. of 4.1 h and an M.S. of 67.4%; pKS1mARSIA had a D.T. of 5.8
h and an M.S. of 29%; pKS3mnARSIA had a D.T. of 6 h and an M.S.

-----------------------. of 30%; pKS3mrARSIWB had a D.T. of 5.3 h and an M.S. of 53%;
pKSlARSIA had a D.T. of 2.6 h and an M.S. of 92%; and
pKSIARSIB had a D.T. of 2.8 h and an M.S. of 88%. The
construction of plasmids which contain ARS1 and its deletion
derivatives is described in Materials and Methods.

Position (bp)

FIG. 1. (A) Structure of vector plasmid used for ARS assay and
deletion experiments. The construction of the plasmid is described
in Materials and Methods. Other plasmids, pKS2 and pKS3, are
derivatives of pKS1 as described in the text. Multiple cloning sites
(MCS) (not shown) are (from left to right) HindIII, SphI, PstI,
Sse83871, SaI, AccI, HincII, XbaI, BamHI, SmaI, KpnI, Sacl, and
EcoRI. (B) The direction of the lacZ open reading frame is shown,
with the local AG of unwinding near the MCS plotted against the
relative position (the HindIII site is position 0) in the vector. A
threshold level of AG for the DUE (26) is shown (dotted line). 1 kcal
= 4.184 kJ.

which carryARS-CEN4 plasmids, we found that there was a
linear correlation (correlation coefficient of 0.931) between
the mitotic stability and the growth rate (Fig. 2). We there-
fore measured the growth rate of transformants in the
selective medium to determine the efficiency of ARSs,
particularly when a large number of deletion and linker
substitution mutant ARSs were analyzed. When the ARS
was fully active, transformants grew with a doubling time of
2.5 h, which is normally observed for wild-type cells in the
same medium. Our ARS detection system is very sensitive,
because the 19-bp core region ofARS1 (36) inserted at the
BamHI site of pKS1 in either orientation could be detected
as an ARS. The doubling times of cells containing the 19-bp
insert were 5.8 h for one orientation and 7.8 h for the
opposite orientation. Furthermore, a very weak ARS
(ARS604; see Fig. 4d) was detectable, even when it was
deleted to a fragment of 30 bp.
Two restriction fragments, EcoRI and HindIII, were as-

sayed for ARS activity to eliminate the possibility of inacti-
vating an ARS by enzyme digestion. One region, in which
both EcoRI and HindIII fragments were too large to be
subcloned, was divided by XbaI digestion and EcoRI-

HindIII double digestion. In total, 68 EcoRI, 75 HindIII, and
3 XbaI fragments and 1 EcoRI-HindIII fragment were sub-
cloned and their ARS activities were measured. Table 1 lists
all fragments, their sizes and locations on chromosome VI,
and the ARS activities of the subcloned fragments. There are
four regions in which distances between the nearest EcoRI
and HindIII sites are within 100 bp (the minimum distance is
45 bp). ARSs within such regions were detectable by this
sensitive assay, even when they were located at the ends of
the fragments. In addition, there are 21 restriction sites (6
EcoRI, 13 HindIII, and 2 XbaI sites) which have not been
covered by other overlapping clones. In these cases, the
possibility that some ARSs are located within 30 bp (the size
limit of our assay) of the restriction sites remains to be
examined.
ARS activities were detected in five EcoRI and seven

HindIII fragments and in one XbaI fragment. No ARS
activities were detected in any other fragments. The posi-
tions of these fragments on the physical map of chromosome
VI have been determined (18) (Fig. 3). EcoRI and HindIII
fragments with ARS activity overlapped in five regions. As
for the other two HindIII ARS fragments, EcoRI counter-
parts were not cloned, because they were too large. A
HindIII ARS fragment at the left end of the cloned region
contained two ARSs very close to each other, as described
below. Therefore, nine ARSs altogether were identified in
the continuous 230-kb stretch of chromosome VI. These
ARSs were named, from left to right, ARS601, ARS602, and
so on. The mitotic stabilities and growth rates of the trans-
formants containing these original fragments were deter-
mined (Table 2). All cells containing these plasmids except
cells with ARS604 had growth rates equal to that of the
wild-type parental cells, indicating that these ARS plasmids
are so active that they can replicate at least once per cell
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TABLE 1. Fragments cloned for ARS analysis TABLE 1-Continued

Fragment ARS Distance from
no.a Length (kb) activityb left end (kb)C

Fragment ARS Distance from
no.a Lngth (kb) activityb left end (kb)C

El 0.1 - 10.2 E69 2.1 - 222.6
E2 2.4 - 10.3 E70 1.7 - 224.7
E3 0.8 - 12.7 E71 0.3 - 226.4
E4 0.3 - 13.5 E72 5.0 + 226.7
E5 3.2 - 13.8
E6 0.6 - 17.0 Hi 3.4 - 0.0
E7 7.5 - 17.6 H2 2.7 + 3.4
E8 4.1 - 25.1 H3 0.7 - 6.1
E9 1.6 - 29.2 H4 7.4 - 6.8
E10 1.7 - 30.8 H5 2.9 - 14.2
Ell 1.2 - 32.5 H6 1.4 - 17.1
E12 2.6 - 33.7 H7 1.3 - 18.5
E13 0.4 - 36.3 H8 0.3 - 19.8
E14 5.0 - 36.7 H9 3.8 Unclonable 20.1
E15 2.1 + 41.7 H10 0.2 - 23.9
E16 2.6 - 43.8 Hll 2.8 - 24.1
E17 0.3 - 46.4 H12 3.9 - 26.9
E18 1.0 - 46.7 H13 2.2 - 30.8
E19 1.8 - 47.7 H14 2.1 - 33.0
E20 0.4 - 49.5 H15 1.1 - 35.1
E21 8.2 - 49.9 H16 3.4 - 36.2
E22 7.1 - 58.1 H17 2.8 + 39.6
E23 0.5 - 65.2 H18 1.3 - 42.4
E24 1.9 - 65.7 H19 5.6 - 43.7
E25 11.1 - 67.6 H20 6.0 - 49.3
E26 3.2 - 78.7 H21 0.7 - 55.3
E28 13.4 Unclonable 81.9 H22 1.7 - 56.0
E29 3.0 - 95.3 H23 2.2 Unclonable 57.7
E30 3.6 + 98.3 H24 0.8 - 59.9
E31 0.3 - 101.9 H25 11.9 - 60.7
E32 2.8 - 102.2 H26 0.5 - 72.6
E33 6.3 Unclonable 105.0 H28 0.1 - 73.1
E34 12.0 Unclonable 111.3 H29 7.6 - 73.2
E35 0.3 - 123.3 H30 4.1 - 80.8
E36 1.0 - 123.6 H31 2.9 - 84.9
E37 5.2 - 124.6 H32 4.0 - 87.8
E38 0.8 - 129.8 H33 2.1 - 91.8
E39 0.2 - 130.6 H34 1.0 - 93.9
E40 4.9 - 130.8 H35 4.3 - 94.9
E41 0.3 - 135.7 H36 1.6 - 99.2
E42 3.3 - 136.0 H37 0.2 - 100.8
E43 1.3 + 139.3 H38 0.3 - 101.0
E44 6.9 - 140.6 H39 0.3 - 101.3
E45 1.0 - 147.5 H40 0.3 + 101.6
E46 2.2 - 148.5 H41 0.1 - 101.9
E47 0.4 - 150.7 H42 2.6 - 102.0
E48 0.1 - 151.1 H43 1.5 - 104.6
E49 4.4 - 151.2 H44 8.8 Unclonable 106.1
E50 1.4 - 155.6 H45 5.8 - 114.9
E51 0.2 - 157.0 H46 1.6 - 120.7
E52 16.6 Unclonable 157.2 H47 0.8 - 122.3
E53 3.8 - 173.8 H48 0.3 - 123.1
E54 0.4 - 177.6 H49 0.5 - 123.4
E55 2.9 - 178.0 H50 0.3 - 123.9
E56 5.0 - 180.9 H51 5.3 - 124.2
E57 0.6 - 185.9 H52 3.8 - 129.5
E58 0.4 - 186.5 H53 5.6 - 133.3
E59 14.8 + 186.9 H54 6.2 + 138.9
E60 5.8 - 201.7 H55 4.2 - 145.1
E61 2.1 - 207.5 H56 0.2 - 149.3
E62 0.6 - 209.6 H57 3.4 - 149.5
E63 0.8 - 210.2 H58 2.1 - 152.9
E64 0.5 - 211.0 H59 3.7 - 155.0
E65 1.1 - 211.5 H60 0.6 - 158.7
E66 7.2 - 212.6 H61 11.0 - 159.3
E67 0.4 - 219.8 H62 1.9 - 170.3
E68 2.4 - 220.2 H63 4.2 - 172.2

Continued Continued on followingpage
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TABLE 1-Continued

Fragmnent ARS Distance from
no.' Length (kb) activityb left end (kb)C
H64 1.7 - 176.4
H65 6.2 Unclonable 178.1
H66 2.9 - 184.3
H67 0.4 - 187.2
H68 0.2 + 187.6
H69 0.3 - 187.8
H70 9.7 - 188.1
H71 1.8 - 197.8
H72 4.4 - 199.6
H73 0.2 - 204.0
H74 0.9 - 204.2
H75 1.8 - 205.1
H76 3.0 - 206.9
H77 2.7 Unclonable 209.9
H78 4.5 - 212.6
H79 8.6 - 217.1
H80 2.8 + 225.7

Xi 3.8 - 103.7
X2 1.7 - 107.5
X3 4.5 + 109.2

EH1 3.6 - 111.3

a Fragments are numbered according to their order on the physical map (18)
from left to right. E, EcoRI fragment; H, HindlIl fragment; X, XbaI fragment;
EH, EcoRI-HindIII fragment.

b +, ARS activity; -, no ARS activity; Unclonable, fragment was unclon-
able, so no activity could be detected.

c Position of the left end of the fragment.

cycle. Among nine ARSs identified in chromosome VI, only
ARS606 corresponded to one reported previously, ARS3
(37). These original restriction fragments containing ARSs
were used as starting materials for further studies.

Identification of core sequences. To analyze cis elements
essential and stimulative for ARS activity, it is essential to
determine the location of the core sequence in each ARS.
The region of the ARS containing the original activity was
roughly localized within a 500-bp to 1-kb region in each
subcloned fragment by deletional mutation, and the nucle-
otide sequence was determined. To search candidates for the
core sequence of each ARS, the consensus ARS core

0 50 100

TABLE 2. Mitotic stabilities of ARSs used for mutation and
deletion analyses

ARS Insert Doublin time MitoticARS ~~(kb)a (h stability

601, 602 H2 (2.7) 2.6 93
603 H17 (2.8) 2.4 95
604 E30 (3.6) 3.7 58
605 X3 (4.5) 2.7 88
606 E43 (1.3) 2.5 92
607 H62 (1.9) 2.7 91
608 E59 (14.8) 2.5 90
609 H80 (2.8) 2.6 93

a Fragments with ARS activity are listed. Fragments are as defined for
Table 1.
bDoubling time in selective medium.
c Mitotic stability of ARS plasmids was determined as described in Mate-

rials and Methods.

sequence defined by Van Houten and Newlon, 5'-(A/T)IT
TA(C/T)(G/A)T'1T(AJT)-3' (43), was used as a reference. In
all nine ARS regions, sequences which matched completely
(an 11-of-li-base match) or mismatched by 1 base (a 10-of-li
match) from the core consensus sequence were identified.
Mutations were introduced by linker substitution to deter-
mine the essential core sequence in each ARS (Table 3).
Single core sequences were identified in eight ARSs (Table 3
and Fig. 4). It should be noted that there are two candidate
sequences separated by 2 bases in ARS608, both of which
are 10-of-il matches and oriented in the same direction
(Table 3). Only the right sequence was shown to be a core
sequence by mutational analysis (Fig. 4h, 8M1). In the
remaining sequence, ARS603, both of the candidates, the
10-of-il and 9-of-il matches, in the active ARS region were
mutated independently without affecting ARS activity (Fig.
4c, 3M1 and 3M2). However, the combined mutation of both
of the candidates at the same time completely abolished the
ARS activity (Fig. 4c, 3M3), suggesting that these two
matches function cooperatively as an essential core element
of the ARS.

Effect of vector sequence on ARS activity. To determine the
regulatory function of flanking regions of the core sequence
on ARS activity, the regions of interest are deleted and
replaced by adjoining vector sequences. It is therefore
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TABLE 3. Oligonucleotides used for creation of mutated
plasmids and their effect on ARS activity

A.RS Core sequence Mutated ARScandidate sequences activityb

601 ATTTCCATTTT ATcTcgAgTTT -
602 TTATACGTTTA TTActCGagTA
603 TTTCATATTTT TcTCgagTTTT +

TTTAAAGTTTT TcTcgAGTTTT +
604 TTTTACGTTTT TTTctCGagTT -
605 AATTACGTTTT AATctCGagTT -

606 ATTTATATTTT ATcTcgAgTTT -

607 GTTTATATTTA cTcgAgATTTA -

608 TTTTACTTTTA TTTTACcTcgA -
ATTTCTATTTT ATTTCTcgagT +

609 TTTTATGTTTT TcTogaGTTTT -

a Mutagenized bases are indicated by lowercase letters.
b +, ARS activity; -, no ARS activity.

important to estimate the contribution by the vector se-

quence as an environment to ARS activity, particularly
when deletions approach the core sequence closely (2).
Experimentally, two environments were created by inserting
ARS fragments in opposite orientations, A (oniP is located
close to the 3' side of the T-rich strand of the core sequence)
and B (CEN4 is located close to the 3' side of the T-rich
strand of the core sequence), to examine the effect of vector
sequences (Fig. 1). Estimation of local AGs by using the
computer program developed by Natale et al. (26) showed
that in every case the vector portion had a local AG higher
than that of the original chromosomal sequence, with the B
orientation having the highest AG (Fig. 1). As discussed
below, the effect of the vector sequence is variable for each
core sequence. In general, ARS activities in orientation B
are lower than those in orientation A, and this difference
becomes larger when deletions are closer to the core se-

quence. When there were differences in ARS activity be-
tween the two orientations, the level of ARS activity de-
creased most in the original chromosomal fragment, less in
the fragment in orientation A, and least in the fragment in
orientation B (Fig. 4e and Table 4). However, in some cases

(ARS605, -607, and -609; Fig. 4 and Table 4), no differences
in ARS activities were observed in any of the three con-

structs, even when the deletion had nearly reached the core
sequence. Judging from the AG, the vector sequence in
orientation A seems to provide a fairly favorable environ-
ment for the core ARS activity and may substitute for part of
a chromosomal DUE that has been lost by deletion. In
contrast, the sequence in orientation B is rather inhibitory to
the core ARS activity. The presence of a stimulative se-

quence is highly probable when deletion causes a decrease in
ARS activities in both orientations. However, the presence

of a stimulative sequence is possible but not certain when the
decrease in ARS is observed only in orientation B. It is safe
to conclude that all stimulative sequences were absent only
when a given deletion caused no change of ARS activity in
either orientation.

Functional dissection of ARSs. The identification of core

sequences by mutation and of flanking stimulative sequences

by deletion of each ARS is shown in Fig. 4 and summarized
in Table 4. The AG of the entire ARS region was calculated
(Fig. 4), and correlation with the stimulative sequence was

examined.
(i) ARS601. A single core sequence with a 10-of-11-base

match was identified (Fig. 4a, 1M2). The stepwise deletion of

the 3'-flanking region revealed a strong stimulative sequence
which spanned the region 58 to 277 bp from the core (Fig. 4a,
1D2 to lD5), and the region showed a low local AG. A weak
stimulative sequence was also identified (Fig. 4a, 1D3 and
1D7) at the 5'-flanking region corresponding to the region of
low local AG.

(ii) ARS602. A single core sequence with a 10-of-11-base
match was found to be close to, but on the opposite strand
from, ARS601 (Fig. 4b, 2M2). The stimulative effects of the
3'-flanking region between 55 and 293 bp from the core were
not as strong as the effects of the same region on ARS601
(Fig. 4b, 2D1 to 2D4). A weak stimulative sequence was also
identified in a 5'-flanking region which correlated with a low
AG (Fig. 4b, 2D2 and 2D5). ARS601 and -602 are separated
by only 241 bp and therefore share parts of the 3' stimulative
sequences. Although the 3'-stimulative sequence of each
ARS overlaps the core sequence of the other ARS, the core
sequence itself is not directly involved in the stimulation, as
the disruption of the core by linker mutation did not affect
the stimulative effect on the core of the other ARS (Fig. 4a,
lMl, and Fig. 4b, 2M1). It is interesting that a minimal
fragment containing both intact core sequences (Fig. 4a,
1D6A and 1D6B) is less active than fragments containing
either of the cores with longer flanking regions (Fig. 4a, lMl,
and Fig. 4b, 2M1).

(iii) ARS603. No single core sequence was detected. A
fragment of 179 bp was as active as the original fragment and
contained one 10-of-11-base match and four 9-of-11-base
matches (Fig. 4c, 3D5A and 3D5B). Deletion analyses
showed that the essential core element was located on a
54-bp fragment which contained only two core-like se-
quences, one 10-of-11 match and one 9-of-11 match (Fig. 4c,
3D6). Though base substitutions of either of the remaining
two matches did not affect ARS activity (Fig. 4c, 3M1 and
3M2), combined mutations of the two abolished the ARS
activity completely (Fig. 4c, 3M3), indicating that the two
sequences function cooperatively as the essential core ele-
ment. A 70-bp sequence with an extremely low AG located at
the 3'-flanking region of the 10-of-11 match was identified as
the stimulative sequence for the core element (Fig. 4c, 3D6).

(iv) ARS604. Although one 11-of-11 match is located on the
fragment, the ARS activity was considerably lower than all
others, even when the fragment contained an intact 3'-
flanking sequence of 429 bp (Fig. 4d, 4D1A and 4D1B).
Deletion of the sequence between 192 and 429 bp from the
core sequence caused a slight increase in ARS activity,
suggesting the presence of an inhibitory sequence in this
region (Fig. 4d, 4D1 and 4D2). The additional deletion
suggested the presence of strong stimulative sequences in
either the 3'- or the 5'-flanking region or in both (Fig. 4d, 4D2
and 4D3). These sequences correspond to the region of low
local AG.

(v) ARS605. A single core sequence with a 10-of-11-base
match was detected in a fully active fragment of 101 bp (with
only 52 bp in the 3'-flanking region) (Fig. 4e, 5D4A and
5D4B), indicating that all cis elements required for replica-
tion are active, since the original ARS is localized within this
region. The deletion experiment revealed a strong stimula-
tive sequence in the 3'-flanking region within 52 bp of the
core (Fig. 4e, 5D5A and 5D5B). The decrease in activity
caused by the deletion may be explained by the increase in
the AG of the remaining ARS sequence due to the effect of
the flanking vector sequence (Fig. 4e). However, the high
ARS activity of the 101-bp fragment cannot be explained by
AG alone, since the entire region does not have a lower AG
than the neighboring regions and other ARSs. Deletion of the

MOL. CELL. BIOL.



ARSs ON CHROMOSOME VI OF S. CEREVISUE 5049

601 Core
n n n PA ARS activity D.T.(h)

602 Core

+
+
+
+
+
+

+
+
+
+

+
+

+

+

+

2.7
2.6
2.7
2.7
3.0
3.5

3.0
3.5
4.0
5.3

3.2
3.0

3.6

4.2
2.7

0 bp

N
°

e v
o a t° § 3 8 - I

bp

601 CBore

.- n n n n g c n QL
602 Core

E3~~~~~~~~~~~~~~~~~~

<c) X u~~~~~~~~~~~~~~~C

ARS activity D.T.(h)

+
+
+

+

+

+

+
+

+

+
+
+
+

+

+

2.7
2.6

2.7
2.6
2.8
3.1

2.8
3.2
3.1

3.6
3.0
3.2
3.5
3.8

2.7

Aw

FIG. 4.

VOL. 13, 1993

a)

601
(2.7kb)

IDlA
IDIB
1D2A
1D2B

1D3A
1D3B
1D4A
1D4B

lD5A
lD5B
1D6A

1D6B

1D7A

1D7B

iMi
1M2

120
.110
Is 100

& 90

6 80
70
60

b)
602
(2.7kb)

IDIB

lDlA

2D1A
2DIB
2D2A
2D2B
2D3A
2D3B
2D4A
2D4B
1D6B
1D6A
2D5A
2D5B

2M1
2M2

120 -

^ 110 -

i 100 -

90 -

2 70-
60 -

0
Cl0° 8 R ino9 %n 5o9 8 o° Z

bp

KN.I,XN.xl,%,N.XNXll.XNXNXN I

tfr%

--o

--c

---o

---0

01%

n x

-2-



5050 SHIRAHIGE ET AL.

603 Core
n' nnnir P

UU u ARS activity D.T.(h)

-v
--c)le, --3

I Xs --

+

+

+
+
+

+
+

2.4

2.5

2.6
2.7
4.4

2.6
2.5

bp

604 Core
ni a|- ARS activity D.T.(h)

+

+

+
+C)- +

a~~~~~~~~~~~~~

0

CDCPR 8 8 R 5 8 %n 8 mn 8 %n_ _ en cn l tn %

bp

FIG. 4-Continued.

5'-flanking region up to 38 bp from the core had no effect on
ARS activity.

(vi) ARS606. A single core sequence with an 11-of-li
match was identified (Fig. 4f, 6M). The stepwise deletion of
the 3' sequence revealed a gradual reduction of ARS activ-
ity, suggesting a continuous stretch of stimulative sequence
in this region (Fig. 4f, 6D2 to 6D4). A stimulative sequence
was also identified in the 5'-flanking region (Fig. 4f, 6D2 and
6D8). Both regions are characterized by low local AG.

(vii) ARS607. A single core sequence with a 10-of-11 match
was detected (Fig. 4g, 7M). Deletion of the 3'-flanking region

up to 79 bp from the core did not affect the original full ARS
activity (Fig. 4g, 7D4A and 7D4B). A slight reduction of the
ARS activity was observed within the 79-bp region (Fig. 4f,
7D4 to 7D6) only in orientation B of the insert (Fig. 4g, 7D6A
and 7D6B), suggesting the presence of a weak stimulative
sequence. The deletion of the 5'-flanking region with a low
AG up to 21 bp from the core sequence had no effect on the
ARS activity (Fig. 4g, 7D7A and 7D7B). This ARS is the
second in which the cis element required for full ARS
activity was shown to be located within a small segment of
111 bp.
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FIG. 4. cis elements revealed by deletion and mutational analyses and the local AGs of unwinding of nine ARSs. For each ARS (panels
a to i), the physical map of core-like sequences, 11-of-11 (ifiled boxes), 10-of-11 (hatched boxes), and 9-of-11 (open boxes) matches, are
shown. The position of the box above or below the line indicates the orientation of the T-rich strand of the core-like sequence, either from
5' (left) to 3' (right) or from 3' (left) to 5' (right), respectively. The stimulative regions deduced from the results of deletion experiments are
shown above or below the map, with the location of the distal end of the stimulative sequence (within the open bar) and the region where
deletions caused continuous decreases in ARS activity (shaded bars) indicated. Below the maps are the sizes of deleted fragments and their
directions of insertion relative to CEN4 (circled C). The centromeres are at the left (5' side) of the fragment in the A orientation and at the
right (3' side) in the B orientation. The amount of starting material used for this analysis is shown below the number of each ARS. Sites of
mutation by linker substitution (Table 3) (crosses) are indicated. The definition of the ARS activity of the plasmids and doubling time (D.T.)
of the plasmid-containing cells in the selective medium are described in Materials and Methods. Local AGs are shown on the graphs below
the maps. In ARS6OS and -609, AGs ofARS fragments inserted in the vector plasmids in two orientations, A (solid thin line) and B (dotted
line), are overlapped with the original chromosomal segment (solid thick line). 1 kcal = 4.184 kJ.

(viii) ARS608. A single core sequence with a 10-of-11-base
match was identified (Fig. 4h, 8M1). Deletion analysis
clearly revealed stimulative sequences in both the 3'-flanking
regions (Fig. 4h, 8D2 to 8D4) and the 5'-flanking regions
(Fig. 4h, 8D8). Both of these sequences span wide ranges
with remarkably low AGs of unwinding (Fig. 4h).

(ix) ARS609. A single core sequence with an 11-of-11
match was detected (Fig. 4i, 9M), and the deletion analysis
revealed a stimulative sequence in only the 5 '-flanking region
(Fig. 4i, 9D7). Deletions of 3'-flanking sequence up to 46 bp
from the core sequence showed no effect. This is the third
case in which a cis element required for full ARS activity
was shown to be located within a small segment of 155 bp
(Fig. 4i, 9D6A and 9D6B). The segment is characterized by
a locally low AG, particularly in the 5' stimulative region
(Fig. 4i). Replacement of the stimulative region by vector

sequences resulted in the loss of the region with the low local
AG (Fig. 4i, 9D7).

DISCUSSION

We have identified nine ARSs in the 230-kb continuous
stretch of chromosome VI of S. cerevisiae. The method used
to detect ARS activity was so sensitive that it was possible to
detect the 30-bp fragment of the weakest ARS (ARS604).
Therefore, it is unlikely that some ARSs remain to be
detected in the 230-kb stretch of the chromosome, except for
the 21 restriction sites which have not been covered by other
overlapping fragments. Although the possibility that any
ARS is located within 30 bp of those restriction sites is slight,
these regions will be tested to complete the search for ARSs
on the chromosome. In addition, there remain two telomere-
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TABLE 4. Structure and function of deletion derivatives of ARSs of chromosome VIa

Size of fragment showing the indicated ARS activity (doubling time [hW)' Core location of stimulative sequence (bases)c
ARS

Full (minimum) Reduced Lowest 3' region 5' region

601 -235:C:277 (2.7, 2.7) -235:C:240 (3.0, 3.5) -235:C:58 (4.0, 5.3) 58 to 277 (-41 to-235)
-41:C:277 (3.2, 3.0)

602 -277:C:293 (2.7, 2.6) -277:C:231 (2.8, 3.1) -25:C:231 (3.5, 3.8) 55 to 293 (-25 to -277)
-25:C:293 (3.0, 3.2)

603" -16:C:152 (2.6, 2.7) -16:C:27 (4.4) -16:C:27 (4.4) (27 to 152) Not detected outside -16
604 -118:C:192 (3.5, 4.2) -8:C:11 (5.8, 7.3) -8:C:11 (5.8, 7.3) (11 to 192) or (-8 to -118)
605 -38:C:52 (2.9, 2.8) -38:C:13 (4.4, 6.5) -38:C:13 (4.4, 6.5) (13 to 52) Not detected outside -38
606 -312:C:112 (2.6, 2.7) -312:C:55 (2.9, 3.8) -312:C:40 (4.3, 5.2) 40 to 112 (-36 to -312)

-36:C:112 (2.8, 3.1)
607 -21:C:79 (2.6, 2.7) -178:C:34 (2.7, 3.4) -178:C:34 (2.7, 3.4) 34 to 79 Not detected outside -21
608 -127:C:210 (2.8, 2.8) -127:C:126 (3.3, 3.2) -230:C:22 (4.5, 8.8) 22 to 210 (-32 to -127)

-32:C:210 (3.5, 3.5)
609 -98:C:46 (2.7, 2.6) -13:C:46 (3.3, 4.1) -13:C:46 (3.3, 4.1) Not detected outside 46 (-13 to -98)

a Data are based on the results shown in Fig. 4.
b The size of each deletion fragment is shown by the number of bases on the 5' (-) and 3' (+) sides of the 11-bp core sequence (C). Doubling times (given for

fragments in orientations A and B, respectively) are for cells containing each deletion ARS plasmid.
c Locations in parentheses indicate that distal ends have not yet been determined.
d As ARS603 has no single identifiable core sequence, the location and length of sequence are presented assuming that the 10-of-11 matched sequence to the

consensus is the core.

containing terminal regions. In fact, comparison of our
restriction map with the map created by Yoshikawa and
Isono (48) shows that the distance to the left end is 32.5 kb
and that to the right end is 17.5 kb. Judging from the
distribution of the nine ARSs in the chromosome, it is
unlikely that ARSs other than those associated with the
telomeres remain to be detected in the terminal regions. The
distribution of the nine ARSs is uneven (Fig. 3). The greatest
distance between two ARSs (ARS603 and -604) is 60 kb, and
the shortest is 241 bp (betweenARS601 and -602). However,
in three cases, two ARSs are located fairly close to each
other in pairs. If we assume that only one of the two
sequences in these pairs functions as the origin of replication
at a time, the distribution of origins becomes fairly even,
with an average distance of some 45 kb, which is close to the
replicon size observed by autoradiograph (31). Recently, 13
ARSs in a 210-kb circular derivative of S. cerevisiae chro-
mosome III have been mapped (28). An apparent discrep-
ancy in the density of the ARSs of the two chromosomes is
because of the unusually high concentration of ARSs within
two specific short segments containing HML and MAT loci
in chromosome III.
To date, detailed analyses of functional elements in the

ARS have been performed with only a few ARSs (H4 ARS,
ARS307, ARS121, and ARSI), from which a general picture
of the structure and function of the ARS has been derived (4,
27, 42). However, the systematic analysis of the set ofARSs
from a single chromosome, chromosome VI, revealed that
basic features are conserved in general but that the organi-
zation of functional elements is more variable. Thus, the
general feature that the ARS is composed of a core element
essential for ARS activity and a stimulative sequence located
in the 3'-flanking region of the T-rich strand is observed in
most of the nine ARSs. However, there is an exception for
the core element, and wide variations in size and location of
stimulative sequences were observed.

Regarding the core element, single core sequences vulner-
able to base substitutions were identified in eight of nine
ARSs. These 11-bp sequences were either an 11-of-11 or a
10-of-11 match to the consensus core sequence proposed by
Van Houten and Newlon (43), suggesting that they function
as sequence-specific recognition sites for trans-acting factors

(1) for initiation of replication. As for the sequence specific-
ity, five of nine ARSs on chromosome VI have a C at
position 6, while all previously characterized ARSs and the
other three sequences examined in this study have a T at this
position (Table 3). The significance of the sequence speci-
ficity should be examined by site-directed mutation as to the
functions of ARSs as chromosomal origins. One exceptional
core element was found in the remainingARS603, in which
two core-like sequences were required simultaneously as a
minimal essential element for ARS activity. The two se-
quences, a 10-of-11 match and a 9-of-11 match, are located
on opposite strands and separated by 5 bp. Since they
function cooperatively as the sequence-specific binding sites
for trans-acting proteins, mutations in either of the se-
quences may interfere with the binding of the protein to the
other site.
Various sequences have been proposed as stimulative cis

elements for ARS activity. However, no substantial evi-
dence for the elements has been reported, except for the
binding sequences for transcriptional protein factors (8, 23,
38, 45-47) and DUEs (26, 40, 41). Deletion analyses have
identified stimulative sequences in all nine ARSs on chro-
mosome VI, varying in strength, size, and location. Judging
from their nucleotide sequences, these stimulative se-
quences have no common structure with known protein-
binding sites (44). Therefore, the possibility that they are
functioning as DUEs was examined by estimating the local
AG of unwinding with the computer program provided by
Natale et al. (26) (Fig. 4). In general, the 3' stimulative
sequences identified in our analyses correspond well to the
regions whose AGs are lower than those of the neighboring
regions. Furthermore, the effect of deletion becomes in-
creasingly serious as the deletion endpoints approach the
core sequence. These results suggest strongly that the stim-
ulative sequences are indeed functioning as DUEs.
The size of DUEs is variable. In three cases, ARS605,

-607, and -609, fragments as small as 101, 111, and 155 bp,
respectively, were isolated as fully active ARSs. In fact, no
3'-flanking DUE was detected within 46 bp of the core
sequence of ARS609. It is possible to identify the distal
endpoints of the stimulative sequence by deletion analysis.
However, the presence or absence of DUEs in close prox-
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imity to the core sequence is hard to examine by the same
technique. In most sequences, including those containing
long DUEs, DUEs may be located contiguous with the core
sequence and function as essential elements in combination
with the sequence-specific functions of the core sequences.
The locations of the distal ends of DUEs are variable among
ARSs which require long DUEs. It is interesting to examine
how these DUEs of various sizes function differentially in a
chromosome. In five cases, stimulative sequences were
identified in the 5'-flanking regions characterized by low
local AGs, suggesting that 5'-flanking sequences can also act
as DUEs. It should be noted that there is the exceptional
case of ARS605, in which a short strong stimulative se-
quence was identified in the 3'-flanking region. The strong
stimulative effect cannot be explained by a DUE alone,
because the region shows a local AG that is higher than those
for the neighboring regions. Recently, a cis element in the
5'-flanking region was reported to function as a nucleosome
positioning sequence (34), which facilitates the opening of
the chromatin structure of the nearby core essential se-
quence.

Eight ARSs (ARS604 is the exception) are fully active as
cis elements required for the initiation of replication of
plasmid DNA. Regarding the low level of efficiency of
ARS604, it is interesting that the deletion of part of the
3'-flanking sequence increased the ARS activity. This result
suggests the presence of inhibitory sequences which may
function as negative regulatory elements for chromosomal
replication. It is reported that the efficiency of initiation of
chromosomal ARS varies from a constitutively high to a
completely silent state (10, 15, 16, 21, 49). Variations in
strength and location of stimulative sequences that we
observed in nine ARSs may reflect the differences in regu-
lation of the activities of the various chromosomal origins.

ACKNOWLEDGMENTS

We thank M. V. Olson and his colleagues for providing us with the
ordered clones from chromosome VI of S. cerevisiae, A. Sugino for
the gift of shuttle vectors, S. Harashima for the gift of the S.
cerevisiae strain, and D. Kowalski for providing us with the com-
puter program.

This work was supported by grants-in-aid for Cooperative Re-
search and for Special Project Research from the Ministry of
Education, Science and Culture, Japan.

REFERENCES
1. Bell, S. P., and B. Stillman. 1992. ATP-dependent recognition of

eukaryotic origins of DNA replication by a multiprotein com-
plex. Nature (London) 357:128-134.

2. Bouton, A. H., and M. M. Smith. 1986. Fine-structure analysis
of the DNA sequence requirements for autonomous replication
of Saccharomyces cerevisiae plasmids. Mol. Cell. Biol. 6:2354-
2363.

3. Brand, A. H., G. Micklem, and K. Nasmyth. 1987. A yeast
silencer contains sequences that can promote autonomous plas-
mid replication and transcriptional activation. Cell 51:709-719.

4. Campbell, J. L., and C. S. Newlon. 1991. Chromosomal DNA
replication, p. 41-146. In J. R. Broach and J. R. Pringle (ed.),
The molecular and cellular biology of the yeast Saccharomyces,
vol. 1. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y.

5. Celniker, S. E., K. Sweder, F. Srienc, J. E. Bailey, and J. L.
Campbell. 1984. Deletion mutations affecting autonomously
replicating sequence ARSI of Saccharomyces cerevisiae. Mol.
Cell. Biol. 4:2455-2466.

6. Chan, C. S., and B. K. Tye. 1980. Autonomously replicating
sequences in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 77:6329-6333.

7. Deshpande, A. M., and C. S. Newlon. 1992. TheARS consensus
sequence is required for chromosomal origin function in Sac-
charomyces cerevisiae. Mol. Cell. Biol. 12:4305-4313.

8. Diffley, J. F., and B. Stiliman. 1988. Purification of a yeast
protein that binds to origins of DNA replication and a transcrip-
tional silencer. Proc. Natl. Acad. Sci. USA 85:2120-2124.

9. Dower, W. J., J. F. Miller, and C. W. Ragsdale. 1988. High
efficiency transformation of E. coli by high voltage electropora-
tion. Nucleic Acids Res. 16:6127-6145.

10. Dubey, D. D., L. R. Davis, S. A. Greenfeder, L. Y. Ong, J. Zhu,
J. R. Broach, C. S. Newlon, and J. A. Huberman. 1991.
Evidence suggesting that the ARS elements associated with
silencers of the yeast mating-type locus HML do not function as
chromosomal DNA replication origins. Mol. Cell. Biol. 11:
5346-5355.

11. Fangman, W. L., R. H. Hice, and S. E. Chlebowicz. 1983. ARS
replication during the yeast S phase. Cell 32:831-838.

12. Feldman, J. B., J. B. Hicks, and J. R. Broach. 1984. Identifica-
tion of sites required for repression of silent mating type loci in
yeast. J. Mol. Biol. 178:815-834.

13. Ferguson, B. M., B. J. Brewer, A. E. Reynolds, and W. L.
Fangman. 1991. A yeast origin of replication is activated late in
S phase. Cell 65:507-515.

14. Gietz, R. D., and A. Sugino. 1988. New yeast-Escherichia coli
shuttle vectors constructed with in vitro mutagenized yeast
genes lacking six-base pair restriction sites. Gene 74:527-534.

15. Greenfeder, S. A., and C. S. Newlon. 1992. A replication map of
a 61-kb circular derivative of Saccharomyces cerevisiae chro-
mosome-III. Mol. Biol. Cell 3:999-1013.

16. Huberman, J. A., J. G. Zhu, L. R. Davis, and C. S. Newlon.
1988. Close association of a DNA replication origin and anARS
element on chromosome III of the yeast, Saccharomyces cere-
visiae. Nucleic Acids Res. 16:6373-6384.

17. Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983. Transfor-
mation of intact yeast cells treated with alkali cations. J.
Bacteriol. 153:163-168.

18. Iwasaki, T., K. Shirahige, H. Yoshikawa, and N. Ogasawara.
1991. The direct cloning of the yeast genome using the gap-filling
method and the complete physical mapping of Saccharomyces
cerevisiae. Gene 109:81-87.

19. Kearsey, S. 1984. Structural requirements for the function of a
yeast chromosomal replicator. Cell 37:299-307.

20. Kowalski, D., and M. J. Eddy. 1989. The DNA unwinding
element: a novel, cis-acting component that facilitates opening
of the Escherichia coli replication origin. EMBO J. 8:4335-4344.

21. Linskens, M. H. K., and J. A. Huberman. 1988. Organization of
replication of ribosomal DNA in Saccharomyces cerevisiae.
Mol. Cell. Biol. 8:4927-4935.

22. Mann, C., and R. W. Davis. 1986. Meiotic disjunction of circular
minichromosomes in yeast does not require DNA homology.
Proc. Natl. Acad. Sci. USA 83:6017-6019.

23. Marahrens, Y., and B. Stillman. 1992. A yeast chromosomal
origin of DNA replication defined by multiple functional ele-
ments. Science 255:817-823.

24. McCarroll, R. M., and W. L. Fangman. 1988. Time of replica-
tion of yeast centromeres and telomeres. Cell 54:505-513.

25. Murray, A. W., and J. W. Szostak. 1983. Pedigree analysis of
plasmid segregation in yeast. Cell 34:961-970.

26. Natale, D. A., A. E. Schubert, and D. Kowalski. 1992. DNA
helical stability accounts for mutational defects in a yeast
replication origin. Proc. Natl. Acad. Sci. USA 89:2654-2658.

27. Newlon, C. S. 1988. Yeast chromosome replication and segre-
gation. Microbiol. Rev. 52:568-601.

28. Newlon, C. S., L. R. Lipchitz, I. Collins, A. Deshpande, R. J.
Devenish, R. P. Green, H. L. Klein, T. G. Palzkill, R. Ren, S.
Synn, and S. T. Woody. 1991. Analysis of a circular derivative of
Saccharomyces cerevisiae chromosome III. A physical map and
identification and location ofARS elements. Genetics 129:343-
357.

29. Oliver, S. G., Q. J. M. van der Aart, M. L. Agostoni-Carbone,
M. Aigle, L. Alberghina, D. Alexandraki, G. Antoine, R. Anwar,
J. P. G. Ballesta, P. Benit, et al. 1992. The complete DNA
sequence of yeast chromosome III. Nature (London) 357:38-46.

VOL. 13, 1993



5056 SHIRAHIGE ET AL. ML EL IL

30. Palzkill, T. G., and C. S. Newlon. 1988. A yeast replication
origin consists of multiple copies of a small conserved sequence.
Cell 53:441-450.

31. Petes, T. D., C. S. Newlon, B. Byers, and W. L. Fangman. 1974.
Yeast chromosomal DNA: size, structure, and replication. Cold
Spring Harbor Symp. Quant. Biol. 38:9-16.

32. Rivin, C. J., and W. L. Fangman. 1980. Replication fork rate
and origin activation during the S phase of Saccharomyces
cerevisiae. J. Cell Biol. 85:108-115.

33. Sherman, F., G. R. Fink, and J. B. Hicks. 1986. Methods in
yeast genetics. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

34. Simpson, R. T. 1990. Nucleosome positioning can affect the
function of a cis-acting DNA element in vivo. Nature (London)
343:387-389.

35. Skryabin, K. G., M. A. Eldarov, V. L. Larionov, A. A. Bayev, J.
Klootwijk, V. C. H. F. de Regt, G. M. Veidman, R. J. Planta,
0. I. Georgiev, and A. A. Hadjiolov. 1984. Structure and
function of the nontranscribed spacer regions of yeast rDNA.
Nucleic Acids Res. 12:2955-2968.

36. Srienc, F., J. E. Bailey, and J. L. Campbell. 1985. Effect of
ARSI mutations on chromosome stability in Saccharomyces
cerevisiae. Mol. Cell. Biol. 5:1676-1684.

37. Stinchcomb, D. T., C. Mann, E. Selker, and R. W. Davis. 1981.
DNA sequences that allow the replication and segregation of
yeast chromosomes. ICN-UCILA Symp. Mol. Cell. Biol. 22:
473-488.

38. Sweder, K. S., P. R. Rhode, and J. L. Campbell. 1988. Purifica-
tion and characterization of proteins that bind to yeastARSs. J.
Biol. Chem. 263:17270-17277.

39. Tschumper, G., and J. Carbon. 1980. Sequence of a yeast DNA
fragmnent containing a chromosomal replicator and the TRPI
gene. Gene 10:157-166.

40. Umek, R. M., and D. Kowalski. 1988. The ease of DNA
unwinding as a determinant of initiation at yeast replication
origins. Cell 52:559-567.

41. Umek, R. M., and D. Kowalski. 1990. Thermal energy sup-
presses mutational defects in DNA unwinding at a yeast repli-
cation origin. Proc. Natl. Acad. Sci. USA 87:2486-2490.

42. Umek, R. M., M. H. Liaskens, D. Kowalski, and J. A. Huber-
man. 1989. New beginnings in studies of eukaryotic DNA
replication origins. Biochim. Biophys. Acta 1007:1-14.

43. Van Houten, J. V., and C. S. Newlon. 1990. Mutational analysis
of the consensus sequence of a replication origin from yeast
chromosome III. Mol. Cell. Biol. 10:3917-3925.

44. Verdier, J. M. 1990. Regulatory DNA-binding proteins in yeast:
an overview. Yeast 6:271-298.

45. Walker, S. S., S.C. Francesconi, and S. Eisenberg. 1990. A DNA
replication enhancer in Saccharomyces cerevisiae. Proc. Natl.
Acad. Sci. USA 87:4665-4669.

46. Walker, S. S., S. C. Francesconi, B.-L. Tye, and S. Eisenberg.
1989. The OBEl protein and its DNA-binding site are important
for the function of an autonomously replicating sequence in
Saccharomyces cerevisiae. Mol. Cell. Biol. 9:2914-2921.

47. Walker, S. S., A. K. MaHik, and S. Eisenberg. 1991. Analysis of
the interactions of functional domains of a nuclear origin of
replication from Saccharomyces cerevisiae. Nucleic Acids Res.
19:6255-6262.

48. Yoshikawa, A., and K. Isono. 1991. Construction of an ordered
clone bank and systematic analysis of the whole transcripts of
chromosome VI of Saccharomnyces cerevisiae. Nucleic Acids
Res. 19:1189-1195.

49. Zhu, J., C. S. Newlon, and J. A. Huberman. 1992. Localization
of a DNA replication origin and termination zone on chromo-
some III of Saccharomyces cerevisiae. Mol. Cell. Biol. 12:4733-
4741.

MOL. CELL. BIOL.


