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ARS307 is highly active as a replication origin in its native location on chromosome III of Saccharomyces
cerevisiae. Its ability to confer autonomous replication activity on plasmids requires the presence of an 11-bp
autonomously replicating sequence (ARS) consensus sequence (ACS), which is also required for chromosomal
origin function, as well as approximately 100 bp of sequence flanking the ACS called domain B. To further
define the sequences required for ARS function, a linker substitution mutagenesis of domain B was carried out.
The mutations defined two sequences, B1 and B2, that contribute to ARS activity. Therefore, like ARS1, domain
B of ARS307 is composed of functional subdomains. Constructs carrying mutations in the B1 element were used
to replace the chromosomal copy of ARS307. These mutations caused a reduction in chromosomal origin
activity, demonstrating that the B1 element is required for efficient chromosomal origin function.

In general, eukaryotic chromosomal replication origins are
poorly characterized. The notable exception is that in the
budding yeast Saccharomyces cerevisiae, short chromosomal
fragments have been identified which promote high-frequency
transformation of shuttle vectors and allow these plasmids to
replicate as extrachromosomal elements, features expected of
replication origins (reviewed in references 11 and 38). These
small fragments are called autonomously replicating sequence
(ARS) elements. With the development of two-dimensional
(2-D) agarose gel electrophoresis techniques for identifying
replication intermediates, ARS elements were shown to colo-
calize with plasmid replication origins (7, 23). However, only a
subset of ARS elements, defined by the transformation assay,
function as replication origins in their native chromosomal
contexts (8, 14, 16, 18, 22, 30, 37, 49).

DNA sequence analysis of several ARS elements revealed
two common features, the presence of an 11-bp consensus
sequence, (A/T)TTTA(T/C)(A/G)TTT(A/T), and a higher A
+ T content than in bulk yeast DNA (9, 47). Subsequent
studies have shown that the ARS consensus sequence (ACS) is
necessary but not sufficient for ARS function (reviewed in
references 10 and 38). In addition, the essential ACS is not
always a perfect match to the consensus but instead may agree
at only 9 or 10 positions (22, 26, 34, 41, 48). Linker substitution
mutagenesis suggests that the ACS is only part of a slightly
larger essential element extending several base pairs on either
side (5, 31, 48, 49). This element is referred to as domain A and
is likely to be specified by the DNA-binding characteristics of
the origin recognition complex, the putative replication initia-
tor (2, 3, 13, 17, 28, 33).

In addition to domain A, sequences 3’ to the T-rich strand of
the ACS are required for ARS function. The extent of these
sequences, called domain B, is variable from ARS element to
ARS element and also somewhat dependent on vector context
(reviewed in references 10 and 38). Two general models, which
are not mutually exclusive, have been proposed to explain the
requirement for sequences in domain B. The first model
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suggests that the important feature of domain B is a physical
property of the DNA, the energy required to unwind a region
of duplex, rather than a specific sequence. Evidence in support
of the role of a DNA-unwinding element (DUE) in ARS
function includes the observation that external deletions which
remove the DUE from domain B of the H4 ARS, abolishing
ARS function, can be complemented by the insertion of an
easily unwound 147-bp fragment from pBR322 (45). In addi-
tion, the effects of deletion mutations at several ARS elements
have been correlated with increases in the helical stability of
domain B (22, 34, 35). DUEs are a common feature of
prokaryotic, yeast, and viral replication origins (29, 36, 50).

The second model emphasizes primary sequence, suggesting
that this region contains binding sites for accessory factors.
Since there is little or no sequence conservation in the domain
B region, either various factors can be utilized by different
ARS elements or the binding site for a common factor is highly
degenerate. One such accessory factor is the transcription
factor ARS-binding factor 1 (Abfl). Abfl (also called OBF1)
has been shown to function as a replication enhancer at
ARSI21. In this case, the binding sites are located in domain C,
5’ to the T-rich strand of the ACS, though the enhancement is
still seen when the sites are moved further away or into domain
B (48, 49). The Abfl-binding site in domain B of ARSI
contributes to ARS function and can be functionally replaced
by binding sites for two other transcription factors, Rapl and
Gal4 (31). Together, these results imply that many different
transcriptional activators may act to enhance replication at
various ARS elements and may do so in a relatively position-
and distance-independent manner.

The detailed linker substitution analysis of domain B of
ARSI (31) defined three important elements, called B1, B2,
and B3, which together account for the activity of the domain.
B3 corresponds to the binding site for the transcription factor
Abfl. The roles of the B1 and B2 elements are unknown.

Previous work from our laboratory defined the extent of
ARS307 (39) and explored in detail the sequence requirements
for its ACS (47). In this study we extended the analysis of
domain B of ARS307 by examining the DNA sequence require-
ments of the domain B region. Our results suggest that the
organization of domain B in ARS307 is similar to that in ARSI,
with two short sequence elements, corresponding to B1 and B2
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FIG. 1. Map of pRS326. The plasmid was constructed as described
in Materials and Methods. It carries Amp* for bacterial selection, the
lacZ o peptide for bacterial colony color screens, URA3 for selection in
S. cerevisiae, CEN4 for proper plasmid segregation in S. cerevisiae, and
SUPI11-1, an ochre suppressor, for yeast colony color screens. The
polylinker region is identical to that of pRS306 (39) and indicated by
the solid box between the Sacl and Kpnl sites at positions 2001 and
2103, respectively. The other restriction sites shown are those which
cut both within the polylinker and elsewhere in the plasmid.

of ARSI, contributing to ARS function. The Bl element is
shown to play an important role in chromosomal origin
function.

MATERIALS AND METHODS

Strains. Escherichia coli DG101 (12) was used for plasmid
propagation. The diploid yeast strain (1C6) used for plasmid
stability assays was constructed by the following crosses. H243-
13-2a (MATa ural trpl [6]) was crossed to YP500 (MATa
ura3-52 trplA63 leu2Al lys2-801 his3A200 ade2-101 [42]), and a
spore (1C) of genotype MATa ura3-52 trplA63 leu2Al his3A200
ade2-101 was identified by complementation tests and South-
ern hybridization. In parallel, YNN215 (MAT« ura3-52 lys2-
801 ade2-101 [42]) was crossed to FY23 (MATa ura3-52
trpl1A63 leu2Al [51]), and a spore (6B) of genotype MATa
ura3-52 leu2Al lys2-801 ade2-101 was identified by comple-
mentation tests. Spores 1C and 6B were crossed to yield a
diploid with the desired genotype, MATa/MATo ura3-52/
ura3-52 TRP1/trpl1A63 leu2Al/leu2Al LYS2/lys2-801 HIS3/
his3A200 ade2-101/ade2-101. Yeast strain YP45 (42) was the
recipient strain for the two-step gene replacements used to
introduce linker mutations back into the chromosome.

Plasmids. A new vector, pRS326, was constructed for plas-
mid stability assays. pRS326 (Fig. 1) is a derivative of the URA3
yeast shuttle vector pRS306 (42), in which a CEN4-SUP11-1
cassette, CENSUPII (44), was cloned into the Aarll site of
pRS306. The inclusion of a centromere and the ochre suppres-
sor SUP11-1 allows the use of a colony color assay to determine
the presence of the plasmid (20). The SUPI11-1 fragment
contained in this cassette lacks ARS3, eliminating any compli-
cations which might be caused by the presence of a weak ARS
in the vector itself. The suitability of this vector was examined
by determining the mitotic stability of two ARS elements, the
0.5-kb EcoRI-Clal fragment containing ARS307, which is a
weak ARS, and the 0.8-kb EcoRI-HindIII fragment containing
ARSI, a strong ARS. These plasmids gave mitotic stabilities of
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30 and 87%, respectively, in good agreement with previous
studies (39, 47).

To construct 3VH402, the 210-bp BamHI-Sall fragment of
pVH402, containing a modified version of ARS307 (47), was
cloned into pRS326 cut with BamHI and Xhol. Similarly,
3VH411 was constructed from pVH411, which is identical to
pVH402 except for a T-to-C transition at position 3 of the
ACS; in this case the BamHI-Sall fragment was cloned into
pRS326 digested with BamHI and Sall. p411-306 was derived
by cloning the 260-bp Kpnl-Sacl fragment of 3VH411 into
pRS306 cut with Kpnl and Sacl.

Construction of linker substitution mutations. 3VH402 was
digested with BamHI and Sacl, and p411-306 was digested with
Kpnl and Xhol. Each doubly digested DNA was then treated
with exonuclease III (New England Biolabs) followed by mung
bean nuclease (New England Biolabs) to generate unidirec-
tional deletions (19). Eight-base-pair phosphorylated Bg/II
linkers (New England Biolabs) were ligated to the deletion
endpoints. Plasmid was purified away from linkers by electro-
phoresis in low-gelling-temperature agarose (SeaPlaque;
FMC). The plasmid-containing band was excised and digested
with B-agarase (New England Biolabs), and DNA was precip-
itated with isopropanol. The DNA was then digested with BglII
and repurified by electrophoresis as described above prior to
self-ligation. Strain DG101 was transformed by electroporation
with the ligation mixes. It was noted that a substantial fraction
of deletion plasmids harbored deletions in both directions.
This appeared not to be the result of exonuclease III digesting
through the 3’ overhang but rather a result of a recombination
event occurring after transformation. To identify those clones
with minimal retrograde deletions, colony screens were per-
formed by using a y->?P-end-labeled M13 —20 primer for
3VH402 transformants and a reverse primer for p411-306
transformants. Clones were crudely sized by amplification of
the inserts between the M13 —20 and reverse primers via PCR,
digestion with Bgl/Il, and electrophoresis on polyacrylamide
gels. Candidate PCR products were then sequenced by using a
v-32P-end-labeled primer (T7 primer [Bethesda Research Lab-
oratories {BRL}] for 3VH402 clones; T3 primer [BRL] for
p411-306 clones) with the a double-stranded DNA cycle se-
quencing kit (BRL). The linker substitution constructs were
made by ligating the 5.0-kb BglII-Pstl fragments from the
3VH402 deletions with the appropriate 1.6-kb BglII-PstI frag-
ments from the 411-306 deletions.

For three constructs, 147-156, 148-156, and 155-164, the
3VHA402 deletions were found in the exonuclease III-generated
set, but the corresponding 411-306 deletions were not. The
appropriate 1.6-kb fragments were generated by PCR, using -
primers synthesized on an Applied Biosystems model 380A
oligonucleotide synthesizer. One primer created a BglII site at
the proper position in the ARS307 sequence (147, CGCGCA
GATCTGGAAGAGAGAGGATCAATA; 148, CGCGCAG
ATCTGAGAAGAGAGAGGATCAAT; 155, CGCGCAGAT
CTGAAAATAAAGAAGAGAG), and the second primer was
distal to the PstI site in pRS326 (CCAACTGCACAGAAC).
The amplified 1.6-kb fragments were digested with Bg/II plus
PstI and ligated to the 5.0-kb Bg/II-PstI fragment of 3VH402 to
generate the final linker substitution plasmids.

Replacement of ARS307 with linker substitution mutants.
Because the Sall site present in the ARS-containing fragment
of pVH402 was lost in the construction of 3VH402, a two-step
cloning procedure was used to introduce some of the linker
substitution mutations back into the chromosome. Three Bl
mutations which caused decreased plasmid stability, 162-172,
147-156, and 148-156, were chosen for analysis. In each case, a
175-bp EcoRI-Sphl fragment containing the mutation was
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cloned into pVH402 cut with EcoRI and Sphl. The 201-bp
EcoRI-Sall fragments of the resulting constructions were
inserted into pACS502 cut with EcoRI and Sall. pAC502
contains a several kilobases of flanking DNA on both sides of
the 201-bp fragment and was used to introduce point muta-
tions in the ACS back into the chromosome (11). The resulting
plasmids were linearized with Clal to direct integration at
ARS307 and used to transform strain YP45. Integrants were
confirmed by Southern analysis. Popouts were selected by
streaking on 5-fluoro-orotic acid plates (4). Colonies carrying
the linker substitution mutations were identified by the pres-
ence of a Bglll site at ARS307.

Yeast transformations. Yeast strains were transformed by
the lithium acetate method (24) or by electroporation (1).

Mitotic stability assays. Mitotic stability is the fraction of
plasmid-bearing cells in cultures grown under selection for the
plasmid. Plasmid stability assays were performed as described
by Palzkill and Newlon (39).

2-D gel analysis. The procedures described by Deshpande
and Newlon (11) for 2-D gels (7) and for fork direction analysis
(15) were used, with the following minor modifications. Cells
were harvested and DNA was prepared as described, except
that cells in toluene stop solution were harvested by centri-
fugation, then resuspended in water, and washed by filtra-
tion (MAGNA nylon membranes, 142-mm diameter, 1.2-pm
pores). Restriction digestion and electrophoresis were per-
formed as described, except that 30 to 80 pg of genomic DNA
was used per gel. The in situ digestions with EcoRV used for
fork direction analysis were performed in 2 ml of buffer, so that
the gel slice was completely submerged. Hybridization buffer
was 5X SSC (1x SSC is 0.15 m NaCl plus 0.015 M sodium
citrate), 5 mM sodium pyrophosphate (pH 7.0), 10X Den-
hardt’s solution, 0.5% sodium dodecyl sulfate, and 150 pg of
sonicated calf thymus DNA per ml.

Quantitation of origin usage. Densitometric analysis of
autoradiograms of the fork direction gels was performed on a
Molecular Dynamics model 300B computing densitometer.
Lines parallel to the first dimension were drawn across the arcs
at three positions, and the signals arising from the leftward-
and rightward-moving forks were determined by integrating
the densities along the lines. Additionally, by using a lighter
exposure than shown in Fig. 5, the densities of the signals at the
top of the arcs were determined. The different determinations
gave similar values, which were averaged.

Helical stability calculations. Calculations were performed
by the THERMODYN program (35) on the basis of the
sequences of the mutations.

RESULTS

Linker substitution mutations. The 201-bp EcoRI-Sall
ARS307-containing fragment from pVH402 was selected for
linker substitution mutagenesis for three reasons. First, in
previous studies it showed the same mitotic stability as the
522-bp EcoRI-Clal fragment from which it is derived (39, 47).
Second, this fragment was used previously in a systematic
analysis of the core consensus sequence (47). Third, it contains
a number of base changes relative to the wild-type ARS307
sequence, the effect of which is to abolish a 10-of-11 match to
the ACS which overlaps the perfect match. In the wild-type
ARS307, a double-point mutation in the perfect match to the
ACS (position 5, A to T; position 6, T to C) does not eliminate
ARS function, though it does reduce plasmid stability, presum-
ably because the overlapping 10-of-11 match can partially
substitute (39). The same double-point mutation is Ars™ in the
pVH402 construct lacking the overlapping 10-of-11 match
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(47). As shown in Fig. 2, there are two regions of difference
between the pVHA402 and wild-type ARS307 sequences. The
first includes positions 170 to 176, where there are four
changes within the 7-bp interval which result in the creation of
a Sphl site. The second region includes positions 196 to 201,
where 5 of 6 bps are changed in order to eliminate the 10-of-11
match to the ACS and create a Sall site.

A collection of 38 linker substitution mutations was con-
structed. These result in the introduction of an 8-bp linker
carrying a BglII site, CAGATCTG. As shown in Fig. 2, 17 of
the constructs contain simple substitutions of an 8-bp ARS307
sequence with the linker sequence, while the remainder con-
tain a 1-bp insertion or deletion in addition to the linker
substitution. In two direct comparisons of a simple substitution
with a 1-bp insertion or deletion (constructs 96-105, 97-105,
118-128, and 119-128), the small insertion or deletion had an
effect similar to that of a simple substitution. Two of the
constructs (100-109 and 163-174) carry a mutation in a base
adjacent to the linker. There are several small gaps in the
collection. Further mutations in the first region, from positions
181 to 187, were not sought because it is within the 12-bp
region containing the ACS previously examined at single-base
resolution (47). The other gaps are in the region from 40 to 52.
Additional mutations in this region were not isolated because
external deletions in this region do not affect plasmid stability
(39) and because linker substitution mutations with associated
2-bp deletions in this region had no effect on plasmid stability
(43).

Effects of linker substitution mutations on ARS function.
Plasmids carrying the linker substitution mutations were tested
first for ARS activity by assaying their abilities to transform at
high frequency (Fig. 2). Four of the 38 mutant plasmids failed
to yield yeast transformants that could be streaked to give
colonies on selective medium in three independent transfor-
mations. These mutants were therefore classified as Ars™ and
are shown in Fig. 3 as having a plasmid stability of zero. The
remaining mutant plasmids were assayed for mitotic stability,
the fraction of plasmid-bearing cells in cultures grown under
selection, which reflects plasmid loss rate (39). Since the vector
contains a centromere, which promotes efficient plasmid seg-
regation, mitotic stabilities provide a measure of ARS func-
tion, with high stabilities reflecting efficient function.

The starting plasmid, 3VH402, had a mitotic stability of
7.3%. This value is significantly lower than previously reported
for this 201-bp ARS307-containing fragment in a different
vector (47) and lower than that for the ARS307 plasmid
analyzed in the accompanying report (40). One explanation for
these differences is that the lower mitotic stability of 3VH402
reflects the interaction of vector context with one or both of
the linker substitutions present in this plasmid (see Discus-
sion). Alternatively, slight differences in experimental tech-
nique cannot be excluded as the reason for these differences.
Despite the lower starting mitotic stabilities, 12 of the muta-
tions caused a significant decrease in plasmid stability, and a
single mutation (87-96) caused a small increase in plasmid
stability (Fig. 3). Approximately half of the mutations had no
effect on plasmid stability. The mutations which reduce or
abolish ARS function fall into three regions of ARS307.

Three of the four mutations which abolish ARS function fall
into domain A, the essential region containing the ACS. In the
case of ARS307, the sequence changes between pVH402 and
the wild-type sequence (47) placed limits on the extent of the
domain A element (Fig. 2). On the 5’ side of the T-rich strand
of the ACS, domain A appeared not to extend beyond position
195 because the substitution of a Sall linker starting at position
196 had no effect on ARS function. Similarly, the extent of
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FIG. 2. Linker substitution mutations. The sequence of the 201-bp EcoRI-Sall-Xhol fragment of 3VHA402 is shown in the top line, and linker
substitution mutants derived from it are shown below. Dots and colons represent positions of sequence identity. wt 307 shows the sequence
differences between the 3VH402 sequence and that of the wild-type ARS307. Numbers in the plasmid names are derived from the wild-type bases
flanking the substitutions. Uppercase letters indicate positions where the linker sequence is the same as the 3VH402 sequence. A space is shown
in the center of the BglII linker sequence for those plasmids which result in a single-base deletion. An asterisk appears instead of the central AT
of the linker sequence for those plasmids with a single-base insertion. The perfect match to the ACS is underlined with a solid line, and 9-of-11
matches are underlined with dotted lines. HFT + or — denotes whether or not the plasmid was able to transform S. cerevisiae at high frequency.

domain A on the 3’ side was limited by the substitution of a
Sphl linker for the sequence between positions 170 and 176.
This boundary for domain A is supported by the linker
substitution analysis reported in the accompanying paper (40),
which describes a Xhol linker at positions 167 to 174 that has
no effect on plasmid stability. The Ars™ phenotypes of muta-

tions 187-197 and 189-197, both of which interrupt the ACS,
were expected on the basis of the previous analysis of the ACS
(47). Mutation 173-182 introduces a linker adjacent to the
ACS, and its resulting Ars~ phenotype indicates that the
essential domain A sequence extends beyond the ACS on the
domain B side. Our previous observation that a G — T change

L O oo o e s s S D S O

9 k= T e

o 8 .
©

o 7 H 4
b

‘= 6 - NN . IO O g
e

o 5K -
©

— 4 - -
€
o0

S 3 H -
[-X

R 2 H -

1 H u

0
OOt N —O—NOMNANDTO—NNONONDNOMNONDOOTNTANNNN
|T$‘T??T???TT7???0000PFNNNn¢¢¢mmonnwmmg
~ P T e ———

lONDN—~NOMNoOMooows T L ettt i1 1x

e NNRIDNOORNDONONONNNDOMN—N—NONNNIMDNODS

OO0 Orr—NMMTFFNOONDOM

Plasmid name

FIG. 3. Effects of mutations on plasmid stability. Mitotic stability assays were performed on the plasmids carrying the linker substitutions shown
in Fig. 2. Three independent transformants were assayed for each plasmid. Means and standard errors are plotted. The dashed lines delineate the
standard error in the measurements of 3VH402. The four plasmids which failed to transform at high frequency, 163-174, 173-182, 187-197, and
189-197, are shown on the graph as having 0% plasmid-bearing cells.
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at position 181 reduced plasmid stability (47) is consistent with
the extension of domain A in this direction.

The collection of linker substitution mutations defines two
additional regions in domain B that are important for ARS
function. The fourth Ars™ mutation (163-174) and three
mutations that severely reduce mitotic stability (147-156, 148-
156, and 162-172) define one of these regions. Transformants
carrying these mutant plasmids grow very slowly under selec-
tion, forming very small, nibbled colonies, a result of the high
loss rate of these plasmids. These mutations, which severely
impair ARS function, are separated by a linker substitution,
155-164, which has only a modest effect on mitotic stability.
The boundaries of this region, nucleotides 149 and 176, are
defined by the flanking linker substitutions that result in
wild-type ARS function, 141-149, and the Sphl linker that
separates this domain from domain A. These linker substitu-
tion mutations define a region of ARS307 that corresponds to
the B1 element of ARSI (see Discussion).

The second domain B region important for ARS function is
identified by the six linker substitutions from 105-115 through
123-133. These mutations cause modest but significant reduc-
tions in mitotic stability. The small reductions in plasmid
stability caused by substitutions 96-105 and 97-105 suggest that
this region may extend a few nucleotides to the left. As for the
B1 element noted above, the boundaries of this region, nucle-
otides 101 and 131, are established by the flanking linker
substitutions that result in wild-type plasmid stabilities. The
region defined by these mutations corresponds to element B2
of ARSI (see Discussion).

Effects of linker substitution mutations on chromosomal
origin function. We have shown previously that point muta-
tions in the ACS which abolish or reduce ARS function on
plasmids similarly abolish or reduce origin function when
introduced into the ARS307 locus on chromosome III (11). It
was of interest to extend these observations to mutations in
domain B of ARS307. The three Bl mutations that caused
dramatically decreased plasmid stability, 147-156, 148-156, and
162-172, were used to replace the chromosomal copy of
ARS307 via a two-step gene transplacement (4).

Origin activity was examined by 2-D agarose gel electro-
phoresis (7). Figure 4 shows a restriction map of the region
containing ARS307. The ARS element is located asymmetri-
cally within the 3.3-kb EcoRV fragment. Because wild-type
ARS307 functions as an origin in nearly all cells (11, 18), this
geometry results in the early replication intermediates being
predominantly bubble shaped, while the late replication inter-
mediates are Y shaped (Fig. 4A; see Fig. 4D for a diagram of
2-D gel patterns). This pattern is altered in the mutants (Fig.
4B and C). The 148-156 and 162-172 mutations both result in
an enhancement of the signal from early Y-shaped molecules
at the expense of the signal from bubble-shaped molecules.
This finding indicates that origin function is less efficient in
these mutants; i.e., in a substantial fraction of cells, the 3.3-kb
EcoRYV fragment is replicated by a fork emanating from either
ARS308 or ARS309, which lie 3 and 21 kb, respectively, to the
right of the EcoRV fragment shown in Fig. 4. As predicted by
their relative plasmid stabilities, the signal from bubble-shaped
molecules is less intense in the 162-172 mutant than in 148-156.
Consistent with its plasmid stability, the 147-156 substitution
mutant gave results similar to those for the 148-156 mutant
(43). Similar results were seen in three independent DNA
preparations.

While the 2-D gels shown in Fig. 4 clearly show that origin
function is impaired by these mutations, it is difficult to
estimate the extent of the inhibition from this analysis for
reasons discussed thoroughly by Fangman and Brewer (15). A
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FIG. 4. Analysis of chromosomal replication origin function of Bl
mutants. The restriction map of the region surrounding ARS307 is
shown at the top. The 201-bp ARS307 fragment is shown by the shaded
box, and the 2.2-kb EcoRI-EcoRV fragment used as a probe is
indicated below the restriction map. (A to C) Patterns obtained from
analysis of the 3.3-kb EcoRV chromosomal DNA fragment containing
wild-type ARS307 (A), mutant 147-156 (B), and mutant 162-172 (C).
(D) Diagram of the patterns produced by Y-shaped replication
intermediates and bubble-containing replication intermediates. Elec-
trophoresis in the first dimension was from left to right, and electro-
phoresis in the second dimension was from top to bottom.

better comparison can be made by performing fork direction
analysis. This technique is a modification of the 2-D gel
procedure wherein a second restriction digestion is performed
in situ between the running of the first- and second-dimension
gels (15). The informative region lies to the right of ARS307
(11, 18) and can be examined as the 3.4-kb EcoRI fragment
digested in situ with EcoRV (Fig. 4). When ARS307 is active as
an origin, a fork traverses this fragment from left to right. The
origin is so close to the left end of this fragment that the small
bubble-containing molecules are not seen, and the fragment
appears to be replicated by a rightward-moving fork. When
initiation fails to occur at ARS307, this fragment is replicated
by a leftward-moving fork emanating from either ARS308 or
ARS309 (11, 18). Figure 5D diagrams the patterns expected
when the 2.2-kb EcoRI-EcoRYV fragment is used as a probe for
fork direction analysis. The arc labeled R arises from a
rightward-moving fork emanating from ARS307, and the arc
labeled L results from a leftward-moving fork coming from
either ARS308 or ARS309.

Consistent with previous results (11, 18), the predominant
signal from wild-type ARS307 is from rightward-moving forks
(Fig. 5A). In the two mutants, however, the signal from
leftward-moving forks is at least as intense as the signal from
rightward-moving forks (Fig. SB and C). Quantitation of the
relative intensities of the signals revealed that when wild-type
ARS307 was present, 95% of the forks were rightward moving,
demonstrating that the origin is active in nearly every S phase.
In mutants 148-156 and 162-172, 55 and 67%, respectively, of
the forks were leftward moving, demonstrating that origin
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FIG. 5. Fork direction analysis of B1 mutants. (A to C) Patterns
obtained from analysis of the 3.4-kb EcoRI chromosomal DNA
fragment digested in situ with EcoRV after running the first dimension
(see Fig. 4 for restriction map). Panel A shows wild-type ARS307, while
panels B and C show mutants 147-156 and 162-172, respectively. (D)
Diagram of the expected patterns of replication intermediates. The
shaded arc at the top indicates the migration of replication interme-
diates from the 3.4-kb EcoRI fragment in the absence of subsequent
digestion by EcoRV. The arc labeled R arises from forks moving
rightward through the 2.2-kb EcoRI-EcoRYV fragment and is indicative
of origin activity at ARS307. Conversely, the arc labeled L arises from
leftward-moving forks, indicating that ARS307 is inactive and the
fragment is replicated by a fork emanating from either ARS308 or
ARS309.

activity is dramatically reduced by the substitutions in the Bl
element. Therefore, we conclude that the Bl element of
ARS307 contributes to chromosomal origin function.

DISCUSSION

The linker substitution analysis described here was under-
taken primarily to further define important sequences in
domain B of ARS307 and to determine the extent to which the
organization of this domain resembles the modular structure of
domain B of ARSI. The mutations that affect ARS function, as
measured by plasmid stability, fall within a 97-bp segment that
corresponds closely to the sequences defined by our previous
external deletion analysis (39) and define two regions of
domain B that contribute to ARS function. The effects of
previously studied internal deletions of domain B are also
broadly consistent with the present analysis. Deletions that
removed all or part of element B2, or encroached on element
B1, caused reductions in plasmid stability, while a deletion that
removed only sequences distal to the two elements had no
effect on plasmid stability (39). The complete loss of ARS
activity caused by deletions that remove both of these elements
(39) and double linker substitution mutations (40) demon-
strates that these two elements account for domain B function.
Thus, it appears that ARS307 conforms to the modular design
described for ARSI (31) and also apparent, though less
precisely detailed, in ARS121 (49).

The rather modest effects on plasmid stability of the B2
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mutations isolated in this study compared with the mutations
made with a different linker by Rao et al. (40) are most easily
explained by the relative efficiency of the linkers used as
mutators of the B2 sequence. The Bg/II linker used in this
study is an inefficient mutator of the AT-rich B2 sequence
compared with the Xhol linker used in the other study. The
extreme example is shown by mutation 119-128, in which the
BglII linker changes the wild-type sequence at only four of
eight positions, while a Xhol linker changes six positions.

Our demonstration that mutations in the B1 element impair
chromosomal origin function extends the correspondence be-
tween sequences required for ARS function on plasmids and
for chromosomal origin activity. The finding from both stan-
dard 2-D gel analysis and fork direction analysis that three B1
mutations decrease the frequency of replication initiation at
ARS307 confirms and extends the observations of Huang and
Kowalski (22), who showed that a complete deletion of domain
B of ARS305 abolished chromosomal origin activity. Together
with our previous demonstration that point mutations in the
ACS have parallel effects on plasmid ARS function and
chromosomal origin activity (11), these results strongly suggest
that the dissection of ARS elements by using the plasmid assay
provides meaningful information about chromosomal origins.

The reduction in chromosomal origin activity caused by the
B1 mutations analyzed (35 to 45% of wild-type activity) is
somewhat less dramatic than the reduction in plasmid stabili-
ties caused by the same mutations (5 to 10% of wild-type
activity). A likely explanation for this discrepancy is the
presence of sequences on the chromosome, but not present in
the plasmid constructions, which enhance chromosomal origin
function. The relative stabilities of plasmids carrying ARS307
subclones suggests that a replication enhancer is located in the
domain C region between 0.3 and 1.8 kb away from the
fragment used in these studies (43, 46).

In our analysis, the Bl element is defined by five linker
substitution mutations, 147-156, 148-156, 155-164, 162-172,
and 163-174. Both the results presented here and the mini-
linker scan mutagenesis of Rao et al. (40) show that the
element is not uniformly sensitive to mutation but has two
regions where substitutions cause a large decrease in plasmid
stability flanking a third region where mutations have a smaller
effect. The analysis of point mutations in the Bl element of
ARSI identified two essential A - T base pairs 18 and 19 bp
away from the ACS (40). The B1 element of ARS307 contains
two A - T base pairs with similar spacing from the ACS (17 and
18 bp, positions 164 and 165). Changes in one or both of these
residues may account for the phenotypes of substitutions
162-172 and 163-174. These residues are unaffected by the
other substitutions in the B1 element, demonstrating that these
two nucleotides cannot account for all of Bl function. More-
over, of the 17 ARS elements for which the essential ACS has
been identified (38, 43), only 12 have two A - T base pairs at
positions relative to the ACS that correspond to the important
AT base pairs in ARSI Bl. These observations and the
finding that the B1 elements of ARS307 and ARSI, which share
little sequence identity, can substitute for each other (40) are
consistent with the failure of sequence comparisons to reveal a
conserved sequence in the domain B region of ARS elements
and suggest that at least several different sequences are able to
supply the B1 element function.

The results of the linker substitution analysis demonstrate
that domain A of ARS307 extends beyond the ACS. The
boundary between domain A and the B1 element is identified
by a Sphl linker present between positions 170 and 176 in the
construct that we analyzed and by a Xhol linker at a similar site
(positions 167 to 174) in the analysis of Rao et al. (40). Linker
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substitutions at identical positions between this boundary and
the 3’ end of the ACS were isolated in both studies and were
found to severely impair ARS function. Our mutant 173-182
abolished high-frequency transformation, while their mutant
174-181 drastically reduced plasmid stability. The differing
results probably reflect the higher starting plasmid stability
seen by Rao et al. and/or the fact that our substitution changes
three of the last four positions whereas theirs changes only one
of four. Thus, domain A extends between 4 and 8 bp toward
domain B from the ACS.

Domain A also extends for several base pairs on the domain
Csside of the ACS. Previous work had shown that a deletion to
position 192 of the fragment used in this analysis caused a
twofold increase in plasmid loss rate compared with the
deletion to position 195 used in pVH402 (46). Therefore, we
place the boundary of domain A at position 195. Rao et al. (40)
isolated a mutation (194-201) which alters positions between
the previous deletion endpoints and decreases plasmid stabil-
ity. However, we cannot eliminate the possibility that changes
in sequences beyond position 195 are responsible for the lower
stability of our 4RS307 construct compared with the construct
of Rao et al. (40).

The results presented in this study allow a further assess-
ment of two proposed models for domain B function, the
presence of near matches to the ACS (39) and the presence of
a DUE (35, 45). It appears that neither can fully account for
the new observations. The effects of domain B deletions and
the ability of synthetic oligomers carrying the ACS to restore
ARS activity were the basis for the proposal that near matches
to the ACS play an important role in the function of domain B
of ARS307 (39). However, the introduction of point mutations
into all of the near matches in domain B of the histone H4
ARS had no effect on ARS activity (21), and a similar analysis
of ARS121 (49) was also inconsistent with near matches to the
ACS having an important role in ARS function. Both the Bl
and B2 elements of ARS307 defined by this study overlap
9-of-11 matches to the ACS (Fig. 2). However, there are two
mutations (137-147 and 141-149) which disrupt the 9-of-11
match partially contained in B1 but have no effect on plasmid
stability, indicating that the 9-of-11 match is not the important
feature of this element. Similarly, the series of near matches
contained within the B2 element cannot solely account for B2
function because there are mutations in this region (105-115
and 107-116) that affect plasmid stability but do not disrupt the
near matches. The 9-of-11 match from positions 95 to 105
appears to be dispensable, since three of the five mutations
that disrupt it show wild-type plasmid stability, and the other
two (96-105 and 97-105) cause only marginal decreases in
stability.

In well-studied origins of replication, a critical event in the
initiation of replication is the unwinding of a small region of
DNA adjacent to the initiator protein binding site(s) where the
rest of the replication apparatus is assembled and the initial
primers for DNA synthesis are laid down. Analyses of muta-
tions in E. coli oriC (27) and the simian virus 40 origin (29)
have suggested that a critical feature of this DUE is its helical
instability. It has also been suggested that domain B of ARS307
is simply a DUE (35). In supercoiled plasmids containing
ARS307, mung bean nuclease preferentially nicks domain B
DNA, suggesting that ARS307 contains easily unwound DNA
within domain B (35). This hypersensitive region starts imme-
diately 3’ to the T-rich strand of the ACS and continues for
about 100 bp. A cluster of hypersensitive sites on each strand
maps to the alternating AT track, positions 117 to 132, which
comprises much of the B2 element.

A computer program (THERMODYN) that calculates he-
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lical stabilities from base sequences correctly predicts both the
positions and hierarchies of nuclease-hypersensitive sites in
supercoiled plasmids (35, 36). Reductions in plasmid stability
caused by previously studied deletion mutations in domain B
of ARS307 (39) correlate well with predicted increases in
helical stability of the 100-bp 3’-flanking region, suggesting
that the nuclease-hypersensitive region of ARS307 contains a
DUE that is important for ARS function (35). Because of this
correlation, we used the THERMODYN program to calculate
the free energy of unwinding (AG) of the 100 bp region 3’ to
the ACS for each of the 22 linker substitution mutations that
fall within the mung bean nuclease-hypersensitive region (po-
sitions 83 to 182). If either of the elements identified by the
linker substitution mutagenesis corresponds to a DUE, then an
inverse correlation is expected between mitotic stability of the
mutant plasmids and the helical stabilities predicted from the
sequences of the mutations within that element. The results of
this analysis are inconsistent with the B1 element functioning
as a DUE. Three of the five linker substitutions within B1 are
predicted to cause decreases in helical stability, an effect
opposite that predicted for an unwinding element.

All of the linker substitutions within the B2 element are
predicted to increase the helical stability of the 100-bp region,
as expected if B2 were a DUE. However, there is not a strong
correlation between the magnitude of the increase in helical
stability and the corresponding decrease in plasmid stability. A
role for B2 as a DUE or some other structural element remains
attractive for several reasons. First, the relative insensitivity of
B2 to mutagenesis is consistent with this proposal. Saturation
mutagenesis of the ARSI B2 element failed to identify point
mutations with a plasmid stability phenotype (40), suggesting
that B2 is not a binding site for a sequence-specific DNA-
binding protein. Second, the hypersensitivity of B2 to nicking
by mung bean nuclease in supercoiled plasmids suggests that
B2 DNA is intrinsically easy to unwind (32). Third, a substan-
tial fraction of leading strands appear to initiate within or near
the B2 element of ARS307, supporting the idea that B2
unwinds to allow assembly of the replication apparatus (25).
Finally, the incubation of a supercoiled ARSI plasmid with
human single-stranded-DNA-binding protein RP-A, which is
required for the initiation of simian virus 40 DNA replication
in vitro, greatly enhances the sensitivity of ARSI to nicking by
mung bean nuclease in a manner dependent upon the B2
element, suggesting that RP-A binds B2 sequences preferen-
tially (32).

ACKNOWLEDGMENTS

We thank L. Narayanan for oligonucleotide synthesis, H. Rao, Y.
Marahrens, and B. Stillman for communicating results prior to publi-
cation and for helpful discussions, members of the Newlon laboratory
for helpful discussions, and Ann Dershowitz and Michael Newlon for
helpful comments on the manuscript.

This work was supported by NIH grant GM35679 to C.S.N.

REFERENCES

1. Becker, D. M., and L. Guarante. 1991. High-efficiency transforma-
tion of yeast by electroporation. Methods Enzymol. 194:182-187.

2. Bell, S. P., R. Kobayashi, and B. Stillman. 1993. Yeast origin
recognition complex functions in transcription silencing and DNA
replication. Science 262:1844-1849.

3. Bell, S. P., and B. Stillman. 1992. ATP-dependent recognition of
eukaryotic origins of replication by a multiprotein complex. Na-
ture (London) 357:128-134.

4. Boeke, J. D., J. Trueheart, G. Natsoulis, and G. R. Fink. 1987.
5-Fluoroorotic acid as a selective agent in yeast molecular genet-
ics. Methods Enzymol. 154:164-175.

5. Bouton, A. H., and M. M. Smith. 1986. Fine-structure analysis of



VoL. 14, 1994

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

27.

28.

the DNA sequence requirements for autonomous replication of
Saccharomyces cerevisiae plasmids. Mol. Cell. Biol. 6:2354-2363.

. Brewer, B. J., E. Chlebowicz-Sledziewska, and W. L. Fangman.

1984. Cell cycle phases in the unequal mother/daughter cell cycles
of Saccharomyces cerevisiae. Mol. Cell. Biol. 4:2529-2531.

. Brewer, B. J.,, and W. L. Fangman. 1987. The localization of

replication origins on ARS plasmids in S. cerevisiae. Cell 51:463-
471.

. Brewer, B. J., and W. L. Fangman. 1988. A replication fork barrier

at the 3’ end of yeast ribosomal RNA genes. Cell 55:637-643.

. Broach, J. R., Y.-Y. Li, J. Feldman, M. Jayaram, J. Abraham, K. A.

Nasmyth, and J. B. Hicks. 1983. Localization and sequence
analysis of yeast origins of DNA replication. Cold Spring Harbor
Symp. Quant. Biol. 47:1165-1173.

Campbell, J. L., and C. S. Newlon. 1991. Chromosomal DNA
replication, p. 41-146. In J. R. Broach, E. W. Jones, and J. R.
Pringle (ed.), The molecular and cellular biology of the yeast
Saccharomyces: genome dynamics, protein synthesis, and energet-
ics. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.

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

Desplan, C., J. Theis, and P. H. O’Farrell. 1985. The Drosophila
developmental gene, engrailed, encodes a sequence-specific DNA
binding activity. Nature (London) 318:630-635.

Diffley, J. F. X., and J. H. Cocker. 1992. Protein-DNA interactions
at a yeast replication origin. Nature (London) 357:169-172.
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.
Fangman, W. L., and B. J. Brewer. 1991. Activation of replication
origins within yeast chromosomes. Annu. Rev. Cell Biol. 7:375-
402.

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.

Foss, M., F. J. McNally, P. Laurenson, and J. Rine. 1993. Origin
recognition complex (ORC) in transcriptional silencing and DNA
replication in S. cerevisiae. Science 262:1838-1844.

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

Henikoff, S. 1987. Unidirectional digestion with exonuclease III in
DNA sequence analysis. Methods Enzymol. 155:156-165.

Hieter, P., C. Mann, M. Snyder, and R. W. Davis. 1985. Mitotic
stability of yeast chromosomes: a colony color assay that measures
nondisjunction and chromosome loss. Cell 40:381-392.

Holmes, S. G., and M. M. Smith. 1989. Interaction of the H4
autonomously replicating sequence core consensus sequence and
its 3’-flanking domain. Mol. Cell. Biol. 9:5464-5472.

Huang, R.-Y., and D. Kowalski. 1993. A DNA unwinding element
and an ARS consensus comprise a replication origin within a yeast
chromosome. EMBO J. 12:4521-4531.

Huberman, J. A., L. D. Spotila, K. A. Nawotka, S. M. El-Assouli,
and L. R. Davis. 1987. The in vivo replication origin of the yeast 2
pm plasmid. Cell 51:473-481.

Ito, H., Y. Fukada, K. Murata, and A. Kimura. 1983. Transforma-
tion of intact yeast cells treated with alkali cations. J. Bacteriol.
153:163-168.

. Jenab, S., and C. S. Newlon. Unpublished data.
26.

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

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.

Li, J. J., and I. Herskowitz. 1993. Isolation of ORC6, a component

29.
30.

31.

32.

33.

34,

35.

36.

37.

38.
39.

41.

42.
43.
. Theis, J. F., and C. S. Newlon. 1992. The DNA sequence of a 762

45.

47.

48.

49.

50.

5L

DOMAIN B OF ARS307 7659

of the yeast origin recognition complex, by a one-hybrid system.
Science 262:1870-1874.

Lin, S., and D. Kowalski. 1994. DNA helical instability facilitates
initiation at the SV40 replication origin. J. Mol. Biol. 235:496-507.
Linskens, M. H. K., and J. A. Huberman. 1988. Organization of
replication of ribosomal DNA in Saccharomyces cerevisiae. Mol.
Cell. Biol. 8:4927-4935.

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

Matsumoto, K., and Y. Ishimi. 1994. Single-stranded-DNA-bind-
ing protein-dependent DNA unwinding of the yeast ARSI region.
Mol. Cell. Biol. 14:4624-4632.

Micklem, G., A. Rowley, J. Harwood, K. Nasmyth, and J. F. X.
Diffley. 1993. Yeast origin recognition complex is involved in DNA
replication and transcriptional silencing. Nature (London) 366:87—
89.

Miller, C. A., and D. Kowalski. 1993. cis-acting components in the
replication origin from ribosomal DNA of Saccharomyces cerevi-
siae. Mol. Cell. Biol. 13:5360-5369.

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.

Natale, D. A., R. M. Umek, and D. Kowalski. 1993. Ease of DNA
unwinding is a conserved property of yeast replication origins.
Nucleic Acids Res. 21:555-560.

Newlon, C. S., L. Collins, A. M. Deshpande, A. Dershowitz, S. A.
Greenfeder, L. Y. Ong, and J. F. Theis. 1993. Analysis of replica-
tion origin function on chromosome III of Saccharomyces cerevi-
siae. Cold Spring Harbor Symp. Quant. Biol. 48:415-423.
Newlon, C. S., and J. F. Theis. 1993. The structure and function of
yeast ARS elements. Curr. Opin. Genet. Dev. 3:752-758.
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.

. Rao, H., Y. Marahrens, and B. Stillman. 1994. Functional conser-

vation of multiple elements in yeast chromosomal replicators.
Mol. Cell. Biol. 14:7643-7651.

Shirahige, K., T. Iwasaki, M. B. Rashid, N. Ogasawara, and H.
Yoshikawa. 1993. Localization and characterization of autono-
mously replicating sequences from chromosome VI of Saccharo-
myces cerevisiae. Mol. Cell. Biol. 13:5043-5056.

Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 122:19-27.

Theis, J. F., and C. S. Newlon. Unpublished data.

bp fragment containing the SUP1I-1 gene. Yeast 8:223-225.
Umek, R. M., and D. Kowalski. 1988. The ease of DNA unwinding
as a determinant of initiation of yeast replication origins. Cell
52:559-567.

. Van Houten, J. V. 1990. Analysis of ARS elements from chromo-

some III of Saccharomyces cerevisiae. Ph.D. thesis. UMD-Gradu-
ate School of Biomedical Sciences, Newark, N.J.

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

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.

Walker, S. S., A. K. Malik, and S. Eisenberg. 1991. Analysis of the
interactions of functional domains of a nuclear origin of replica-
tion from Saccharomyces cerevisiae. Nucleic Acids Res. 22:6255-
6262.

Williams, D. L., and D. Kowalski. 1993. Easily unwound DNA
sequences and hairpin structures in the Epstein-Barr virus origin
of plasmid replication. J. Virol. §7:2707-2715.

Winston, F., C. Dollard, and S. L. Ricupero-Hovasse. Personal
communication.



