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A method is presented for rapid sequencing and mapping of
elements which support autonomous replication in yeast. The
strategy relies on a novel phage M13 vector which allows
detection of ARS (autonomously replicating sequence) func-
tion in cloned fragments. Deletion mapping of an ARS ele-
ment linked to the HO gene of Saccharomyces cerevisiae has
identified a 57-bp region 3' to the gene, which is essential
for autonomous replication. This region shows sequence
homology to other ARS elements.
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Introduction

Replication of circular DNA molecules in yeast appears to
need the presence of a special sequence, called an ARS (for
autonomously replicating sequence, Stinchcomb et al., 1979).
ARS elements from the yeast genome are good candidates for
chromosomal origins of replication, although critical
evidence is lacking. Indirect evidence supporting this
hypothesis is provided by the approximate correlation bet-
ween the number of ARS sequences in the genome of Sac-
charomyces cerevisiae and the number of initiations of DNA
replication during chromosomal replication (Beach et al.,
1980; Chan and Tye, 1980). Celniker and Campbell (1982),
studying DNA replication in vitro using an extract made from
yeast cells, have reported that an ARS increases the efficiency
of replication of a DNA fragment and that replication ap-
pears to commence in the vicinity of the ARS, as judged by
electron microscopic mapping and label incorporation. More
recently, Fangman et al. (1983) have shown that different
ARS elements in the genome are replicated at specific times
during the yeast S phase, and that plasmid-borne ARSI is
replicated at the same time as its chromosomal counterpart.

Other formal possibilities for the function of ARS elements
can be envisaged. ARS elements may be required in cis for the
elongation or termination steps of DNA synthesis, or merely
to ensure compartmentalization of plasmid DNA in the
nucleus. Alternatively, ARS elements may affect segregation
of replicated plasmids to daughter cells during mitosis.

The mechanism of ARS function has become particularly
intriguing with results suggesting that the transcriptional con-
trol of certain yeast genes involves sites closely linked to ARS
elements. Transcriptional repression of the silent mating-type
cassettes is abolished by deletion of flanking regions of DNA
which contain ARS elements (Abraham ef al., 1982; Broach
et al., 1982). Furthermore, the cell cycle control of histone 2A
gene transcription may involve an ARS located at the 3’ end
of the closely linked H2B gene (Osley and Hereford, 1982). If
a mechanism of transcriptional control involving ARS
elements does exist, it seems likely that such a system would
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regulate many genes. One good candidate for such ARS con-
trol is the HO gene, as suggested by Nasmyth (1983), which
encodes or regulates an endonuclease responsible for the in-
itiation of mating-type conversion, and whose expression
shows a pattern of regulation which is both cell type- and cell
cycle-dependent (Nasmyth, 1983). In particular, the cell cycle
variation of amounts of HO RNA in mother cells is similar to
the pattern seen with histone RNA, perhaps reflecting a
similar mechanism of control.

Convincing demonstration that ARS elements are im-
plicated in transcriptional control will clearly require precise
mapping of the sequences which are functionally required for
autonomous replication. Appropriate mutations can then be
made to test their effects on autonomous replication, and ef-
fects on transcription due to ARS elements and those due to
closely linked genetic elements can be distinguished. I describe
here the deletion analysis of an ARS element closely linked to
the HO gene. The method uses a novel M13 vector which
should be generally useful for mapping and sequencing
elements which confer autonomous replication.

Results

Construction of a vector for yeast transformation from phage
MI3

Phage M13 vectors allow rapid sequencing of cloned DNA
using the dideoxy technique (Sanger et al., 1980). Since
relatively short sequences can allow autonomous replication,
an appropriately constructed phage M13 shuttle vector would
facilitate their analysis. For this purpose, the selectable URA3
gene, which does not contain an ARS, was inserted into the
Hindlll site of phage M13mp9 RF DNA, producing a phage
designated M13se102 (Figure 1). Transformation of a wra3
yeast strain with M13se102 DNA was very inefficient (<1
transformant/ug DNA) and, as expected, transformants were
stable for the Ura * phenotype, consistent with integration of
the transforming DNA. Insertion of an ARS-containing
restriction fragment into the BamHI site of M13se102 DNA
increased its transformation efficiency by over four orders of
magnitude, using either single-stranded or RF DNA (see
Singh et al., 1982). The transformants were unstable for the
Ura* phenotype in the absence of selection and the original
DNA could be recovered by transfecting Escherichia coli with
total DNA made from a transformant, as expected for an
autonomously replicating DNA molecule.

Mapping and sequencing of an ARS element linked to the
HO gene of S. cerevisiae

The strategy used for mapping ARS elements using phage
M13sel02 involves fragmentation of an ARS-containing
plasmid by sonication, and insertion of the randomly produc-
ed fragments into the MI13 vector, using a procedure
developed by Deininger (1983). DNA from the pooled hybrid
phage is used to transform a ura3 strain of yeast. Ura* trans-
formants mainly arise from clones whose yeast DNA inserts
contain an ARS. These inserts can be readily sequenced after
rescue of the phage clone by transfection of E. coli with total
yeast DNA. The sequences obtained should share regions of
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Fig. 1. Structure of M13se102. The 1.1-kb URA3 HindllIl restriction frag-
ment from YIp9-Sc2717 was inserted into the HindIlIl site of M13mp9
(Messing, 1981). The construction of the vector allows fragments inserted
into the Sa/l, BamHI and EcoRlI sites to be sequenced using the usual M13
sequencing primer (direction of sequencing is indicated), and since the vec-
tor alone does not autonomously replicate in yeast, ARS function in cloned
inserts can be detected. The Hincll, Pstl and Smal sites in the sequence
between the Hindlll and EcoRlI sites also occur in the URA3 fragment,
and hence cannot be used for cloning.

DNA containing ARS elements, and clearly the precision of
the mapping is dependent on the sizes of the DNA inserts and
the number compared.

The plasmid E347, consisting of a 2.5-kb HindlIl restric-
tion fragment of S. cerevisiae DNA cloned in the YIpS5 vector,
contains the HO gene and at least one ARS element as judged
by its ability to transform Ao mutants and replicate as an
extrachromosomal plasmid (K.A.Nasmyth and R.Jensen,
personal communication). The E347 plasmid DNA was
sonicated to give small fragments with sizes ranging from
~100 to 500 bp. These fragments were repaired with T4
DNA polymerase and ligated into the BamHI site of
M13se102 DNA. The ligated DNA was used to transfect E.
coli, and the phage pool obtained was propagated to prepare
sufficient DNA for yeast transformation. The ligation mix
can be used to transform yeast directly, using carrier DNA to
increase the transformation efficiency, but the amplification
step in E. coli serves to select for hybrid phage containing
small inserts, and this simplifies the subsequent sequence
analysis. Transformation of a ura3-52 yeast strain with 5 ug
single-stranded phage DNA produced 100—200 trans-
formants, most of which lost their Ura* phenotype during
growth without selection, suggesting autonomous replication
of the transforming DNA. Yeast DNA was prepared from a
number of transformants and M13 clone DNA was rescued
by transfection of E. coli. Only ARS-containing M13 clones
can be easily rescued in this manner; M13 DNA integrated
into yeast DNA cannot transfect E. coli.

Single-stranded phage DNA was prepared from the
rescued M13 clones and partially sequenced using the dideoxy
C reaction. The C reaction was chosen as it gives an easily
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Fig. 2. Deletion mapping an ARS in a 2.5-kb Hindlll fragment of S. cere-
visiae DNA containing the HO gene. The restriction map of the ARS-
containing DNA fragment is shown, with an expanded region correspon-
ding to the part of the restriction fragment which has been sequenced (un-
published data). Sequences of ARS-containing fragments overlap as shown
to define a small region, of 57 bp, in common with all clones, which
presumably contains the ARS element, or at least sequences essential for
ARS activity. 29 clones were analyzed in detail, and 22 of these are shown.
Clones not spanning the ARS-containing region were not recovered. The
HO gene is probably to the left-hand side of the HindlII restriction frag-
ment (K.Nasmyth, unpublished results). The scale is numbered in
nucleotides from the Sacll site.

recognizable pattern of bands for vector sequence between
the BamHI and Hindl1l sites, and thus facilitates sizing of the
cloned inserts. Over half the clones contained fragments
<300 bp, thus their sequences could be obtained from a
single gel. Complete sequencing of some of these clones
allowed the partial C sequences to be aligned, and the region
of minimum overlap defines the maximum extent of the se-
quence essential for autonomous replication (Figures 2 and
3). There were no inconsistencies between the sequences ob-
tained, indicating that any selection for mutations which im-
prove ARS function is not a problem. Analysis of 29 different
clones allowed the definition of only one ARS-containing
region, all of the clones having inserts which spanned this
region. Phage DNA from the f47 and g29 clones, whose in-
serts define the edges of the ARS-containing region (Figure
2), transformed yeast with a high efficiency, confirming the
location of the ARS element.

Analysis of the sequence around the HO ARS showed it to
contain sites for restriction enzymes Sacll and EcoRV (data
not shown). These sites were mapped in the 2.5-kb HindlII
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AAAATGTGTATATTAGTTTAARAAGTTGTATGTAATAAAAGTAAAATTTAATATTTTGGATGAAAAAAACCATTTTTAGACT TTTTCTTAACTCGAATGCTGEABTAGTAATACGCCATE
TTTTACACATATAATCAAATTTTTCAACATACATTATTTTCATTTTAAATTATAAAACCTACTTTTTTTGGTAAAAATCTGAAAAAGAATTGAGCTTACGACCTCATCATTAT.CGGTAG
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Fig. 3. DNA sequence spanning the ARS region defined in Figure 2. The sequence is numbered from the Sacll restriction site. < and > indicate the posi-
tions of left and right ends of 4ARS-containing sequences. The asterisks indicate the position of a sequence which shows the best homology (10 out of 11
bases) to the ARS consensus sequence described by Broach er a/. (1982). The sequence shown was determined from a number of clones in both directions.
The figure includes data not depicted in Figure 2.

consensus ATTTATATTTA
T G T
HO ARS a3aaadtaza3aTTTaATATTTTedatdaaaaaaaccatttttadactttttettaact
X X KkX KK O KXKKKX kX KXkkX Xk X X X
£82 datcattdtatdTTTTATGTTTTatctddaaaaacatatadtacddatsa

Fig. 4. Sequence homology between the HO ARS and another short sequence containing an ARS element. The figure shows the alignment of the two se-
quences which shows the maximum number of homologous positions (see text). This alignment happens to align the 11-bp regions in the two sequences which
show highest homology to the ARS consensus defined by Broach er al. (1982). Asterisks indicate homologous positions, and capital letters signify the best
homology to the ARS consensus sequence. The f82 4ARS-containing DNA fragment was isolated by inserting Sau3A restriction fragments of total S. cerevisiae
DNA into the M13se102 vector. ARS-containing DNA inserts were selected for as described in Materials and methods. One clone thus isolated, €50, contain-
ed a 320-bp insert, and the region required for ARS function was delimited by application of the ‘shotgun’ mapping strategy. One clone isolated, designated

82, contained only a 49-bp insert, and the ARS function of this insert was confirmed by transformation of yeast with the clone DNA.

restriction fragment (data not shown), allowing the ARS to
be located with respect to the restriction map (Figure 2).

Where is the HO ARS with respect to the HO gene?
Preliminary data based on complementation of Ao mutants
with subclones of E347, and S1 mapping experiments suggest
that the HO gene is to the left-hand half of the 2.5-kb HindlIl
fragment shown in Figure 2 and is transcribed from left to
right (Nasmyth, 1983; K.A.Nasmyth, personal communica-
tion). The ARS does not lie in any long reading frames (data
not shown) and hence is likely to be located 3’ to the sense
strand of the HO-coding region. One long reading frame ter-
minates ~ 120 bp upstream from the ARS, and if this proves
to be the HO-coding region it is possible that the ARS is close
to the end of the HO transcription unit. The HO ARS may
thus resemble ARSI, the histone 2B-linked ARS, and ARS
elements flanking the mating-type loci which are also located
3’ to protein-coding regions (Tschumper and Carbon, 1980;
Osley and Hereford, 1982; see Nasmyth, 1982).

Although only one 4ARS-containing region was defined in
this analysis, it should be emphasized that this does not show
there are no other ARS elements in the 2.5-kb restriction frag-
ment (see Discussion, and Materials and methods).

Analysis of the HO ARS sequence

What regions of sequence are required for activity of the
HO ARS? The 57-bp region defined by overlap of ARS-
containing sequences clearly contains elements essential for
autonomous replication, but the results do not show that all
this region is required, or that the sequence flanking the ARS
region has no effect on autonomous replication. Since all the
clones shown to have ARS function contain DNA flanking
the region, it is possible that either one of the flanking se-
quences, but not both, is required. The extent of such flank-
ing sequence could not be large, however, since the f47 and
g29 clones, which define the boundaries of the ARS, do not
extend for more than 25 bp beyond the opposite boundary. A
further possibility is that a flanking sequence is not essential,
but facilitates autonomous replication. However, the growth
rates in selective medium of the f47 and g29 transformants
are similar to those of the g20 and g32 transformants, where
the ARS-containing inserts are considerably larger (Figure 2).
Although growth rate is an imperfect assay for autonomous

replication, these results suggest that sequences outside the
57-bp region do not dramatically enhance ARS function.

One consequence of the strategy used to construct HO
ARS deletions is that the same vector sequence flanks all the
ARS-containing inserts. If this vector sequence were, in some
way, to have an inhibitory effect on ARS function, it is possi-
ble that the ARS region defined would contain a sequence not
directly relevant to ARS function per se but acting as a spacer
to insulate the ARS from an inhibitory position effect.

One way of identifying sequences with the 57-bp region
which are important for autonomous replication is to com-
pare different ARS sequences in the hope that structural re-
quirements for ARS function will be apparent from primary
sequence homologies. Comparison of the HO ARS with a
number of other ARS sequences reveals no extensive
homologies. However, the HO ARS does contain a sequence
related to the ARS consensus (A/T)TTTATPuTTT(A/T)
(Stinchcomb et al., 1981; Broach et al., 1982), with one
mismatch, and is AT rich (82%) in common with most ARS
sequences (Figure 3). One example of this comparison is
shown in Figure 4, which compares the HO ARS sequence
with a 49-bp S. cerevisiae DNA sequence, also isolated using
the M13sel02 vector (see legend to Figure 4). The sequences
were compared in an unbiased way using the SEQFIT pro-
gram (Staden, 1977), which finds alignments of sequences
showing the maximum number of homologous positions.
The best match aligns 11-bp regions in the f82 and HO ARS
sequences which show clear homology to the ARS consensus
(Figure 4). This alignment shows other homologies between
the two sequences, though these similarities are not generally
shown by other ARS elements, and their functional
significance to autonomous replication, if any, is unclear.

Discussion

Mapping and sequencing ARS elements using a phage M13
vector

The phage M13 vector, M13se102, provides a rapid means
of obtaining sequences of small DNA fragments which auto-
nomously replicate in S. cerevisiae. In the example described
here, sonicated fragments of an 8-kb plasmid were inserted
into the vector, and ARS-containing clones were selected for
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by transformation of a suitable yeast strain. Sequences of the
cloned inserts overlap to define a single region, whose limits
define the maximum extent of the region essential for
autonomous replication. This mapping strategy should allow
several ARS elements to be mapped simultaneously in large
regions of DNA.

It should be pointed out that this method has formal
limitations for defining the absence of ARS elements, since
an ARS very closely linked to a region refractory to cloning in
E. coli, such as a perfect inverted repeat (Lilley, 1981), would
be difficult to detect. Also, the system inherently selects for,
rather than just detects, ARS function. Since different ARS
elements show different efficiencies of yeast transformation
and autonomous replication (Stinchcomb ef al., 1980;
Tschumper and Carbon, 1982), a poorly functioning ARS
might therefore be difficult to map in a fragment which con-
tains another stronger ARS. Thus, in order to unambiguously
map all ARS elements in a given restriction fragment, those
detected using the mapping strategy should be deleted from
the original fragment to ensure that the remaining DNA can-
not autonomously replicate.

A similar consideration applies to partially active
fragments of a single ARS. Deletions near ARSI can reduce
efficiency of autonomous replication, and this has been inter-
preted to suggest that a core element, capable of autonomous
replication, is flanked by a sequence which in some way
facilitates ARS function (Stinchcomb et al., 1981). The
strategy used here would tend to define boundaries of the ful-
ly active ARS, rather than the putative core sequence.

In addition to ARS mapping, the M13 vector allows rapid
acquisition of short ARS sequences, thus facilitating analysis
of the sequence requirements for autonomous replication. A
strategy similar to that described here has provided a number
of ARS sequences from total S. cerevisiae and Xenopus DNA
(Figure 4, and Kearsey and Méchali, in preparation). M13
clones containing small 4RS-containing fragments should be
useful for directed deletion and site-specific mutagenesis
studies.

Sequence requirements for autonomous replication in yeast

The overlap of randomly produced ARS-containing
fragments defines a 57-bp region to the 3’ side of the HO
gene, which contains a sequence essential and probably suffi-
cient for autonomous replication. Further deletion or muta-
tional analyses will be necessary to show what parts of this
region are important. Previous studies have identified regions
as small as 75 bp or 100 bp as being essential for ARS func-
tion (Broach ef al., 1982; Tschumper and Carbon, 1982), but
those results do not suggest a minimal size for the ARS ele-
ment. In the analysis described here, the large number of
deletion end points in the vicinity of the 57-bp region implies
that the fully functional ARS is not considerably smaller than
the defined region. Comparison between different ARS
elements has so far only identified the ARS consensus se-
quence as a specifically conserved element (Stinchcomb et al.,
1981; Broach ef al., 1982). The presence of this consensus se-
quence in the two small ARS elements presented here (Figure
4) strongly supports the contention that it represents a struc-
tural requirement for autonomous replication. Apart from
this consensus sequence, it is conceivable that less specific, or
less obvious features of flanking sequence are also required
for ARS function. Whether this other sequence forms an im-
portant part of the ARS structure remains to be seen. If a
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general property, such as AT richness, is required for ARS
function as well as a specific element, deletion analysis will
not clearly distinguish between the two. Point mutations in
the HO ARS region may be more useful for identifying
nucleotides crucial for autonomous replication.

Materials and methods

Enzymes and chemicals

Restriction enzymes and T4 DNA polymerase were purchased from New
England Biolabs and PL Biochemicals, and were used as recommended by the
manufacturer. T4 DNA ligase was from D.Bentley. [a-¥S]dATP was from
Amersham.

Strains

E. coli strains used were DH1 (recA1, endAl, gyrA96, thi-1, hsdR17 (1K —,
mK "’) supE44)and JM101 (A(lac pro), thi, supE, F' traD36, proAB, lacP,
ZAM15). Yeast strain SX34-4D (hmla, mata, hmra, marl, ade8-10, ura3-52,
leu2-3,112, trpl, his3) was used for all transformations. YIp9-Sc2717 was pro-
vided by K.Struhl. Plasmid E347 was provided by K.Nasmyth.

Preparation of DNA

Plasmid DNA was prepared in E. coli using standard methods (Davis et al.,
1980). E. coli IM101 was used for the propagation of phage M13. Phage M13
RF DNA was prepared as described in Hong (1982) and single-stranded phage
DNA was isolated according to Sanger et al. (1980).

Yeast DNA was prepared from Ura* transformants, grown on selective
plates, as described in Sherman et al., (1982).

Shotgun method for ARS mapping using M13sel02

M13se102 RF DNA was cut with BamHI, the staggered ends created were
filled in by adding all four dNTPs (to 0.1 mM) and Klenow fragment of DNA
polymerase I, and the DNA was phenol extracted and ethanol precipitated.
E347 plasmid DNA (5 pug) was sonicated in 30 ul of 33 mM Tris-acetate (pH
7.9), 66 mM KAc, 10 mM MgAc, 0.5 mM dithiothreitol (DTT). The ends of
the DNA fragment were repaired by adding all four dNTPs (to 20 uM), and
10 units of T4 DNA polymerase, incubating overnight at 15°C. The sonicated
DNA was phenol extracted and precipitated with ethanol. The sonicated
fragments were ligated into the BamHI-cut M13se102 in a 40 ul mix contain-
ing 2 pg/ml vector, 1 -5 ug/ml sonicated DNA, 70 mM Tris-HCI pH 7.9,
10 mM MgCl1,, 1 mM spermidine, 15 mM DTT and T4 DNA ligase. After
24 h the mixture was used to transfect competent E. coli JM101, as described
in Davis et al. (1980), using 10 ul ligation mix per plate. This produced almost
confluent phage plaques. The plates were overlaid with 5 ml 20 mM Tris-HCI
pH 7.5, 20 mM NaCl, 1 mM EDTA and left overnight at 4°C. The overlay
solution was poured off, and spun at 10 000 r.p.m. for 10 min to remove
debris.

Phage DNA for yeast transformation was prepared by inoculating a 40 ml
culture of E. coli JM101 in log phase (ODggy = 0.1) with 100 ul of the phage
stock. After 5 h growth the bacterial cells were removed by centrifugation and
10 ml 20% PEG 6000, 2.5 M NaCl were added to the supernatant. After
S min at room temperature, the phage were spun down (10 000 r.p.m.,
20 min) and extracted twice with phenol and twice with chloroform. The
single-stranded DNA (yield ~40 ug) was precipitated with ethanol.

The ura3-52 yeast strain SX34-4D was transformed with 5 ug phage DNA
using the protocol described in Sherman et al., (1982), and transformants were
grown on selective plates for DNA preparation. Integrative transformation by
plasmids only containing the URA3 gene is extremely inefficient with strains
carrying the ura3-52 allele (Stinchcomb et al., 1980). E. coli JM101 was
transfected with 0.1—1 pug yeast transformant DNA, and single-stranded
template was prepared from the rescued clones for sequencing. Clones were
characterized using the dideoxy C sequencing reaction, and selected clones
were completely sequenced (Sanger et al., 1980), allowing alignment of the C
sequences. Sequence data was handled using the DBUTIL program (Staden,
1980).

M13se102 does not contain an EcoK site, thus rK* E. coli strains such as
JM101 can be used to rescue the autonomously replicating clone DNAs from
yeast transformants. Ideally an rK ~ strain should be used to guard against the
possibility that an ARS element is coincident with an EcoK site.
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Note added in proof

In a recent publication on the regulation of HO gene expression by the
mating-type locus, Jensen, Sprague, and Herskowitz (1983, Proc. Natl. Acad.
Sci. USA, 80, 3035-3039) also report that ARS activity is associated with the
HO gene. They find that the larger BamHI-Hindlll subfragment of the
restriction fragment shown in Figure 2 confers autonomous replication, con-
sistent with the ARS mapping reported here. They also mention that the
smaller BamHI-Hindlll subfragment confers high efficiency transformation
on the YIpS vector, implying that this fragment contains another ARS.

Analysis of ARS elements
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