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ABSTRACT

Four fragments of Saccharomyces cerevisiae chromosome III DNA which carry
ARS elements have been sequenced. Each fragment contains multiple copies of
sequences that have at least 10 out of Il bases of homology to a previously
reported 1lbp core consensus sequence (10, 11). A survey of these new ARS
sequences and previously reported sequences revealed the presence of an additional
11bp conserved element located on the 3' side of the T-rich strand of the core
consensus.  Subcloning analysis as well as deletion and transposon insertion
mutagenesis of ARS fragments support a role for 3' conserved sequence in
promoting ARS activity.

INTRODUCTION

By analogy to prokaryotic systems and eukaryotic viruses, eukaryotic DNA
replication is expected to be initiated at specific sequences along the chromosomes
termed origins of replication. Candidates for such sequences have been identified

in the yeast Saccharomyces cerevisiae and are termed autonomously replicating

sequences or ARS's. Although there is as yet no direct evidence for ARS's acting as
origins of replication, considerable circumstantial evidence has accumulated
(reviewed in 1). Briefly, ARS's, when present on a plasmid, increase the
transformation efficiency of the plasmid 103-10%fold. These plasmids are present
in the nucleus of transformed cells in the form of extrachromosomal covalently
closed circular DNA (2, 3, 4) and replicate once each cell cycle during S phase
under the same genetic control as chromosomal DNA (5, 6). The frequency of
ARS's in the genome, one per 32-40 kb, (7, 8) is in agreement with estimates of the
spacing of DNA replication origins in vivo obtained in electron microscopic studies
).

Several ARS elements have been sequenced and all have been found to contain
the sequence QTTTATQTTT? (10, 11). This llbp core consensus sequence is
necessary but not sufficient for ARS function (12, 13, 14). Deletion experiments
have demonstrated that sequences 3' to the ARS core consensus are needed to
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enable ARS1 (12), the HO ARS (13), and the histone H4 ARS (14) to promote high
frequency transformation of the integrating vector, YIp5. A 19 bp fragment
containing the ARSI core consensus can promote high frequency transformation of
a centromere-containing vector despite its inability to act in YIp5. However, even
in the CEN vector, fragments larger than 19 bp yield transformants that are more
stable (15). On the basis of their analysis of deletion mutants, the Campbell group
has proposed that ARS! consists of three domains. Domain A is the 1lbp core
consensus; domain B is 3' to the T-rich strand of the core consensus; domain C maps
5' to the core consensus. When inserted into YIp5, deletions into domain B result in
plasmids which are less stable than plasmids containing the intact ARS. The
effects of deletions into domain C can be seen only in the absence of domain B (12),
suggesting that domain B is more important for ARS function. When assayed in a
centromere-containing vector, the effects of deletions into either domain B or
domain C are evidenced by a reduction in plasmid stability with deletions in domain
B having a stronger effect (15). The nature of the requirement for 3' sequences,
corresponding to domain B, is unknown since no DNA sequence homologies among
these sequences have previously been identified.

We report here the DNA sequences of four ARS elements derived from a 200
kb circular derivative of chromosome III which was formed by homologous
recombination between the HML locus on the left arm and the MAT locus on the
right arm of the chromosome (16). The ring chromosome has been cloned and has
been found to contain 12 ARS's (17 and Ms in prep). Our analysis of four of these
ARS's (C2G1, A6C, H9G and J11Dl), has revealed that all contain several close
matches to the previously reported 11 bp core consensus sequence (10, 11). In
addition, our survey of these new ARS sequences and of previously reported ARS
sequences permitted us to identify DNA sequence homologies located on the 3' side
of the T-rich strand core consensus that appear to represent an additional

conserved element of ARS sequence.

MATERIALS AND METHODS

Strains, media
E. coli strain JA226 (18) was used as the host for large scale isolation of

plasmid DNA for sequencing. JA226 transformants were grown in Luria Broth (19)
supplemented with 50 ug/ml ampicillin. E. coli strains HB101 carrying F'8 lac pro
and XK 1502 (F~ A lac Nal), used in transposon Y§ mutagenesis were obtained from
Dr. John Woolford. S. cerevisiae strain YNN27 (MATa trpl-289 ura3-52 gal 2) was
used as the recipient for ARS assays (20). Transformants were selected on -Ura
plates which contained per liter 6.7 gm yeast nitrogen base without amino acids, 10
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gm casamino acids, 10 mg adenine, 10 mg tryphophan, 20 gm glucose and 20 gm
agar. Growth curves on transformants were measured at 30°C in liquid medium of
the same composition from which agar was omitted.
Plasmid structure

Chromosome IIl fragments chosen for sequencing were 500-900 bp fragments
demonstrated to have ARS activity when subcloned in the integrative plasmid YIp5
(Newlon et al., in preparation). C2Gl is a 521 bp EcoRI-Clal fragment
approximately 5 kb distal to CEN3 on the left arm of the chromosome (plasmid
pC2G34c). A6C is a 554 bp Nru-Clal fragment which maps approximately 25 kb
distal to HIS4 on the left arm (plasmid pA6CB6). J11D1 is an 860 bp Sall-EcoRI
fragment which maps approximately 5 kb centromere proximal to PGK1 on the
right arm (plasmid pJ11D5al) and H9G is a 852 bp EcoRV fragment which maps
approximately 9 kb centromere proximal to CRYl on the right arm (plasmid
pH9Ga2RV). The H9G fragment was cloned into YIp5 using BamHI linkers. The
other three fragments were cloned between sites corresponding to their ends in
YIp5. As a control for possible plasmid context effects in the C2G1 subcloning
studies reported here, the 521 bp EcoRI-Clal fragment containing the C2G1 ARS
was inserted into the BamHI site of YIp5 using BamHI linkers (plasmid pC2G1B).
Subclones of this fragment were obtained by adding BamHI linkers to restriction
fragments whose sticky ends were filled in by the Klenow fragment of DNA
polymerase 1 and inserting the fragments in the BamHI site of YIp5. The
orientation of sequences in the figures corresponds to their orientation in
chromosome III with LEU2 and HIS#4 on the left arm as is the standard convention.
Transposon insertion mutagenesis

The v$§ transposon, a relative of Tn3, is carried on F' plasmids. Transposition
of Y§ into a pBR322-related plasmid produces a cointegrate intermediate which can
be transferred to an F' strain by virtue of the F' transfer functions. The
intermediate then resolves in the transconjugant, yielding pBR322 plasmid
derivatives carrying the transposon (23). To select transposon insertions in the
C2G1 fragment, strain HB10l carrying the F'8 plasmid was transformed with
pC2G34c. Transformants were selected and cells from single colonies were mated
to strain XK1502. Transconjugants carrying pC2G34c with an integrated Y$
transposon were selected on LB plates containing 50 ug/ml ampicillin and 150
vg/ml nalidixic acid. Several colonies were picked from each mating and plasmid
minipreps were made. The position and orientation of the transposon was mapped
using BamHI and EcoRI which cut both in the transposon (24) and in pC2G34c. Fine

structure mapping used the Sacl site at the terminus of Y8 and a variety of sites

6249



Nucleic Acids Research

within the C2Gl ARS fragment. Mapping of insertion sites is accurate to within+
10 bp.
Plasmid isolation

Plasmid DNA was prepared from E. coli according to the alkaline lysis
procedure as described in (21). The DNA was purified in cesium chloride gradient
by either equilibrium centrifugation or using a step gradient method (22). Plasmid
minipreps were made from 1.5 ml cultures using the alkaline lysis protocol (21).

In vitro labelling.

Restriction endonuclease digested DNA's were fractionated on 8%
polyacrylamide gels and electroeluted in dialysis tubing (21). Restriction fragments
were 5' end labelled using T4 polynucleotide kinase after treatment with bacterial
alkaline phosphatase (25). 3' end labelling of restriction fragments was performed
using the Klenow fragment of DNA polymerase I (25).

DNA sequencing,

The DNA sequencing of the A6C, J11D1 and H9G fragments was performed
using the Maxam and Gilbert chemical cleavage method (25). The C2G1 fragment
was sequenced using a combination of the chemical cleavage method and the Sanger
chain termination method (26). Sanger sequencing was performed on M13 subclones
of the C2G1 ARS fragment, made as described previously (27).

Computer analysis of DNA sequences.

Restriction enzyme sites and open reading frames in the sequenced ARS's
were detected using the PCS DNA Sequence Analysis package (27). DNA homology
searches were performed on a Hewlitt Packard A900 computer. The algorithms
were essentially those described by Staden (29,30), implemented by G.R. Cleaves in
Fortran 77. These programs are available on request. DNA sequences other than
the chromosome III ARS's reported here and the tRNAGIU _ containing fragment
(31) were obtained from the GenBank data base supplied by Bolt, Beranek and

Newman, Inc.

RESULTS

As an approach to determining DNA sequence requirements for ARS function,
we have begun a study of ARS's on yeast chromosome Ill. The ARS-containing
fragments whose sequences are presented here are 500 to 900 bp in length.
Plasmids containing these small fragments transform S. cerevisiae strains as
efficiently as plasmids carrying ARSI or the longer chromosome IIl fragments from
which they were derived (200-400 transformants/ wg DNA using the lithium acetate
transformation procedure). In addition, these plasmids are extrachromosomal and
mitotically unstable as expected for ARS-containing plasmids (Newlon et al,, in
preparation).
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Figure 1. Sequencing strategies for chromosome III ARS-containing fragments.
Abbreviated restriction maps of the fragments are shown in heavy lines with vector
sequences indicated by boxes, Dashed lines indicated sequences obtained by the
chain termination method. Solid lines indicated sequences obtained by the chemical
cleavage method. Open circles represent 3' end label and solid circles, 5' end
label. C, Clal; D, Ddel; H Hinfl; N, Nrul; PI, Hpal; Pil, Hpall; RI, EcoRI; RV,
EcoRYV; S, $all; Sa, Sau3Al; T, Tagl. (The bar represents 100 bp.)

The sequencing strategies developed for the chromosome III ARS-containing
fragments are diagrammed in Figure 1. The DNA sequences obtained are presented
in Figures 2-5.

The ARS core consensus

As an initial step in attempting to delineate sequences required for ARS
function, the sequences were scanned for near matches to the known ARS
consensus, ‘?.TTTATGTTT';.\. The results of this analysis are diagrammed in Figures
2-5. Only one of the four chromosome Il ARS-containing fragments, C2Gl,
contains a perfect match to the 11 bp consensus (Fig. 2). However, all four of the
chromosome III ARS's have a high density of near matches. The A6C ARS contains
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EcoRl .
gaattctagg tgatattgca
cttaagatcc actataacgt

attacttctt
taatgaagaa

(x)
attataatCT TTTAGCATAt
taatattaGA AAATCGTATa

atatatatat
tatatatata

gtagcacatg gacacattca
catcgtgtac ctgtgtaagt

cgcccgaaca
gcgggettgt

(2) del
AGCATActca ggataacata
IQGTATgagt cctattgtat

tattaatgac
ataattactg

ATAAAAaggg cagatgtccg ctgcgaacce

ctcatgcact
gagtacgtga

Sau3A1
attgatcctc
taactaggag

cttctaaaaa
gaagattttt

gactcgtttg
ctgagcaaac

ttctecattt
aagaggtaaa

aacaagtgaa
ttgttcactt

tctettettt
agagaagaaa

gcagcccaca
cgtcgggtgt

ctccaactca
gaggttgagt

ggcaattatt
ccgttaataa

tgatagaaat
actatcttta

atttcgccag
taaagcggtc

caagaaagta
gttctttcat

ctcgtcctca
gagcaggagt

tgaacaccat
acttgtggta

atgttgaGTT

100
GCTAACTGcc tgattttaaa taagtttcat

tacaactCAA CGATTGACgg actaaaattt attcaaagta
-@ennsnnsas:

taacccagtg
attgggtcac

gatataatgt
ctatattaca

ttacagatta
aatgtctaat

del
cactaagtcc
gtgattcagg

(W)

200
tgtgaagaag AAAACATAAA TAAAAAAgca
acacttcttc TTITTGTATTT ATTTTTTcgt

——
(a)

(b)

300
aggacaccca gcttgtccat aATfGE?iﬂf
tcctgtgggt cgaacaggta twgt_iﬂp_

w)

400
ttatccctac ctctccagaa accctTCAAT
aatagggatg gagaggtctt tgggaAGTTA

-—

500
ctacaacaga atttacaaac atgctttcat
gatgttgtct taaatgtttg tacgaaagta

TATTTTtccc gtctacaggc gacgcttggg
(c)

Clal
ttccaagcaa aagaaatcga t
aaggttcgtt ttctttagct a

Figure 2. C2Gl sequence. Terminal restriction sites and restriction sites used for
subcloning are shown, Matches to the ARS core consensus (11 out of 11 and 10 out
of 11) are shown in capital letters with the T-rich strand underlined or overlined
with a solid arrow. Matches are lettered sequentially beginning with (a). Matches
to the 3' conserved sequence are shown in capital letters and are underlined or
overlined with a dotted arrow. They are lettered with letters at the end of the
alphabet (w-z).

four 10 out of 11 matches and seven 9 out of 11 matches (Fig. 3). The J11D1 ARS
contains four 10 out of 11 and twelve 9 out of 11 matches (Fig. 4). The H9G ARS
contains three 10 out of 11 and five 9 out of 11 matches (Fig. 5). In addition to the
single 11 out of 11 match, the C2G1 ARS contains two 10 out of 11 and six 9 out of
11 matches. In the case of the J11D1 fragment, further subcloning has localized
the ARS activity to a Hpal-EcoRI fragment of 340 bp; similarly, the A6C ARS
activity is localized in a 460 bp Nrul-Sau3Al fragment. In each case the fragment
with ARS activity contains all of the 10 out of 11 matches and the majority of the 9
out of 11 matches.
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Table 1
ARS Core Consensus Sequence Reference
1 2 3 4 5 6 7 8 9 10 11

HMR (right) AT T a ATATT T A 11
HO T T T a A TATT T T 13
rDNA g T T T ATGTT T T 29
rDNA T T c¢c T ATATT T T 29
rDNA T T ¢ T ATGT T T T 29
tRNA Glu3 T TTTATA AT §gTT 30
C2Gla A T T T AT G T T T T Thispaper
C2GlIb T T TT +t T ATT T A "o
C2Glc T T TTATATT g A non
A6Ca T T TT 1+t T ATT T A "non
A6Cb T T a T AT GT T T T von
A6Cc T T TTATA AT g T T "o
J1liDla A T c T ATATT TT won
J1ID1b T T a T AT GTT T A "ron
J11Dlc T T TTATA AT g T T "o
J1iD1d T T TT 1+ TATT TT won
H9Ga AT TTATGTT a T "o
H9Gb AT TTA cATT T A "o
H9Gc T T T c AT GTT T A non

All sequences within a fragment shown to contain an ARS which are homologous to
the ARS core consensus (10, 11) in at least 10 out of 11 positions are shown. Lower
case letters in the sequence indicate nucleotides which differ from the core
consensus. The chromosome Il consensus sequences are identified by letters (a-d)
which correspond to the sequences highlighted in Figs. 2-5.

Other ARS's have been identified which do not contain an exact match to the
core consensus sequence. The HO ARS (13), the HMR (right) ARS (11), the rDNA
spacer region (32) and an ARS associated with the tRNAGIU gene (31) lack an exact
match to the consensus sequence. Comparison of the 10 out of 11 matches from
the above ARS's with the 10 out of 11 matches from the chromosome Il ARS's
reveals that many of the 10 out of 11 matches vary in the same positions (Table
1). At least one of the 10 out of 11 matches from each of the chromosome IIl ARS's
differs in one of the same positions as the HO, HMR (right), and the rDNA ARS's
(positions 3 and 4). This may indicate that positions 3 and 4 (Table 1) can vary and
still retain ARS activity. However, it is not known which 10 out of 11 match(es)
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promote ARS activity in the chromosome III ARS's or if only a single consensus is
required (see Discussion),
A new 3' conserved sequence

In an effort to identify conserved sequences other than the core consensus
sequence, comparisons were made of the four chromosome Il ARS fragments along
with published sequences for fragments containing ARS1 (33), ARS2 (34), and the 2
um plasmid ARS (35, 36). Previous searches for homologous sequences among ARS's
have not detected strongly conserved sequences besides the core consensus
sequence, Therefore, it was reasoned that if homologies exist they must be weak.
To detect weakly conserved sequences a computer search was used to detect
sequences at least 9 bp in length with at least 75% homology. When comparing two
ARS's this yielded, on average, 300 matches. Since it is known from studies of
other cis-acting elements, including the E. coli replication origin, oriC (37),
prokaryotic promoters (38), eukaryotic RNA polymerase Il promoters (39), and
eukaryotic TATA boxes (40, 41), that spacing relationships among conserved
sequences are functionally important, the matches detected in pairwise
comparisons of ARS's were screened for those which met two further criteria.
First, their position relative to the known consensus sequence had to be constant
within 20 bp. In the case of the chromosome IIl ARS's, all 10 out of 11 matches to
the ARS consensus were tested. Second, the sequence was required to be present in
three or more ARS's. The most striking homology revealed by these comparisons is
a 11 bp sequence found 3' to the T-rich strand of the ARS core consensus.

The 3' conserved sequence has the consensus S'CTTTTAGCQQQB' and is found
55-88 bp 3' to a core consensus in ARS1, ARS2, and all four chromosome HI ARS's
(Table 2). A match to the element was not found in the 2um ARS. The ARS-
containing fragments used in the initial comparison were then searched specifically
for additional copies the 3' conserved sequence (Table 2). In ARS2, the only copy of
the sequence is the one identified in the initial search and it is located 59 bp 3' to
the core consensus, between positions 1289 and 1298 of the published sequence
(34). In ARSI, two copies were found, the first located 83 bp 3' to the core
consensus between positions 762 and 772 of the published sequence, and the second
located between positions 894 and ‘904, approximately 30 bp 3' to a 10 out of 1l
match to the core consensus sequence (33). The first 3' conserved sequence in
ARSI lies at the distal end of domain B, a region defined by deletion experiments to
be important for ARS function (12). The orientation of the 3' conserved sequence
with respect to the core consensus is opposite in ARS1 and ARS2, suggesting that it
may function in either orientation,

Three of the chromosome III ARS's have more than one copy of the 3'
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Table 2

3 Conserved Element

?

C2Glw
* C2Gl x
C2Gly
C2Gl z
* A6C x
A6C y
A6C z
* J11DI1
H9G x
H9G y
* H9G z
* ARSly
ARSl z
* ARS2
Consensus
Number of matches
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The sources of DNA sequences are indicated in Table 1. Capital letters indicate
matches to the consensus and lower case letters indicate nucleotides which differ
from the consensus. Asterisks identify the sequences identified in the initial
pairwise comparisons of ARS sequences.

conserved region. In C2Gl (Figure 2) the conserved sequence is present 4 times
with one copy (C2Gx) located 61 bp 3' to the exact match to the core consensus
sequence (C2Gla), a second copy (C2Gw) 102 bp 3' to the same core consensus, and
with the other two copies (C2Gy and C2Gz) located as overlapping inverted repeats
approximately 90 bp 3' to a 10 out of 11 match to the ARS consensus (C2Glc). In
the A6C ARS, (Figure 3) the conserved sequence is present three times, twice in
the form of overlapping inverted repeats (A6Cx and A6Cy) which are located
approximately 70 bp 3' to a pair of overlapping matches to the core consensus
sequence (A6Cb, A6Cc), and a single copy (A6Cz) which is 51 bp 3' to a single core
consensus (A6Ca). In J11D1 (Figure 4) the conserved sequence is present only once,
approximately 70 bp 3' to a pair of overlapping matches to the core consensus
(J11Db, J11Dc). In the H9G ARS (Figure 5), the conserved sequence is present
three times with one copy (H9Gx) located 112 bp 3' to core consensus H9Gb the
second copy (H9Gy) located 103 bp 3' to core consensus H9Ga, and the third copy
(H9Gz) located 55 bp 3' to core consensus H9Gc.
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Nrul
tcgegacgec
agcgetgegy

tcgecttetg
agcggaagac

ccttctttgg
ggaagaaacc

actgtccggt
tgacaggcca

ggaaaataaa
ccttttattt

gtttgatgaa
caaactactt

gacgcgtaat
ctgcgcatta

acaggacgat
tgtectgcta

agctcaagtg
tcgagttcac

gtgatttatt
cactaaataa

caatacataa
gttatgtatt

tattcacaag
ataagtgttc

aactactttc gacagaccac
ttgatgaaag ctgtctggtg

aatgtaaata gttgtggtag
ttacatttat caacaccatc

gattgaggce acagcaagac
ctaactccgg tgtcgttctg

(a)
——
aTTTTTTATT TActttgtag
tAAAAAATAA ATgaaacatc

CAAAACATAT AAAAaccaac

gTTTTGTATA TTTTtggttg
e em—
(b)
(c)

ataaaaatca tatgtatgtt
tatttttagt atacatacaa

ttatgacagt atttcaggcc gctcttataa
aatactgtca taaagtccgg cgagaatatt

tatcattcag gtatgtaact gtttacttgg
atagtaagtc catacattga caaatgaacc

cggccagttt gaatgctcaa ctcttcaaaa
gccggtcaaa cttacgagtt gagaagtttt

- .
ttCTTAAAGC TAAGGTtttt ttctttccta
aaGMHICG ATTCCAaaaa aagaaaggat

($2]

Sau3A1
acaataaaag aaaggatcaa atactcatta
tgttattttc tttcctagtt tatgagtaat

Lal
tctgatatat cgat
agactatata gcta

aatgacatgt
ttactgtaca

tatcgettga
atagcgaact

gaaattccte
ctttaaggag

aattcttgtt
ttaagaacaa

aagtaactta
ttcattgaat

100
taacaaacag ttctgattat
attgtttgtc aagactaata

200
asaasataag catttcagag
ttttttattc gtaaagtctc

300
aaatatgtcc agtttcatgt
tttatacagg tcaaagtaca

400
taaaTATCCT AAAACtaaag
atttATAGGA TTTTGatttc

‘."(-z"""

500

cacggggggc tasaasacgga
gtgccececeg atttttgect

Figure 3. A6C sequence. Restriction sites and symbols as described in Figure 2,

Other published ARS sequences were searched for the 3' conserved sequence.

There is no similar sequence in the histone H4 ARS, but there is limited published
sequence 3' to the core consensus (14). Close matches to the sequence are found in
the HO ARS (13), the tRNAGIY fragment (31) and the HMR (right) fragment (11),
but their spacing relative to the core consensus is outside the initial criteria. In the
HO ARS, the near match is within 30 bp of the core consensus and in the other two
ARS's, the 3' conserved sequence is more than 100 bp away from the core
consensus. Thus six of eleven ARS-containing sequences examined have a match to
the 3' conserved sequence between 55 and 88 bp 3' to their core consensus
sequence(s). Three other ARS's have copies of the sequence but at closer or more
distant spacings.
Subclones and transposon insertions in C2G1 ARS with impaired function,

To further assess the significance of the 3' conserved element and to
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all
gtcgacattc
cagctgtaag

ttaattatca
aattaatagt

taggatttgt
atcctaaaca

atagttttct
tatcaaaaga

taattgttca
attaacaagt

aaatccgege
tttaggcgcg

ttacaatgaa
aatgttactt

aaagacaagt
tttctgttca

taacctaaaa
attggatttt

gttttatcag
caaaatagtc

Hpal
acttatatgt taactgttta
tgaatataca attgacaaat

YGaaaaaca tttaattgeg
AACtttttgt aaattaacgc

gttatataag tcataaaata
caatatattc agtattttat

taaaagatta ccctttcagt
attttctaat gggaaagtca

cactgtgacc
gtgacactgg

atatcacagc
tatagtgtcg

atttggatcg
taaacctagc

cgaatcacat
gcttagtgta

aaacatatat
tttgtatata

taaccgtacc
attggcatgg

aagtaacata
ttcattgtat

attatcatat
taatagtata

agatggtaat
tctaccatta

agctctgttg
tcgagacaac

gtttectttt
caaaggaaaa

t t

atagctttct
tatcgaaaga

taaaaccttc
attttggaag

cttctctcac
gaagagagtg

gtctgeetgt
cagacggaca

ccaactcatc ttgtatcagc
ggttgagtag aacatagtcg

tattaaattt gttttccctt
ataatttaaa caaaagggaa

gtt

ttca tagggacgta

aggtcgggga

tatgaatggc
atacttaccg

cttatttttt
gaataaaaaa

ttgcttacat
aacgaatgta

atgttattaa
tacaataatt

taaaaaattg
attttttaac

gggaatggac
cccttacctg

cgtcgcgggt caagtcggtt

aaacgataga
tttgctatct

cctttcgttg
ggaaagcaac

ctgaagtaaa
gacttcattt

atcaaagtgc
tagtttcacg

(a)
———
CATCTATATT TTcgtaatca
gTAGATATAA TTgcattagt

tagtgtacga ctgaaacagc
atcacatgct gactttgtcg

gtttttaagt atccctgcat

cctttcaatt
ggaaagttaa

acatgatatt
tgtactataa

agggaagaca
teccttetgt

agtaaaggag
tcatttecte

tttttgtaca
aaaaacatgt

ttgtttatat
aacaaatata

cattctattT AAACATATAA
gtaagataaA TTTGTATATT
(b)
(c)

tttcttctag
aaagaagacc

tcttttaatt
agaaaattaa

aaggaaacgt
ttcctttgca

cgtggcaaca
gcaccgttgt

tcagcaaaaa
agtcgttttt

cttgttttga
gaacaaaact

AAgtacgatt
TTcatgctaa

aAAAATAAAA AAactactctt ttttatttc atagttctcg ttattagtag
tTTTTATTTT TTtgatgagaa aaaataaagttatcaagagc aataatcatc

(d)

EcoRl
gagccagtac atatgaattc
ctcggtcatg tatacttaag

Figure 4. J11D1 sequence. Restriction sites and symbols as in Figure 2.

100
cttcttataa
gaagaatatt

200
cggattctca
gcctaagagt

300
ttcatgtctg
aagtacagac

400
tcttctecege
agaagaggcg

500
agtgaagtaa
tcacttcatt

(2)600

e aun
aGTTTTAGCT

tCAAAATCGA

700
agttggtgtg
tcaaccacac

800
gtcgtgetet
cagcacgaga

determine which of the matches to the known consensus contribute to ARS

function, the C2Gl ARS was subcloned.

The 521 bp EcoRI-Clal fragment was

divided into three fragments: a 137 bp EcoRI-Sau3Al fragment, a 176 bp Sau3Al-
Ddel fragment and a 155 bp Ddel-Ddel fragment, and each fragment as well as the
521 bp EcoRI-Clal fragment was inserted into the BamHI site of YIp5 in both
orientations. When the resulting plasmids were tested for ARS activity using the
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EcoRV
gatatcttgt

ctat

ctcgttatga

act

tattttgtga
at. t

ccaacccctg
ggttggggac

aaaagtaaaa
ttttcatttt

aaatttattt
tttaaataaa

tccgactteg
aggctgaagc

agattaagaa
tctaattctt

acacatgtag
tgtgtacatc

cttgttaaac
gaacaatttg

ttattataca
aataatatgt

cacttaatat
gtgaattata

gtataattgt
catattaaca

tactaccgag
atgatggctc

aagaaggtgg
ttcttccace

acactcgctg
tgtgagcgac

tttggttctg
aaaccaagac

tcccagtcaa
agggtcagtt

agaaaggatg
tctttectac

agtcaaattg
tcagtttaac

tccttagttt
aggaatcaaa

gagcattcTA AACATGAAAt
ctcgtaagAT TTGTACTTTa
(c)

gaggcgtcca agccattgaa
ctccgcaggt tcggtaactt

aattgtactg accgctttce
ttaacatgac tggcgaaagg

gataggtatc caaaattaat
ctatccatag gttttaatta

U L.t 2
aTTCTTAGET Tecaggtagt
tAAGAATCGA AGgtccacca

tacaaattta
atgtttaaat

ggtgaacata
ccacttgtat

attcacaatt
taagtgttaa

atcttttggt
tagaaaacca

tagtacattt
atcatgtaaa

aaatattagt
tttataatca

taaaagacag
attttctgte

agttacttca
tcaatgaagt

ttttaatggt
aaaattacca

acttaggttt
tgaatccaaa

aatattcaac
ttataagttg

aggttttatc
tccaaaatag

EcoRV
accaatgata
tggttactat

tactaataaa
atgattattt

aagagaaaat gtcgtattgt
ttctctttta cagcataaca

(a)

gttcacaatt cgcctgattg
caagtgttaa gcggactaac

gttttattcc attATTTATG TTETgtatat ataatcgtaa

caaaataagg taaTAAATAC

ttcgTAAATG TAAATaatta
aagcATTTAC ATTTAttaat
(b)

ttagtgctgt ccaaaaatat
aatcacgaca ggtttttata

actggttgct actggatgtc
tgaccaacga tgacctacag

(z)
sessssnanad
tgTCTTTAAC ATCaacagca
acAGAAATTG TAGttgtcgt

AATAcatata tattagcatt

attgagcAGA GCTAAAAGaa
taactcgTCT CGATTTTCtt
-qunn

($2)

tgcgatgtgc tgataaagta
acgctacacg actatttcat

ctatctgaat cttccatctt
gatagactta gaaggtagaa

aattactttg aaasaatgca
ttaatgaaac ttttttacgt

gct ctt t

ccataattaa

cgattgcgta gaacttttga

ctcttactat aaatgcagca
gagaatgata tttacgtcgt

tc
ag

tcgtttttgg ggtattaatt

caccgtaaca ggtatgagaa
gtggcattgt ccatactctt

Figure 5. H9G sequence. Restriction sites and symbols as in Figure 2.

100
tttgactagt
aaactgatca

200
ctcttagage
gagaatctcg

300
aaatacaaga
tttatgttct

400
catagtgtga
gtatcacact

500
aggtacaaaa
tccatgtttt

600
ctaaaagtta
gattttcaat

700
aatattcttg
ttataagaac

800
agatgtggta
tctacaccat

high frequency transformation assay, the plasmids containing the 521 bp C2Gl

fragment transformed

strain YNN27 as efficiently as pC2G34c (200-400

transformants/ ug DNA), while none of the subclones transformed more efficiently
than YIp5 (0-1 transformants/ ug DNA, data not shown).

The 170 bp Sau3Al-Ddel fragment contains the exact match to the core
consensus (C2Ga) along with 46 bp of DNA flanking the 3' side of the consensus and
119 bp flanking the 5' side of the consensus sequence, while the Ddel-Ddel fragment
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Plasmid Doubling Time (hrs)

pC2G34c 2.28
C1.3.12 3.4
C3.1.1 3.4
Cct1.1.10 16.0
C3.3.7 2.4
c3.3.8 2.4

Figure 6. Transposon insertions in the C2G1 ARS-containing fragment. The upper
part of the figure shows the positions of five Y6 insertion in the C2Gl ARS
fragment carried in YIp5. The positions of ARS core consensus sequences are
shown by solid boxes and of 3' conserved sequences by open boxes. Arrows below
the line indicate positions of transposon insertions. The lower part of the figure
shows doubling times of transformants grown in selective medium (without uracil)
and assayed by measuring the Agpg of cultures using a Gilford Spectrophotometer.

has 88 bp of 3' sequence flanking a 10 out of 11 match (C2Gc) along with 61 bp of 5'
flanking sequences (Figure 2). These results indicate that a core consensus with
substantial flanking DNA is not sufficient for ARS activity. These results are also
consistent with a role for the 3' conserved sequence in ARS activity since the
subcloning separates both of the core consensus sequences from their 3' conserved
elements (see Fig. 2). Since the Sau3Al-Ddel fragment contains a copy of the 3'
conserved element 5' to the core consensus, these results suggest that the position
of the element relative to the core consensus is important.

As an additional approach to identifying regions of functional importance in
the C2G1 ARS, transposon insertion mutations were obtained using the Y8 element
from the F' factor of E. coli (23, 24). Five different insertion mutants were
analyzed for transformation efficiency and for growth rate (Fig. 6). The doubling
time, under selective conditions, of transformants carrying ARS plasmids provides a
qualitative indication of ARS function, with the increased doubling times reflecting
increased plasmid loss (10,12,13). Plasmids containing each of the insertion
mutations transformed strain YNN27 with the same efficiency as the parent
plasmid (200-400 transformants/ ug DNA). However, three of the insertion mutants
yielded transformants which grew noticably more slowly than transformants
containing the parent plasmid. Insertions approximately 75 bp and 240 bp 5' to
C2Ga, the exact match to the core consensus sequence, (C3.7.7 and C3.3.8) were
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found to have a minimal effect on doubling time of the transformants.
Transformants carrying insertions 3' to the C2Ga core consensus have increased
doubling times. As would be expected if the increased doubling times reflect
increased plasmid loss, the fraction of cells carrying plasmid under selective
conditions is reduced in the insertion mutants with longer doubling times. For
transformants carrying the parent plasmid grown under selective conditions (-ura
medium), 5-6% of cells in the population contain plasmid. This value is similar to
that reported for an ARSI plasmid (12). For transformants carrying plasmids with
3 insertions (Fig. 6), this fraction is less than 1%. These results indicate that
sequences 3' to the exact match to the core consensus sequence are important for
C2G1 ARS function. It is of interest that the insertion mutation showing the
greatest increase in doubling time maps close to or within the 3' conserved
sequence. These results also suggest that the 3' conserved sequence and regions
around it are important for ARS function.

Additional DNA sequence analysis

The chromosome III ARS sequences were also analyzed for open reading
frames. The longest open reading frames found were 60-65 amino acids long and
none of the open reading frames longer than 30 amino acids begin with methionine
as would be expected for a protein. These results are consistent with analyses of
other ARS's. Of the fourteen ARS's whose positions are mapped with respect to
known RNA transcripts, only one is in a transcribed region (Newlon, unpublished
compilation).

The pairwise comparison of ARS sequences often revealed homologies of
significant length which were found only in a particular pair of ARS's. For
example, the H9G fragment and the C2G1l fragment have two 16 bp stretches of
close homology. Similarly the C2G1 ARS and the HMR (right) ARS share a 16 bp
tract of alternating AT. A similar homology between ARSl1 and ARS2 was
described previously (34). The biological significance of these homologies is
currently impossible to assess.

DISCUSSION

We report here the sequences of four chromosome III ARS's, C2Gl, A6C,
J11D1 and H9G. Each of these ARS's have 3 or 4 copies of a sequence that has at
least 10 bases of homology to a previously reported 11lbp core consensus sequence
(10, 11); only one ARS has an exact match to the 11bp consensus. Two of the ARS's
(J11D1 and A6C) have been subcloned and in each case, fragments that retain ARS
activity contain the core consensus sequences,

The necessity for at least 1 copy of a core consensus is well established by
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deletion analysis of ARS1 (12), the HO ARS (13) and histone H4 ARS (14). The
influence of multiple core consensus sequences is as yet unclear. We do not yet
know whether more than one consensus sequence is used when more than one is
present, nor do we know whether the chromosome Il ARS's display enhanced
efficiency because of the presence of multiple copies of core consensus. The work
of Fangman, et al., suggests that increased copies may enhance the efficiency since
four tandem copies of a 64bp fragment of mitochondrial DNA which contains near
matches to the core consensus are insufficient for ARS activity while eight tandem
copies are sufficient (42).

Arguments for the necessity of DNA sequences in addition to the core
consensus sequence for full ARS function come from subcloning experiments. The
smallest fragments of ARS1 (12) and ARS2 (34) which have ARS activity in YIp5 are
approximately 100bp long. The subcloning experiments reported here also

demonstrate that core consensus sequences contained in fragments of 155 bp and
170bp are insufficient to exhibit ARS activity when cloned in either orientation at
the BamHI site of YIp5. Further arguments for the necessity of DNA sequences in
addition to the core consensus can be made. Searches of yeast DNA sequences
known not to have ARS activity revealed the presence of core consensus elements.
The region immediately 3' to the copy I histone H3 gene does not have ARS function
but :ioes contain an exact match to the core consensus. Similarly, the region
between the histone H3 and the histone H4 genes at the copy I locus has two 10 out
of 11 matches and the region 3' to the histone H4 gene at the copy Il locus has a 10
out of 11 match (43). Finding core consensus sequences without ARS activity in
noncoding regions where ARS s are usually found suggests the need for additional
sequence elements.

Our search for additional conserved sequences which might provide the
additional sequences needed for ARS function revealed an 11bp sequence that is
associated with most ARS's and which lies 3' to the core consensus sequence.
Assessment of the biological significance of the element will require a detailed
genetic analysis. However, a number of features of the element are consistent with
its proposed role,

First, the spacing of the element with respect to a core consensus sequence is
relatively constant (80 + 30 bp). This is similar to the organization of the SV40
origin of replication which has a core region essential for function and flanking
DNA regions which increase the efficiency of replication (44). The spacing of the
flanking regions relative to the core region is important for the efficiency of origin
function (45). By analogy, yeast ARS's contain a core consensus which is absolutely
required for function and flanking sequences which increase the efficiency of ARS
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function. Since the 3' element we have identified is not found in all ARS's
examined, there may be analogous elements which function in other classes of
ARS's.

Second, analyses of both the C2G1 ARS and ARSI support a role for the 3'
conserved element in ARS function. Subclones of the C2Gl ARS which separate
the 3' conserved sequences from their respective core elements inactivate ARS
function and transposon insertions in or near one of the elements reduce the growth
rate of transformants under selective conditions. In ARS], the deletions which
define domain B remove the 3' conserved element. These domain B deletions have
phenotypes similar to the transposon insertions which are 3' to the core consensus
(12). Thus the conserved element we have identified on the basis of DNA sequence
analysis may correspond to domain B. Whether the transposon insertions 5' to the
core consensus which appear to slightly reduce the growth rate of transformants
corrspond to domain C mutations (12,15) remains to be determined.

Third, the 3' conserved element offers an attractive explanation for previous
observations of the behavior of the histone H4 ARS in various plasmid contexts
(14). When the H4 ARS fragment is inserted between the EcoRI and BamHI sites of
YIp5, 66bp of 3' flanking yeast sequence is required for ARS activity, but when

inserted in the opposite orientation only 12bp of 3' yeast sequence is required. In
this latter orientation, pBR322 DNA sequences provide three near matches to the 3'
conserved sequence described here within 300bp, two of them within 120bp.
However, in the orientation that requires 66bp of 3' flanking sequence, no
homologies to 3' conserved sequence are found within 400bp of the insertion site.
The absence of any 3' conserved sequence in the 66bp of yeast sequence suggests
however, that other DNA sequences may be important as determinants of ARS
efficiency.

A detailed mutational analysis of the C2Gl ARS which will allow an
assessment of the biological significance of the 3' conserved sequence is now in

progress.
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