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We have investigated the ARS (autonomously replicating sequence) activity of 2 1.94 kb mitochondrial

DNA fragment of Cephalosporium acremonium and found that several subfragments of this piece of mtDNA

conferred the ARS phenotype. The nucleotide sequence of the fragment shows: (i} a high A+ T content

(72.5%); (ii) a perfect consensus ARS sequence (ATTTATATTTA) in the subfragment with the highest ARS

activity; (iii} a large number of ARS consensus-related sequences in the other subfragments, even in one

lacking ARS activity; (iv) several potential hairpin structures. One of them contains the perfect consensus
ARS sequence.

Nucleic acid ~ Nucleotide sequence

1. INTRODUCTION

Autonomously replicating sequences (ARS) are
segments of eukaryotic DNA which are capable of
promoting self-replication of integrative yeast vec-
tors {1]. They confer on the colinear DNA an easily
selectable property: high frequency of transforma-
tion in yeast [2]. Several pieces of evidence which
suggest that ARS sequences might represent
chromosomal origins of DNA replication have
been obtained, both in vivo [3—6] and in vitro {7],
although conclusive data are lacking. Accordingly,
ARS sequences have been identified in
chromosomal DNA from several eukaryotes [8]
which might be functional as replication origins in
the homologous system. In addition to
chromosomal ARS, these sequences have been
found in extrachromosomal DNA [9-14]. On the
basis that ARS sequences represent eukaryotic
origins of DNA replication, it has been argued that
organellar DNA replication origins might be iden-
tified because they should confer the ARS
phenotype.

At least one DNA fragment, 1.94 kb long,
which confers the ARS phenotype has been iden-
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tified in the mtDNA of the filamentous fungus
Cephalosporium acremonium [15,16]. To deter-
mine the structural characteristics that are respon-
sible for its ARS phenotype, we have performed a
detailed analysis of this fragment that has shown a
large number of sequences related to that of the
ARS consensus [17].

2. MATERIALS AND METHODS

2.1. Strains

C. acremonium ATCC 11550 was maintained in
defined medium [18]. E. coli strains HBI01 or
DH1 were used for both transformations {19} and
plasmid maintenance, while strain JM103 [20] was
the host for M13 phages and derivatives. S.
cerevisige D483 (Mata, leu2-112, hisd, canl) was
the recipient strain in yeast transformations [21].

2.2, DNA

Mitochondrial DNA was purified from C.
acremonium as described [22]. Plasmid DNA was
obtained from E. coli by the alkaline lysis pro-
cedure [23] and purified by CsCI-EtBr centrifuga-
tion. Total yeast DNA was prepared according to
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Zakian [11]. DNA fragments were purified from
either polyacrylamide or agarose gels [24]. Probes
for Southern blot hybridization [25] were labelled
by nick-translation [26].

Plasmid pMA2 is a yeast integrative vector that
was constructed by ligation of a 2.2 kb yeast DNA
fragment containing the LEU2 gene [27] in the Sall
site of pBR325 (see fig.1). Insertion in its single
Ps1l site of the 1.94 kb PstI DNA fragment from
the mtDNA of C. acremonium allowed its
propagation in yeast as an autonomous plasmid in
agreement with results obtained by others [15,16].
This latter plasmid was named pCP1 (see fig.1).

The nucleotide sequence of the 1.94 kb mtDNA
fragment was determined using the dideoxy
method of Sanger et al. [28].

3. RESULTS AND DISCUSSION

To determine which part of the 1.94 kb PstI
fragment was responsible for the ARS activity, we
obtained a detailed restriction map of this piece of
DNA and cloned different subfragments in the
yeast integrative plasmid pMA2. Purified plasmids
containing different subfragments were used to
transform yeast as an assay of its ARS activity.
Fig.2A lists the plasmids obtained and the relevant
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inserts that they carried, as well as the transforma-
tion frequencies obtained in yeast. Surprisingly, all
but one of the subfragments showed ARS activity
(i.e. the plasmids transformed yeast at high fre-
quency, see fig.2A). Plasmid pBB1 that contains
the central 560 bp Sau3A subfragment transforms
yeast with a frequency even higher than that ob-
tained with plasmid pCP1, that carries the com-
plete 1.94 kb mtDNA fragment. To confirm that
these plasmids which transform yeast at high fre-
quency replicate autonomously in yeast, we
cultured S. cerevisiae clones transformed to the
leu* phenotype by the plasmids described in fig.2A
in minimal medium without leucine and isolated
DNA from these cultures, Undigested total DNAs
were run in an agarose gel, transferred to
nitroceltlulose and hybridized with 3>P-pBR325. As
shown in fig.2B, all types of yeast leu* clones con-
tained autonomously replicating plasmids of the
expected size, confirming that the high frequency
of transformation was correlated with self-
replication of these plasmids in yeast.

To establish a correlation between the nucleotide
sequence of the subfragments and their ARS
properties we have sequenced the 1.94 kb mtDNA
fragment. Fig.3 shows the complete nucleotide se-
quence of the fragment that contains several open
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Fig.1. Restriction maps of plasmids pMA2 and pCP1. The latter was obtained by insertion in the single Ps/I site of
pMA2 of a 1.94 kb mtDNA fragment from C. acremonium with ARS activity.
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Fig.2. (A} Restriction map of the 1.94 kb mtDNA
fragment of . acremonium. The different
subfragments shown under the restriction map were
subcloned in the veast integrative vector pMA2 (see
section 2). The names of the recombinant plasmids
obtained are shown to the right of the relevant inserts
that they contain. Covalently closed circular plasmid
DNA from each subclone was used to transform veast
spheroplasts. Transformation frequencies obtained with
the different recombinant plasmids (i.e. ARS activity) as
well as the approximate size of the inserts are shown in
the table. (B) Total DNA was isolated from yeast leu*
clones, named according to the plasmid used for
transformation to the len™ phenotype, and samples run
in a 0.8% agarose gel and blotted on z nitrocellulose
filter which was hybridized with *P.pBR32S and
autoradiographed. The electrophoretic mobilities of
chromosomal DNA {chr} and of the cce forms of the
different plasmids isolated from E. coli are shown,
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CTGEAGCACT ATTCTTATAT ATTGTTTATT CACAATTAGT AGAAGGAAAA GTTOCAGATA 60

GRAATCCTTG AATGACTCCG GGATTCTATA CTGATATTTT ACAAGCTAAT TTGAATAGAT 120
ATTATAATAG TTTAGAATGA GGGTTATCTA GTCCTCCTAA ACCTCATGCA TTTGTAAGTT 180
TACCTAAACA AAGTAGAGGE TTTTAAGTTT AGAATAATOA TTAATACTAT CCTARATACA 240
ABTCTCATTA GCTCAATTGG TAGAGCATAA TACTTCTAAT ATTTGTATCC TAGTTCGAAT 300
ITAGGATGAG ATTTAATACG AGACAATCTT TTCTAARATA AATTGLCTAT TGAAGTCTTT 360
GGETGTTTTT GCGTYATTTT TGGTTTAATA TATGATARAT AAAAMAATAA AGCTAATAAA 420
COTTAATGAA TTTTCTTTTT GTTCATTAAT AGARATATTC AAGATTACTA CAACTARAAT 480
SRATATATTT TTTATAATAA GTTATTATTA ACTAAAGAAA ATTTAAAGAA ARGAATTTAT 340
ARACTARAAT AMAAAGAAGA ATAAATTATG ATTTTTCATA GTACAATGAT TTCTATTCTA 600
GAAAATCTTA TATTAATGCT TCCTGCTCTT TTAGTAGTAG CTTATGTTAC AGTAGCAGAA 660
AGAAAAACTA TGGCTAGTAT GCAAAGAAGA TTAGBACCTA ATGCTGTAGG TTATTATGGT 720
TTATTACAAG CTTTTGCTGA TGCCTTAAAA CTAATATTAA AAGAATATGT AGCACCGALT 780
CAAGCTAATA TTATTCYATT TTTCTTAGGA CCAATAGTAA CACTGGTATY TGCTTTATTA 840
GGTTATGCAG TAATTCCTTA TGGTCCCOGGT TTATCTTTAA GTGACATGGA ATTAGGAATA 900
TTATTTATGT TAGCAGTTTC ATCTTTAGCT ACTTATGGTA TTTTACTTGC AGBATGAAGT 960
GCTAATAGTA AATACGCTTT TTTAGGATCT TTAAGAAGTA CTGCTCAATT AATTAGTTAT 1020
GAGCTAGTAT TAAGTTCCGT TTTATTGATT ATTATATTGA TAACTAATAG TTTAAATTTA 1080
RATTTAAATG TTCAATTTCA AMAAATTATT TGATTAGCTT TACCATTATT ATGTATATTA 1140
ATAATATTTT TTATAGGTTC TGTAGCTGAA ACAMATAGAG CTCCTTTTGA TTTAGCCOAA 1200
GCTGRATCGG AGTTAGTTAG TGGATTTATG ACAGRACATG CTGCTGTTAT ATTTGTTTTC 1260
“TTTTTTTTGGE CGGAATATGC TAGTATAGTA CTAATGTGTA TTTTAACTAG TATTTTATTT 1320
TTAGGTGGTT ATTTAATAGA ATTTGATTAT TCATATTTAT TATATAATTA CTATTATTTT 1380
GATATTGGGT CTTCTTACAG TTTAATGAGA GAAGAATTAT TRAATAGTAC ATCTTTCAAT 1440
GGTCTTTTGA CTAGTATTAC TTTAGGTATA AARACTTCAG CCATGGTATT TATATTTATT 1300
TGAGTAAGAG CCTCTTTCCC TCGAATTCGT TTTBATCAAT TAATGTCATT TTGTTGAACO 1360
GTTTTACTAC CGATATTATT TGGGTTCCTT ATTTTAATTC CTTCTTTACT TTATACCTTC 1620
GGTATGTTTT TTTTGTCGCT TACATAAAGA CAAATACTCT TGTTARAAAT AAATAAGAGC 1680
GTGTTATCCT AATTTTGTGA AGTTTGCTTY TTAACCTTGA AATTTTCCGA GAATATTTTT 1740
AGAATATATA RATATTGTTC ATTTGATTAA ATTCTTARAT AGTCARAAAT TAAGCACTAA 1800
AAGAATGTTT AGCACTACCC CGATACGTCA TGCGATACCC ACAGGTGGAG CTGAAGTAGA 1060
ACTAGCCCTA ATTCTATATG COATTCCCGT CAGTTCTATG TTTTTTATGG CCATCGTCTG 13920

AGLTACHGTT ACTATAGCTG CAG 1980

Fig.3. Nucleotide sequence of the 1.94 kb mtDNA
fragment. The recognition sites for some restriction
endonucleases, expressed by nucleotide number of the
5’-end are: EcoRI, 1523; HindIIl, 728; Sau3A, 986,
1534; Sacl, 1187; Xbal, 597. A detailed list of other
restriction sites may be obtained upon request.

reading frames. The only one with coding capacity
for a protein with an M, of more than 10 000 goes
from ATG in position 568 to TAA in position 1645
and codes for a potential 359-amino-acid-long
polypeptide. There is an open reading frame of
unknown size that starts in position 1805 with no
stop codons in this reading frame till the end of the
fragment. A consensus sequence of 11 bp (A/TT-
TTATPuTTTA/T) has been described [17,29] as a
structural requirement present in most ARS se-
quences described so far. When we studied the
nucleotide sequence of the 1.94 kb mtDNA frag-
ment of C. acremonium (see fig.4), we found up to
43 11 bp sequences with two mismatches with the
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consensus sequence, 10 with one mismatch and on-
ly one sequence which perfectly resembled that of
the consensus. Interestingly, only the 548 bp
Sau3A fragment with the highest ARS activity con-
tains the sequence (ATTTATATTTA) that com-
pletely matches the consensus sequence (boxed se-
quence in fig.4, positions 14871498 in fig.3).

This sequence not only corresponds to that of
the ARS consensus but, moreover, matches
perfectly the highly conserved 11 bp sequence
found in the la region of S. cerevisiae oril, ori5,
and ori7 [30] and the ARS element of C. utilis
mtDNA [10]. Overlapping this ARS site, in the
strand complementary to that shown in fig.3, there
is a 9-nucleotide-long sequence ATATAAATA
which shows striking homology with an mtDNA
transcription initiation signal in yeast -—
ATATAAGTA [31]. Transcriptional activity of
this region of DNA causing a local melting of the
double helix could facilitate the initiation of DNA
replication. Some other interesting features are
found in the 548 bp fragment as clusters of dif-
ferent ARS-like sequences (e.g., one may find 4
overlapping 11 bp consensus-like sequences from
positions 1127 to 1159, or two adjacent ones from
position 1349 to 1370). All the other subfragments
which promote autonomous replication contain
several consensus-related sequences that could ac-
count for its ARS activity. However, it has to be
pointed out that 6 of these sequences are found in
a subfragment which does not present the ARS
phenotype (see fig.4). Consequently, there must be
some other feature in a DNA fragment besides the
consensus-like sequence for this to show ARS ac-
tivity. In agreement with this interpretation,
MATa and MA T« loci of yeast contain the consen-
sus sequence but do not show the ARS phenotype
[171.

A second feature of ARS-containing fragments
is high A+T content and, accordingly, the A+ T
content of the 1.94 kb fragment is high (72.5%).
However, the A + T content seems not to be direct-
ly correlated with the ARS activity, since in C.
acremonium mtDNA subfragments with almost
identical A+ T content show very different
transformation frequencies (fig.4). It seems
reasonable to believe that other factors are needed
in an ARS element besides the consensus sequence
and the high A + T content. If ARS elements repre-
sent the replication origins, the DNA must be easi-
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Subfragment Psti-Hingdlll HindIII-Sau3A Sau3A-Sau3A Sau3A-Pstl
(1} (728} (728} {986) {986} (1534) {1534) (1943}
Transformation
frequency /pgx1074 0.3 6.28 1.07 < 0.01
A+T% 74.3 68.7 74,67 68.05
TCTTATATATT TaTTcTATTTT TaTTATATTgA TTcTATGTTTT
TTaTATATTET gTTTATCTTTA gTTTAAATTTA ATTTATATaTT
ACTATATTIT ATTTATGTTag ATTTAaATTTA TTaTATATTeT
TTETAaGTITA TTTCATCTTTA ATTTARATETT TTaTLTATTTT
TTTTAAGTTTA TaTTATGTaTA ATTTATLTTTA
ARS ATTTLIGETTT ATgTATATTaA ATTTTCTTTA
consensus - TTTTLGTITA AaTaATATTTT
AaaTATATTTT TTTTATAGETT
like ATaTATLITTY TETTATATTTg
sequences TTTTATAaTaA ATaTtTGTTTT
AaTTATCaTIT TTTTeTCTTTT
ATTTCTATTCT ATETRTATTTT
TeTTATATTaA TaTTtTATTTT
TaTTATGRTTT TTITATETTTA
CTTTLTATTIT ATTCATATTTA
ATTTCaGTTTA TTaTATAaTTA
CTTTASATTTT
AaaTATATTTA
ATaTtTATTTT TTTTATACCTA
ATTTcTATTaA ATTTARATTTA
ATTaApGTTTA ATTTAaATTTA
CTTTATLTITT
TTTTLTATTTA
ACTTRTATTTA

Fig.4. Computer search of ARS consensus-related sequences along the 1943 bp mtDNA fragment. Only 11 bp sequences

with two or less mismatches with the consensus sequence (A/TTTTATPUTTTA/T) are listed. Mismatches are

represented in lower-case letters and subfragments correspond to those described in fig.2. ARS activity in yeast of each
subfragment as well as its A+ T% derived from the sequence is also shown.

ly denatured in these regions. Correlated with the
A+T% of a given DNA fragment is the relative
abundance of the sequence NTAN, which seems to
be preferentially unwound by negative torsional
stress [32]. This fact could account for the ob-
served high A + T% of ARS-containing fragments.

Finally, there are several potential hairpin struc-
tures along the sequence which are presented in
fig.5. Potential structure ‘F’, located in the sub-
fragment with the highest ARS activity, contains
the 11 bp consensus sequence. It has been shown
[30] that replication origins in yeast mtDNA are
associated with such structures.
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