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ABSTRACT

We have characterised two restriction fragments, isolated from a
"shotgun" collection of human DNA, which function as autonomously
replicating sequences (ARSs) in Saccharomyces cerevisiae. Functional
domains of these fragments have been defined by subcloning and exonuclease
(BAL 31) deletion analysis. Both fragments contain two spatially distinct
domains. One is essential for high frequency transformation and is termed
the Replication Sequence (RS) domain, the other, termed the Replication
Enhancer (RE) domain,has no inherent replication competence but is
essential for ensuring maximum function of the RS domain. The nucleotide
sequence of these domains reveals several conserved sequences one of which
is strikingly similar to the yeast ARS consensus sequence.

INTRODUCTION

Little is known about the structural organisation and regulation of

eukaryotic DNA replication (reviewed in 1 and 2). It is still not clear

whettier there are specific origins of replication. The non-random spacing

of initiation sites in Drosophila embryos and in somatic cells (3)

indicates that this might be the case. However initiation of DNA

replication in Xenopus laevis eggs does not require specific sequences (4).

There is also evidence for functional differences between initiation sites

implying some eleinent of specificity in the replication mechanism. For

example, in mammalian cells the same regions of DNA are replicated at the

same times during successive S phases (5) and different initiation points

may be used in the same cells under different environmental conditions (6).

The idea that eukaryotic DNA replication may involve specific sequences

was strengthened by the discovery that a specific subset of restriction

fragments from yeast chromosomal DNA can replicate in yeast independently

of the chromosome (7). These autonomously replicating sequences (ARSs)

increase the transforming ability of yeast integrative plasmids (eg.8) by

103 to 105 fold (9,10) and this property has provided the basis for
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selection of ARSs from many eukaryotic genomes. ARSs have been identified

in DNA obtained from yeast (9-15), Neurospora crassa, Dictyostelium

discoideum, Ceanorabditis elegans, Drosophila melanogaster and Zea mays

(13), Tetrahymena (16), Xenopus laevis mitochondria (17), X.laevis

chromosomes (M.J.Dobson, A.J Kingsman and S.M. Kingsman, unpublished data;

S.Kearsey, personal communication) and as reported here, human chromosomes.

No ARSs have be isolated from bacterial chromosomal DNA (13). The frequency

of isolation of ARSs from yeast chromosomal DNA closely reflects the

frequency of replication origins determined by electron microscopic

techniques (18). Furthermore DNA replication initiates specifically in the

region of yeast ARSs in vitro and specific protein complexes involved in

replication also bind specifically to ARSs in vitro (19,20). In addition

different yeast ARSs replicate at different but specific times during the

yeast cell cycle (21). These studies suggest that yeast chromosomal

sequences with ARS activity may contain biologically significant sequences

which are important for the initiation and/or regulation of eukaryotic DNA

replication. It is possible that sequences isolated from other eukaryotes

which have ARS activity in yeast might also be involved in DNA replication

in the homologous systems. Sequence comparisons of several yeast ARSs

(14,15,22-26) has revealed an 11 bp consensus sequence, 5'-TAAAPyAPyAAPuA-

3' first noted by Stinchcomb et al (23). However not all yeast ARSs contain

the above sequences (27) and they are not found in a region of Tetrahymena

rDNA which has ARS activity (16). Other possibly significant features such

as TATA boxes, GC rich regions and other homologies derived from pairwise

comparisons of yeast ARSs have also been noted (26). This paper presents a

detailed examination of the extent of structural and functional

conservation between yeast ARSs and two ARSs isolated from human

chromosomal DNA.

MATERIALS AND METHODS

Bacterial and yeast strains and media

E.coli strain Sf8 = C600, hsdRk, hsdMk, lopll, leu B6 recBC.

Saccharomyces cerevisiae strain MD40-4c = c, ura2, leu2-3, leu2-112, his3-

11, his3-15, _rpl. E.coli were grown in Luria broth (28). Yeast media were

prepared according to Hawthorne and M4ortimer (29).

Enzymes

Restriction endonucleases and ligase were purchased from Bethesda

Research Laboratories (BRL) and were used according to the suppliers
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instructions.

Yeast transformation

The method described by Hinnen et al (8) was used

Analysis of yeast transformants

Transformants were tested for ploidy by measuring the frequency of

mutation to canavanine resistance (9). Haploid transformants were grown for

24 hr under selection and used to inoculate fresh selective media at 104
cells/ml. Growth was measured by cell counts in a haemocytometer. Plasmid

stability was determined by growing the cells in selective media and then

transferring to non-selective media for 4hr. The number of cells containing

plasmid after growth in selective and non-selective media was determined by

washing the cells in water and then plating onto duplicate selective and

non-selective plates and the percent loss of plasmid per generation

calculated.

DNA

Plasmid DNA was isolated from E.coli preparatively as described by

Chinault and Carbon (30) and for rapid analysis by the method of Holmes and

Quigley (31). Total yeast DNA was isolated according to Cryer et al (32).

Plasmids were rescued from yeast transformants by the method of Ferguson et

al (33). Hela cell DNA isolated as described by Cook and Brazell (34) was a

gift from Dr. P.R.Cook,Sir William Dunn School of Pathology, Oxford. Human

placental DNA was a gift from Dr. I.W. Craig, Department of Genetics,

Oxford.

Southern transfers, hybridisations and in vitro labelling

Restriction endonuclease digested DNAs were fractionated by agarose

gel electrophoresis and the fragments were transferred to nitrocellulose by
Southerns procedure (35). Plasmids were labelled by nick translation (36)

using P-TTP (Amersham International). Hybridisations were carried out in

0.3M NaCl, 0.03M sodium citrate, 0.02% ficoll, 0.02% BSA, 0.02%

polyvinylpyrrolidone at 65 C for 48 hrs.

Deletion formation and linker ligation

Plasmids were cleaved with appropriate restriction enzymes and

digested with BAL 31 exonuclease (BRL) as described previously (37).
Synthetic Bgl II linkers (5'-CAAAAGATCTTTTG-3') and synthetic Eco RI

linkers (5'-GGAATTCC-3') were generously provided by Dr. M.A.W. Eaton,
Celltech Ltd. Linkers were phosphorylated and blunt end ligations performed
as described previously (37).
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Figure 1. Yeast integrative vectors. Thin line = pBR325. Thick line = yeast
chromosomal RNA. Ba = Bam VI; H3 = Hind III; P = Pst I; Sal = Sal I; R =
Eco RI; Ap , Cm and Tc are respectively, resistance to ampicillin,
chloramphenicol and tetracycline.

DNA sequencirng

The nucleotide sequence of human ARS fragments was determined by the

dideoxy chain termination method of Sanger et al (38). Single stranded

templates were isolated by subcloning either Hind IIl-Bgl II or Eco RI-Bgl

II fragments into M13mp8 or M13mp9 (39).

RESULTS

Isolation of human DNA fragments with ARS activity

We have used three plasmids for the isolation and characterization of

ARSs; pGT6 , which contains a 2 kb Pst I yeast chromosomal LEU2 fragment

inserted at the Pst I site in pBR322 (22); pMA300 which contains the same

2 kb LEU2 as pGT6 but inserted into pBR325 (Figure 1) and pMA700 which

contains a 1.85 kb yeast HIS3 fragment (40) both inserted into pBR325 (41)
(Figure 1). These plasmids rely upon integration into the yeast chromosome

for maintenance and consequently transform yeast at a very low frequency (
about 2 transformants per jig of vector DNA). Plasmids capable of

autonomous replication transform yeast at a 10 -10 fold higher frequency.

This difference in transformation frequency is used as a selection system
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for ARS elemnents. If the frequency of transformation of an integrative

vector is increased above 2/pg by the insertion of random DNA fragments

then it is likely that those fragments have ARS activity. Human placental

DNA and hiela cell DNA were cleaved to completion witlh Hind III and Eco RI

respectively and ligated to appropriately cleaved pGT6 or pMA700. The

ligation mixes (2jug of vector and 5jpg of human DNA) were used to transform

yeast to either leucine or histidine independence. A total of 25

transfornants was obtained, 18 from the pGT6 reaction and 7 from the pMA700

reaction. In parallel transformations with pGT6 and pMA700 alone no

transformants were obtained. Upon subculturing the transformants on the

same medium on which they had been selected, one transformant grew as well

as MD40-4c and probably had pMA700 integrated into the yeast genome. Of the

other 24 transformants, 16 failed to grow and 8 grew but showed relatively

few colonies compared with the number plated. The 16 that failed to grow

upon subculture presumably contained autonomous molecules so unstable that

they were lost completely during the establishment of the primary

transformant colony. The 8 transformants that grew poorly must maintain

their plasmids more efficiently. Four of the 8 unstable transformants were

chosen for further study. Three transformants designated T52, T53 and T54

contained Eco RI fragments of Hela cell DNA inserted into pMA700 and the

other designated T50 contained a Hind III fragment of placental DNA

inserted into pGT6. All four transformants were haploid. To rescue plasmid

DNA fromn these transformants, DNA enriched for small circular supercoiled

molecules was isolated and used to transform E.coli to leucine independence

in the case of DNA from T50 or chloramphenicol resistance in the case of

DNA from T52, T53 and T54. Plasmid DNA was prepared from an E.coli

transformant obtained with each of the four DNA preparations. Restriction

enzyme analysis showed that the plasmid isolated from T50, designated
pMA50, contained a 4.2 kb Hind III fragment in pGT6 and the plasmids

isolated from T52, T53 and T54, designated pMA52, pMA53 and pMA54 contained

2.6 kb, 6.65 kb and 4.45 kb Eco RI fragments in pMA700. Restriction maps of

the human DNA inserts in these plasmids are shown in figure 2 and they
exclude the possibility that they are derived from human mitochondrial DNA

(42).

Location of the human ARSs to human chromosomal DNA

Since the selection system for ARS elements in yeast is powerful it

was important to establish that the sequences in pMA50, pMA52, pMA53 and

pMvIA54 were in fact derived from human DNA. Hela cell DNA was cleaved with
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Figure 2. Partial restriction maps of human ARS containing fragments and
subcloning strategy. Solid line = human DNA ; Dotted line = vector DNA.
Bars below pMA5O and pMA54 show the fragments which were subcloned to
localise the ARS (see text). B = Bam HI; Bg = Bgl II; H3 = Hind III; P =
Pst I; S = Sal I; R = Eco RI; X = Xho I.

Eco RI and probed with each of the 32p labelled plasmids in a Southern blot

analysis (Data not presented). In each case fragments from Hela cell DNA

hybridised with the probe and the sizes of these fragments were consistent

with the maps in figure 2. These data confirm the human origin of the

inserts in the four plasmids and also show that the human ARS elements are

unique and/or too short to cross hybridize.

Te human DNA fragments replicate autonomously in yeast

There are two major diagnostic features of ARS containing plasmids.

The first is that they transform yeast at a relatively high frequency and
the second is that they are unstable. Our ability to rescue plasmid DNA

from the transformants is consistent with autonomous replication and

preliminary observation of the transformants suggested that they contained
unstable plasmids. To confirm the autonomy of the four plasmids and to

quantitate their behaviour, the transformation efficiencies and stabilities
were compared with the archetypal yeast ARS containing plasmid YRp7 (9,10)
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Table 1. Properties of yeast strains transformed with ARS plasmids

Plasmid Transformation Stability
frequency ( per cent plasmid loss

(colonies/pg) per generation)
4

YRp7 3.5 x 10 22
4

pMA5O 6.1 x 10 36
4

pMA52 3.2 x 10 43
3

pMA53 4.0 x 10 >50
4

pMA54 1.0 x 10 45

(table 1). The human ARS plasmids are able to transform yeast at

frequencies comparable to YRp7 and they are all unstable under selective

and non-selective conditions. In all cases the human ARS plasmids were

apparently less stable than YRp7. In addition when total undigested DNA
32from yeast transformants T50, T52, T53 and T54 is probed with P labelled

pBR322 in a Southern blot analysis bands are obtained which comigrate with

the supercoiled pure plasmid (data not presented). Together these data

prove that plasmids pMA50, pMA52, pMA53 and pMA54 contain human DNA

sequences that are capable of autonomous replication in yeast.

Localization of the ARS activity in two of the human DNA fragments

Two of the human DNA fragments were chosen for a detailed analysis;

these were pMA50 which contains a 4.2 kb Hind III fragment from human

placental DNA and plMA54 which contains a 4.45 kb Eco RI fragment from Hela

cell DNA. To localize the ARS activity on' these plasmids various

restriction fragments, indicated in figure 2, were subcloned into either

pMA700 or pMA300 as appropriate. The ability of each subclone to cransform

yeast at a high frequency was tested. In the case of subclones from pMA50,

fragment g was sufficient to give high frequency transformation and

fragments which did not encompass this region were not capable of high

frequency transformation. The human ARS activity had therefore been

localized to a 0.7 kb Hind III-Bgl II fragment. In the case of pMA54 the

ARS activity was localised to the 2.3 kb Hind III fragment b. The Hind III-

Bgl II fragment g from pMA50 replaces the small Hind III-Bam HI fragment in

pMA300 to give plasmid pMA501 and the insert is referred to as human ARSI.

The Hind III fragment b from pMA54 is inserted at the Hind III site in

pMA300 to give plasmid pMA541 and the insert is referred to as human ARS2.
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Figure 3. Deletion derivatives of human ARSI and human ARS2. Solid lines =
Human DNA; Dotted lines = vector DNA. Numbers above the maps indicate
coordinates in kb. Dotted arrows show the region and direction of
sequencing of the various deleted fragments. A = Acc I; 1-Bam HI, R3 = Hind
III; S = Sal I; x = synthetic Bgl II linker; a = synthetic Eco RI linker.
The Replication Sequence (RS) and Replication Enhancer (RE) domains are
indicated by arrows above the maps.

In order to localize the ARS activity for sequencing a series of deletions

extending into the right side of the fragments, as drawn in figure 3, was

constructed using limited digestion with the exonuclease BAL 31. pMA501 was

cleaved at the Sal I site and pMA541 was cleaved at the Bam HI site in the

vector DNA and the plasmids were digested with BAL 31 for appropriate
times. After digestion the reaction products were blunt end ligated with

synthetic Bgl II linkers and the ligation mixes used to transform E.coli to

chloramphenicol resistance. Rapid DNA preparations from transformants were

analysed by digestion with Hind III and Bgl II to identify molecules which

contained the linker and to determine the size of the deleted human

fragments. A second set of deletions of human ARS2 starting at the left

hand end was made. As there are no unique restriction sites near the left
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Table 2. Properties of deletion derivatives of human ARS plasmids

a
Plasmid Human DNA Transformation Colony

(kb) frequency size
(Colonies /yg

-4
x 10 )

YRp7 1.0 L
pMA501 0.7 0.9 L
pMA502 0.65 0.3 L
pMA503 0.55 o.3 L
pMA504 0.46 0.8 L
pMA505 0.13 0.6 S
pMA542 2.00 2.9 L
pMA543 1.80 1.5 L
pMA544 1.60 1.7 L
pMA545 1.47 0.5 L
pMA546 1.20 0.5 S
pMA547 1.07 0.8 S
pMA548 0.52 0.7 S
pMA549 1.70 0
pMA550 1.40 0

a. Colony size was judged subjectively four days after
transformation. L = large, S = small.

hand end of the fragment in pMA541, the plasmid pMA542 from the first

deletion series (figure 3) was used. This plasmid was cleaved at the

unique Hind III site and after BAL 31 deletion the reaction products were

ligated with synthetic Eco RI linkers and used to transform E.coli to

chloramphenicol resistance. Pure DNA of selected plasmids from these

deletion series was prepared and the size and location of the different

deleted fragments are shown in figure 3. Each of the deleted plasmids was

tested for the ability to transform yeast at a high frequency (table 2).
The deletion analysis indicated that in the case of human ARSI the human

DNA insert could be reduced to a 131 bp fragment in pMA505 which still

retained the ability for high frequency transformation. Similarly human

ARS2 could be deleted from the right hand side down to a 522 bp fragment in

pMA548 which still showed high frequency transformation. Deletions from the

left hand side of human ARS2 produced plasmids pMA549 and pMA550 wilich had

lost 308 bp and 683 bp respectively and were completely unable to

transform yeast at a high frequency. This result indicated that the

sequence responsible for high frequency transformation in human ARS2

resided within 308 bp at the extreme left of the fragment as drawn in

figure 3. Although pMA505 and pMA548 both contained small DNA fragments
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Figure 4. Growth curves of yeast transformed with various human ARS
plasmids. Transformants were grown to4mid log phase in selective media then
inoculated at a density of about 10 cells/ml into fresh selective media.
Colony size of the transformants on solid media is indicated in
parentheses, L = large, S = small. pMA5051 is the same as pMA505 except
that the insert has been recloned into pMA300 (see text).

which were capable of high frequency transformation both plasmids produced

transformants which were very slow growing. This was observed initially as

the production of very small transformants which took four days to achieve

a size large enough for subculture and was confirmed by following growth

under selective conditions in liquid media. The growth curves for some of

the transformants are shown in figure 4. All the transformants relying on

human DNA sequences for plasmid replication have longer doubling times than

YRp7 transformants (10), of the order of 6-l0hrs. These results and the

data in table 1 indicate that the human DNA sequences are not as

replication competent as yeast sequences. The maximum cell density achieved

by pMA548 after 120 hrs growth is only 6xlO5cells/ml whereas transformants

containing plasmids with larger inserts such as pMA504 and pMA545 reach
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Humcn ARS 1

8 9 1
ARAGCFToTAT TTXTTGTAAT AAAATAAT BATTAA ATA

60

2 3
T AUTTTTAA ATTTAGOMP E ACOATAAACRTT*TCAA GATATATTT TGTiAGGGC

120

ATATTOCT SATTATOO ATCTATATAG TTATOTTAAA MTAAATAT GGTCTTACGG

5()5 ~~~~~~~~~~~~180
11 4

GGGAAGATGA X AAAATOT ACATTAA ACTTCCTOCA ATOTATGAGT TATTTGTTA

240
5

TAAAd!!ff CATAT CCCATTTAAT rrCrATTTTO TAGATOAGTA GACTOAGGCT

300
6 7

CATGAPTGA Te T T CAGOAATAAO AOTTOTCAAA GTAAAATTAA

360

AACCAGGACT TTTl0GCTCCC TAAAOCTATT CTAATGCTAT TATTTCAAGC ATAAAGGCTA

420

GTTTTTATGT AAGTTATAAA AGAGATACAC ATTTACA

504

Figure 5. Nucleotide sequence of the RS and RE regions of Human ARSI. The
sequence of one strand 5' -3' is shown. Regions of homology shared with
human ARS2 are boxed. Underlined sequiences share homology with the yeast
ARS consensus sequence (23). The RS domain lies to the left of the dotted
line at position 131, the RE domain lies to the right of this line. Numbers
with arrows indicate the position of deletion end points.

2xlO7cells/ml after about 45 hrs. Some of the deleted plasmids, for example

pMA547 and pMA546, had intermediate growth characteristics. Similar results

were obtained with the pMA501 series (data not shown). This result

suggested that while the sequences present in pMA505 and pMA548 were

sufficient and necessary for high frequency transformation there may be

additional spatially distinct sequences which are required to ensure

maximum replication competence and/or to increase mitotic stability. As BAL

31 deletion is bidirectional the progressive loss of human DNA sequences is

accompanied by a loss of vector sequences. In order to confirm that the

reduction in replication efficiency was in fact due to the loss of human

DNA sequences the human DNA insert from pMA505 was recloned into pMA300 to

produce plasmid pMA5051. This plasmid transformed yeast at a high frequency

but again grew extremely slowly in selective media (figure 4) indicating
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Human ARS 2
1 2

AAGCTTGCCC TAGAATTAAT CAA TATTO T rATTCCTA AATTTAGTA] TCAT3CAAAT

689
ACAAACACAG ATATACATTT TTTCATTCA TOAATWGATT FATGTTTTGC ATAC+TTTT

120
10

ATAATTTTAT TTTTCCAG aacaTaTGT CCTCTCATC ,TITCCATATC AGTAOGCTSA

188

GAGCTCTCTC ACTTCTTTTA ATOOCACATA OTAGTCTATT GTTTGAAGTA CCATGATTAT

2481

TTRACTAGTC TCCtATTAOT OOACATTTAA TTTCTTTCTA ATTGTCTCTA TTACEFA

5k9 33a
AAACAACCTCA TAC AAATATCTGT GCA TTAC ATAAWAC TGAGTAAAA

360

TTCTAOAAGT GAATGTACTA TAAAATOCCT ATATATACAT TTTAAAATCT GATAGATTAC

428

AOCAOAATTA TCTATTTCOA TAAATTACTC CAAAATTATT OTGCCAACTT ACABTCCCAC

480

CCATAATATA CAOGCr TTAATAATAC CrTATTAA C4 TATT ATAOCATAOC

518 5"
6

CCAGAAATCT TCAAAWTCA TCCAOTTCCT OGT TCTTTAACAOAAT
600

OGTTCATOGC TTTC^-CCT TTCCACCTCA ACCTAWOTTT TTTTGAGOCA GOGTCTCACT

550
TOTCCTGGCT OGTOCATO TGITGCAATC ACGGCAGCCT CGATCTCCTC AGOCACAGGT

720

GATCTTCCCA TCTCAGCCTC CCCATTAOCT OGOACTACAG OCACGCACCA ACACACAOCA

788
7

TGATTTTTTG TATCCTTTGT IAAt2 i3n TAGTCTCAAA

848

CTCTTGGOCT CAAGCGAACA OCCACTTO CCTCCAATC AAccaTAOTT TTMAAAAATA

6
TTACTGCCTC CCACTTOGTT AAGOTGAAAT TAGGAGAC CATBAACTTT pTT

11
f3AACTC TATTTCCTAG W TATACTA MCATTTCCZA

AAATGAAAAT OGTACTTTCA TACTTTCTTG MCTTCACTTT CCAATAOTtC ATTCATTCAT

547 i.
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OOCT~AAAA CTCTATOTGA CCTGOTGTCT TOCTAPCCCT CCAACCTCAT TMTTCTTCCT

114

iTCTGTTCTA CAAqCCATCA ATBCACCTO CTATCTCACA GCCTTTOAAC TTOCCATGOC

126

CTCCjOTTC CCTAOOTAGC CACTACCTC ACTCTCTCAC TTCATTCACA
546 12"

GCTOTTCA CATGCTCC CTCCAOACCT T=CTACA ATTTATCCAA OBTAACTC

1326
5

xAOCCCTT Acld rTT'CTOA T3ATTT3TCA TIGICTGAAA

139
4

TTTTrACTTT CTTCTOATT OTTACASTC .T6CTC AT MrTAA ATT

144

ATGAAAPAA ATAAO ATATAG cTCATOAOOACA OaTTTTo OOTTAOTTC

545 16

ATTOCTATTT CCCAGTGCCT ADATAAT CTOGCATATA OCAAATGCTC AATAATATT

1566

GAATAACTAG TTCAATAAAT ATACTGACT TTATGTTOMC

54

Figure 6. Nucleotide sequence of the RS and RE domains of human ARS2.
Legend as for figure 6 except that the RS region lies to the left of the
dotted line at position 522 and the RE lies to the right of this line. End
points of deletions made from the left end of the fragment are indicated
above the sequence and deletions from the right of the fragment are
indicated below the sequence

that vector sequences could not restore replication efficiency. We have

designated the region responsible for high frequency transformation which

is present on pMA5O5 and pMA548 as the Replication Sequence (RS) domain and

the region which is responsible for full replication competence as the

Replication Enhancer (RE) domain. The RS domain in human ARS1 is present on

pMA505 and the RE domain is present on pMA504. The RS domain in human ARS2

is present on pAlA548, however the RE domain is difficult to locate, it must

be present on plasmids pMA541-pMA545 but plasmids pMA546 and pMA547 appear

to have intermediate replication properties (figure 4) and the region

could span at least 1.0 kb.

Nucleotide sequence of the RS and RE domains of human ARSI and ARS2

The sequencing strategy is outlined in figure 3. The nucleotide

sequences of the RS and RE domains of human ARSI were obtained by

sequencing the Hind III- Bgl II fragment from pMA505 and the overlapping
Bgl II-Hind III fragment from pMA504. The RS domain of human ARS2 was
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sequenced using the Hind III-Bgl II fragment from pMA548 and the

overlapping Eco RI-Bgl II fragment from pMA549. The sequence of RE domain

of human ARS2 was obtained from sequencing the overlapping Bgl II-Hind III

fragments (figure 3.) The sequence of the RS and RE domains of human ARSI

and ARS2 are shown for one strand in figures 5 and 6 respectively. The

limits of the RS domain in human ARSI are between nucleotide 1 and 131

which is the deletion end point in pMA505. The limits of the RS domain in

human ARS2 are between nucleotide 1 and 308 as the loss of these

nucleotides in pMA549 renders the plasmid incapable of high frequency

transformation. The RE domain of human ARS2 may lie anywhere within the

remaining 1292 nucleotides. Both strands of each sequence (1-456 bp for

human ARS1 and 1-1600 bp for human ARS2) were comapared using the Oxford

HOMOL 2 homology search programme (A.J. Kingsman, unpublished data). Many

short stretches, less than 10 bp, of homology were observed but these will

not be analysed in the present paper. There are also cases where a sequence

was found in the RS domain of one human ARS and in the RE domain of the

other; such sequences in isolation cannot be significant in terms of RS and

RE function and are not analysed in this paper. The real biological

significance of any homologies can only be assessed by detailed functional

analysis of mutants but we have indicated some potentially interesting

regions in figures 5 and 6. There are six stretches of homology unique to

the RS domain of each human ARS, 1-3 are derived from comparing the

strands shown in figures 5 and 6 and 8-10 from comparing the human ARS1

strand shown in figure 5 with the opposite strand of human ARS2 (not

shown). Homology block 1 is small and only considered significant because

of its similar spatial relationship to blocks 2 and 3 in each ARS. Homology

block 3 cannot be a significant replication sequence per se because it is

present on pMA549 which is not replication competent. However as it is

present on pMA548 and pMA505 a potential involvement in determining

replication competence cannot be excluded. The longest homology block, 2,

shows 15/18 conserved positions and gives a "consensus" sequence of 5'-

TATTPy(Py)TAAATTTAGTA/TT-3'. A sequence related to this homology block is

also found in the RE domain of ARSI (fig. 5) and although this is not

required for the ARS phenotype a role in determining maximum efficiency of

autonomous replication cannot be excluded. Homology block 2 shows some

similarities with sequences thought to be significant in yeast ARSs (23)
and the human sequences are compared with several yeast ARSs in figure 7.

There are additional short sequences located in the RE domains of both
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2um A C T A G A G a T AAACA T a AAAAA T G T

YE arsl AaAAG A T CT AAACA TAAAA T C TG T

YE arsl' AAA G A C G AT AAA T ACAA GAAAA T G

YE ars2 T T T A T T T -T AAA T A T A AA T C AT TA

YE ars3 AA T AT T--TA Aa T A T A AG T A TTAA

HU arsl T A T a T T T T A A T T T -A T T TAAT
3333 555s** 53* * *5533*

HU ars2 T C T ATTCCTAAATTT-AOTaTTCA

YEAST CONSENSUS TAAAYAYAAUA
T

HUMANCONSENSUS TATTYYTAAATTT-ATTT
A

Figure 7. Comparison of the typeI RS in human and yeast ARSs - = space left
to allow aligning of the sequences. * = homology with the yeast consensus
sequence = homology with the human consensus sequence. Y = pyrimidine; U
= purine. Sequence information for yeast ARSI, ARS1',ARS2, ARS3 and 2 jim
are taken from references 22,26, 23 and 14.

human ARSs which share homology with the yeast ARS consensus sequence

(figs. 5 and 6) but these cannot function as replication sequences. There

are five homology blocks in the RE domains, numbers 4-7 are derived from

comparing the strands shown and 11 is derived from comparing the strand

shown for human ARS1 with the opposite strand of human ARS2 (not shown)

Block 6 is repeated in human ARS2 on opposite strands. It is perhaps

interesting to note that blocks 4 and 5 and 6 and 7 overlap and are

clustered in human ARSI but they are dispersed in human ARS2.

DISCUSSION

We have demonstrated for the first time that sequences can be isolated

from human chromosomal DNA which will replicate autonomously in yeast. This

result extends previous observations about the functional conservation of

ARSs within eukaryotes (13). Such conservation across a broad range of

eukaryotes implies that ARSs may play a fundamental role in some aspect of

eukaryotic DNA replication. The restriction maps of the human ARSs

analysed here show that they are clearly derived from chromosomal and not

mitochondrial DNA. They are also not associated with any repetitive

sequences and do not show any cross hybridisation under stringent

conditions. The frequency of isolation of ARSs was low and recovery of

primary transformants after replating on the same medium was less than 50%.

The four human ARS transformants selected for further analysis grew more
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slowly and were less stable than yeast transformed with YRp7 (table 1 and

figure 4). These results indicate that although ARSs can be isolated from

human DNA they appear to function inefficiently in the heterologous

environment. It is likely that many potential ARSs may have been undetected

in the original transformation because of this inefficient function and

therefore only a subset of human ARSs may have been studied.

The deletion analysis to generate small fragments which still retained

ARS activity has indicated that the gross structure of human ARSs may be

complex. We have identified two spatially distinct domains which are

required to give high frequency transformation and to maximize efficient

plasmid replication and/or maintenance. The RS domain must contain one or

more sequences which are required for high frequency transformation;

plasmids which lack this domain have no ARS activity. Plasmids which carry

only the RS domain transform yeast at high frequency but the resulting

transformants grow very poorly (figure 4). The second domain, RE, is

required to augment the function of the RS domain to produce vigourously

growing transformants. Plasmids which carry only the RE domain such as

pMA549 never transform yeast at high frequency i.e. they do not behave like

ARS plasmids. The RE domain must contain one or more sequences which

interact in some way with the RS domain. It is likely that several

sequences are involved because the RE domain in human ARS2 spans at least 1

kb. This bipartite structure of human ARSs is similar to that proposed for

yeast ARSs by Stinchcomab et al (23) who showed that a 626 bp fragment

containing the ARS1 consensus sequences is sufficient to give high

frequency transformation but the transformants have a doubling time of 12

hrs. An adjacent 212 bp fragment was required to produce vigourously

growing transformants. Similarly the yeast 2ym replication origin contains

a core 75 bp which is probably sufficient for high frequency

transformation but additional flanking sequences are required for maxilmum

replication efficiency (14). Similar results have also been obtained in an

analysis of an ARS isolated from Candida utilis mitochondrial DNA (43). One

of the sequences implicated as important in the RS domain of yeast ARSs is

the consensus sequence 5'-T/AAAAPyAPyAAPuA/T-3' (23). The human ARSs share

several conserved sequences in the RS domain. It may be significant that

one of these sequences is very similar to several yeast RSs and contains a

sequence that is related to the yeast consensus sequence (fig. 7). The fact

that the majority of ARSs sequenced to date contain a sequence related to

this yeast consensus suggests either that this is the major sequence

1064



Nucleic Acids Research

involved in eukaryotic DNA replication or simply that it is the sequence

which functions most efficiently in yeast. We refer to this group of

related replication sequences as type I replication sequences. Clearly

sequences other than the type I sequences can have ARS activity as they are

not found on at least one yeast ARS (27) and a Tetrahymena ARS (16)

although the latter may be a specialized replicon. It is also possible

that there are other important sequences and the additional conserved

sequences in the human RS domains may be functional. It seems unlikely that

the minimal 11 bp type I replication sequence is sufficient for replication

to occur. There is a second type I sequence on both yeast ARSI and 2 Jim
and no replication eyes or protein complexes are found associated with

these (20). There are also type I sequences at the MAT a and MAT a loci but

neither of these sequences have ARS activity (14). Furthermore short

sequences similar to the yeast ARS consensus sequence are found outside the

RS domains of both human ARSs (figs. 5 and 6 ). All these observations

suggest that if the type I RS is functionally significant then the precise

nucleotide sequence environment is critical to allow the function to be

expressed. Not all ARSs may require either additional sequences in the RS

domain or an RE domain. It has been shown that as little as 57 bp is

sufficient for full replication competence of the ARS associated with the

yeast HO gene implying that any sequences required in addition to the type

I sequences must be small and closely associated with the type I sequence

(15). The RS domains of all ARSs may contain sequences that interact with

replication enzymes and/or define the site of initiation of DNA replication

as has been shown for yeast type I replication sequences (19,20). Other

specific sequences may be required to control the activity of the

replication origin, for example in determining the time of replication

during the cell cycle(21). Specific sequences may be involved in copy

number control as shown for the REP3 gene function in 2 jim circle

replication (14) and in determining compartmentalization of the DNA before

and after replication and at cell division. Some of these functions might

be located in the RE domain and as they may be more cell and species

specific than the basic function of replicating DNA the RE domains may show

a greater divergence between different ARSs. This could explain the weaker

ARS phenotype of human and Drosophila (unpublished data) ARSs in yeast. It

will be interesting to replace a human RE domain with a yeast RE domain

and examine the effect on the human ARS phenotype to test this idea. Our

functional and sequence analyses of the RE domain in human ARSs have
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indicated several conserved sequences. These sequences are clustered in the

ARS1 RE domain, which is functionally defined by a short DNA segment, and

dispersed in the ARS2 RE domain which is functionally defined by a

relatively long DNA segment. These results support the notion that the

blocks of homology shared by the two RE domains are biologically

significant. At present so little is known about the spatial organisation

and regulation of replication in eukaryotes that we can only speculate on

the possible detailed biological functions of ARSs. It is possible that

heterologous ARSs are only relevant for replication in yeast and occur

fortuitously in these other eukaryotic genomes. This is less likely if the

sequence requirements for ARSs activity are complex. This paper shows that

two spatially distinct but associated regions of DNA are required for the

ARS function of human DNA fragments. Furthermore two fragments chosen

randomly from eight original isolates share homologous nucleotide sequences

in these functional regions. The location of several conserved sequences

with in a short stretch of DNA which correlate with functional activity is

unlikely to have occurred by chance and suggests that the structural and

sequence organisation of these regions has been conserved in the human

genome. The isolation of ARSs from a mammalian genome will now allow the

functional significance of ARSs isolated in yeast to be tested in the

homnologous system as tissue culture transformation systems are available.

We are currently constructing appropriate vectors to assess replication

efficiency of the sequences in human cells.
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