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A Yeast Chromosomal Origin 
of DNA Replication Defined by 
Multiple Functional Elements 

Although it has been demonstrated that discrete origins 
of DNA replication exist in eukaryotic cellular chromo- 
somes, the detailed organization of a eukaryotic cellular 
origin remains to be determined. Linker substitution 
mutations were constructed across the entire Saccharomy- 
ces cerevisiae chromosomal origin, ARSI. Functional 
studies of these mutants revealed one essential element 
(A), which includes a match to the ARS consensus se- 
quence, and three additional elements (Bl, B2, and B3), 
which collectively are also essential for origin function. 
These four elements arranged exactly as in ARSI, but 
surrounded by completely unrelated sequence, functioned 
as an efficient origin. Element B3 is the binding site for 
the transcription factor-origin binding protein ABF1. 
Other transcription factor binding sites substitute for the 
B3 element and a trans-acting transcriptional activation 
domain is required. The multipartite nature of a chromo- 
somal replication origin and the role of transcriptional 
activators in its function present a striking similarity to 
the organization of eukaryotic promoters. 

A LTHOUGH CELLULAR ORIGlNS OF DNA REPLICATION ARE 

poorly understood in most eukaryotes, short chromosomal 
sequences have been cloned in the yeast Saccharomyces 

cerevisiae that enable plasmids to replicate along with the cellular 
chromosomes in the S phase of each cell cycle (1). Such autono- 
mously replicating sequences (ARS's) have been shown by two- 
dimensional agarose gel electrophoresis techniques to be authentic 
origins of replication in plasmids and in cellular chromosomes (2, 
3). Interestingly, only a subset of S. cerevisiae ARS's are active 
origins at their native chromosomal positions (3). 
AU ARS's of both classes contain a match to a degenerate "ARS 

consensus sequence," 5'-xTITG g I T I - 5 3 '  that is essential for 

ARS function (4-7). The sequence requirements of this element 
have been thoroughly characterized, and any one of numerous single 
point mutations in this sequence eliminates ARS function (6). 
Although the conservation of this element suggests that it is 
recognized by a sequence-specific DNA binding protein, no protein 
has yet been shown to function at this sequence. A single strand 
DNA binding protein that binds the T-rich strand of this sequence 
has been identified and purified (8), but is not known whether this 
protein functions in DNA replication. 

A sequence (or sequences) flanking the consensus match is also 
essential for origin function. Such sequences have been poorly defined 
because deletion mutagenesis has often produced conflicting results. 
For example, deletion mutagenesis of an ARS revealed a strong 
dependence on the nature of the adjacent sequence (9). One effect of 
adjacent sequences that has been demonstrated is the suppression of 
ARS function when nucleosomes intrude on the origin (10). Despite 
the poor sequence definition, there have been several proposals for a 
role of the essential flanking region. Deletions that reduce origin 
efficiency have variously been correlated with the disruption of a DNA 
bend, a DNA unwinding element, weak homology to the ARS 
consensus sequence, and a nuclear scaffold attachment site (11-15). 
The binding of the protein ABFl has also been suggested to be 
important for ARS function. Although ABFl only binds to a subset 
of origins, deletions and substitutions that disrupt these ABFl bind- 
ing sites reduce the maintenance of plasrnids (16-19). 

For our study of the structure of a yeast origin of DNA 
replication, ARSl was chosen because it is a proven chromosomal 
origin of replication and the chromatin structure of this origin has 
been studied in plasmids and in the chromosome (20, 21). A 
deletion analysis has shown that ARSl can be divided into three 
domains, A, B, and C (5). Domain A contains an essential match to 
the ARS consensus sequence and domain B is a broad region to the 
3' side of the T-rich strand of the consensus match. Domains A and 
B are adequate for efficient ARS activity and all other ARS 
sequences examined displayed the same A-B organization (7). 
Domain C, however, may be present only in ARS1, and its weak 
effect was detected onlv in the absence of domain B. We have now 
undertaken a systematic search for functional elements in a 193-bp 
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14 FEBRUARY 1992 RESEARCH ARTlCLE 817 



Pour sequence elements in &I. Linker substitution muta- 
tions rather than deletion mutagenesis was used to avoid variation 
caused by the introduction of foreign DNA adjacent to the origin. 
This technique was first used to define sequence elements that 
constitute a eukaryotic promoter (22). We constructed 34 Xho I 
linker substitution mutations across the origin (Fig. 1). In 25 of the 
mutants, 8 bp of the A R S l  sequence were replaced with an 8-bp 
Xho I linker sequence, and in the remaining 9 mutants, either a 7- 
or 9-bp sequence of ARSl was replaced with the Xho I linker. Each 
A R S l  derivative was in a vector that contains a centromere (CEN4) 
and the U W  selectable marker (23). 

Origin function was measured by two assays. In the first assay, 
plasmids were transformed into S. cerevisiae strain SPl (24), which 
contains the ura3-52 allele that reverts to U W +  at a low frequency. 
When this strain was transformed by plasmids with a functioning 
origin, U W +  transformants were obtained at high frequency (1). 
Only two plasmids, pARS/858-865 and pARS/865-872, failed to 
transform at high frequency (Fig. 1). These two linker mutations 
define a 15-bp sequence named element A, which is essential for 
A R S l  function and includes the ARS consensus sequence. 

Several linker mutants produced transformants that grew more 
slowly than the wild-type transformants on selective media. To 
measure the efficiency of these crippled origins, we used a plasmid 
stability test (25, 26). In this assay, purified transformants were 
grown in selective (uracil-free) media, diluted into nonselective 
media (containing uracil), and then grown for 30 hours or approx- 
imately 14 generations. The percentage of yeast cells that retained 
the plasmid was then determined. Since a cloned centromere 
provides circular plasmids with an efficient segregation function 
during mitosis, we assumed that changes in origin efficiency were 
responsible for altered loss rates of mutant plasmids. This assump- 
tion has been validated (27). We nevertheless expected all plasmid 

stabilities to be less than 100 percent because yeast cells lose small 
chromosomes more frequently than they lose large chromosomes 
(27, 28). With this assay, 43 percent of yeast cells, on average, 
retained the wild-type A R S  1  plasmid. 

Three independent measurements of the plasmid stabilities for 
each of the linker scan mutants were determined (Fig. 2, top). Most 
of the mutants assayed resembled the plasmid stability of wild-type 
A R S  1. Three clusters of mutations to the 3' side of the T-rich strand 
of the A element were responsible for lower plasmid stabilities. 
These mutations defined the functional elements B1, B2, and B3, 
which were numbered in order of decreasing influence on plasmid 
stability (Fig. 2, top, and Fig. 1, top). For selected mutants, we also 
determined the rate of plasmid loss per generation (26). The plasmid 
loss per generation was determined as 5.8 + 2.2 percent for the 
wild-type A R S l  plasmid, 17.7 + 4.2 percent for the Bl  mutant 
pARS/835-842,14.6 + 2.7 percent for the B2 mutants pARS/802- 
808 and pARS/802-810, and 12.2 + 3.3 percent for the B3 mutant 
pARS/757-764. Linker substitution mutations across A R S l  there- 
fore defined four sequence elements, one of which was essential and 
three of which were important for A R S l  function. 

The identification of four sequence elements necessary for efficient 
origin function raised the possibility that these four elements were 
sufficient to constitute an efficient origin. To test this possibility 
directly, we excised the A R S l  segment from the plasmid and 
replaced it with a sequence constructed from synthetic oligonucle- 
otides. This sequence contained elements A, B1, B2, and B3 spaced 
exactly as in the natural DNA. With the exception of a few 
restriction enzyme recognition sites, the remaining DNA consisted 
of an otherwise randomly generated sequence that was adjusted so 
that no base had the same identity as its counterpart in the natural 
sequence. We found that the four sequence elements alone were 
sdcient  for efficient ARS function (Fig. 3). 

ABFl footprint 1 9/11 [ 780  830 [ 1 880 920 
GTTRTTRCTGRGTRGTR~TRT~R~GTR~GTTTGTGCRC~beCTGCRGGCCT~TGRRRRbeARGCRTRRRRGRTCTRRRCRTRRRRTCTGTRRRRTRRCRRGRTGTRRRbRTRRTGCTRARTCRTTTGGCT~TTGRTTG~TTGT HFT 

-CCTffi-0 742-749 + 
C C - C G R - G  751-757 + 

- - 

CCTC-RGG 
CMCGGG 769-776 + 

CC-CGRGG 777-784 + 
- C T C - R G -  785-792 + 

C C T C G R G G  790-797 + 
CC-CEGG 793-800 + 

A C - C G R - G  798-805 + 
CCTCGRG- 802-808 + 
CCTCGRE 802-810 + 

C C - C - R - G  809-816 + 
C-1-GR-G 815-821 + 

C-C-RGG 817-824 + 
S-CGRGG 818-824 + 

CCTC-RGG 824-831 + 
CCT-GRGG 827-834 + 

CCTP-4 835-842 + 
CCTD-GG 

CM-GRGG R 858-865 - 
CCTcbR-6 - 865-872 - 

CCTffi-GG m 7 1 - 8 7 7  .b 

-. .. . 
CCTCGRGG 

CSlCbRGG 888-855 + 
CCTCG-GG 896-903 + 

-C-CbR-G 904-91 1 + 
CC-ffiflGG - 91 2-919 + 

Fig. 1. Linker substitutions in ARS1. The wild-type ARSl  sequence is shown 
near the top of the figure. Each line below the wild-type sequence represents an 
Xho I linker substitution mutant. For each mutant, sequence is shown only at 
positions that differ from the wild-type ARSl  sequence. Toward the right side of 
each line are the linker coordinates of each mutant plasmid which represent the 
coordinates of the first and last position of the Xho I linker in the A R S l  sequence. 
All plasmids contain the URR3 selectable marker and a CEN4 centromere. To the 
right of each mutant name is shown the result of the high frequency transforma- 

tion (HIT) test, which was conducted in the ura3-52 strain SP1. A plus sign 
indicates that the plasmid produces transformants at high fkquency. The h c -  
tional sequences defined by the high frequency transformation test ( A )  and the 
functional elements defined in Fig. 2 ( B l ,  B2, and B3) are marked by boxes at the 
top of the figure. Also marked are one perfect (11/11) and three pamal (9111) 
matches to the ARS consensus sequence and the region protected from DNase I 
digestion by ABFl biding (18). 
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The 15-bp element A, defined by linker substitutions, contained molecule retards the migration of that molecule in a polyacrylarnide 
an ll-bp match to the ARS consekus sequence. When element A 
was altered so that only the consensus match remained, the origin 
function was 20 times lower (Fig. 3). Therefore, sequences in 
addition to the ARS consensus sequence were important for the 
function of element A. 

The importance of the elements Bl, B2, and B3 was further 
studied by examining the properties of plasmids with singly or 
multiply inactivated elements. Mutations that disabled only one B 
element caused transformants to grow only slightly more slowly 
than transformants carrying the wild-type plasmid on selective 
medium. The simultaneous disruption of any combination of two 
elements, however, allowed high frequency transformation, but 
resulted in extremely slow growing colonies, particularly when Bl 
and B2 were simultaneously inactivated (Fig. 4). Plasmid stabities 
of all the double mutants were below the lower reliable limit of our 
assay (0.2 percent). The transformation of yeast with a plasmid in 
which the elements Bl, B2, and B3 were all mutated or with a 
plasmid in which the entire ARS was deleted in each case resulted in 
microcolonies that could not be passaged. 

The above results demonstrate that the presence of any two of the 
three B elements is sficient for reasonably effective origin function 
in the presence of element A. A question that therefore arises is 
whether multiple copies of one of &ese elements can substitute for 
two or three different B elements. To test this possibility, we 
constructed plasmids that have two or three copies of either element 
B1, B2, or B3 linked to the A element. The spacing between the 
elements resembled the spacing of the elements in the natural origin. 
Neither element Bl  nor element B2, when present in multiple 
copies, increased the stability of plasmids above the lower reliable 
limit of the assay (0.2 percent) (Fig. 5). When multiple copies of the 
B3 element were present, transformants grew so slowly that a 
measurement of plasmid stability was not possible. Therefore, 
elements B1, B2, and B3 appear to be functionally distinct. 
Function of element B3. Snyder et al. (12) reported the existence 

of bent DNA at ARSl and showed that deletions that disrupt the 
bend decrease the stability of ARSl plasmids. A bend in a DNA 

gel. Linker substitutio& that disrupt a DNA bend should therefore 
disrupt the retarded electrophoretic mobility caused by the bend. To 
map the sequences involved in DNA bending more precisely, the 
193-bp ARSl derivative fragments were excised from the plylinker 
of each plasmid and subjected to polyacrylamide gel electrophoresis 
(Fig. 2, bottom). Linker substitutions that altered DNA bending 
overlapped with the B3 element, suggesting a role for DNA bending 
in element B3 function. 

This interpretation, however, was complicated by the observation 
that the site-specific DNA biding protein ABFl (ARS binding 
factor 1) binds to a sequence within the B3 element (18). ABFl is 
a transcription factor-ARS binding protein that has been purified 
on the basis of its abity to effect a gel shift in ARSl DNA (18,29). 
The region of DNA protected by ABFl from deoxyribonuclease I 
(DNase I) digestion was determined earlier (Fig. 1) (18). This 
footprint covers a match to a consensus binding sequence that has 
been determined for the ABFl protein (RTCRYNNNNNACG) 
(17,30). The linker substitutions that define element B3 also disrupt 
this consensus match for ABFl binding. 

To determine whether ABFl binding or DNA bending was 
responsible for B3 activity, we constructed mutations that disrupt 
only the DNA bend or only ABFl binding. These were compared to 
wild type or the original B3 linker mutations (Fig. 6). The ABFl 
bin* sequence in ARSl was replaced with the stronger of the 
two ABFl binding sequences between the TUB2 and YPTl genes 
where ABFl functions as a transcription factor (31). This change in 
sequence disrupted the DNA bend (Fig. 6B, lane 4), but maintained 
both ABFl binding capability (Fig. 6C, lane 4) and full B3 activity 
(Fig. 6 4  lane 4). Conversely, two point mutations in the ABFl 
binding site at ARSl had no effect on DNA bending (Fig. 6B, lane 
2), removed all traces of ABFl binding (Fig. 6C, lane 3), and 
eliminated B3 activity (Fig. 6A, lane 2). Therefore, ABFl binding, 
not DNA bending, is required for element B3 function. 

The observation that the transcription factor-origin biding 
protein ABFl functions at ARSl raised the question whether the 
binding site for the related protein RAP1 (32) would function in 

URA+) w% determined (26). The horizoGtal axis 
identifies the mutant plasmids from Fig. 1 by their 
linker coordinates. The vemcd axis measures plas- 
mid stabilities (percent URA+) of the plasmids. 
For every mutant plasmid, the three bars repre- 
sent the plasmid stabilities from three indepen- 
dently derived transformants. The average plas- 
mid stability for nine transformants containing 
pARS/WTA from three independent transforma- 
tions is indicated by the arrow marked "WT" on 
the right. Mutant plasmids pARS/858-865 and 
pARSl865-872 do not produce transformants 
that can be passaged, but are included with plas- 
mid stabiies of zero to convey the topology of 
A R S I .  Functional elements, defined either by 
dusters of mutations that display a reduced plas- 
mid stability (elements B1, B2, and B3) or by 
mutants that fail to transform yeast at high fre- 

Fig. 2. L i e r  substitution mutations define func- 
tional elements at A R S 1 .  (Upper) The bar graph 
of the plasmid stabilities of the linker substitution 60 

- - 
quency (element A), are ind6ated at th; top. v m w ~ ~ ~ h m r n r n ~ o G ~ ~ w ~ ~ n n ~ Z ~ i ( ~ ~ ~ w m r n m m c - - &  

c c h h - h c c w + m m m m m m m m m m m m m m m m m m m m m m m m  

(Lower) Gel of plasmid fragments shows the w - h m ~ ~ m h m ~ ~ ~ ~ ~ m m h m w c ~ ~ w m m ~ n - ~ ~ m r n ~ ) v ~ m  
w ~ ~ ~ ~ m ~ h m m r n r n o ~ o - - - ~ ~ n ~ ~ m ( ~ h c m m m m o - -  

altered DNA-bending properties of some of the ~ h ~ ~ ~ ~ ~ ~ h h h h m m m m m m m m m m m m m m m m m m m m m m  

A R S l  derivatives. The A R S l  fragment for each of the mutants was excised an 8 percent polyacrylarnide gel at 4°C (1.7 vlun) for 60 hours, stained 
from their plasmid with Eco RI and H i d  III, subjected to electrophoresis in with ethidium bromide, and photographed. 

mutants (Fig. 1). The proportion of yeast cells 
that retained the wild-type A R S l  plasmid or 
mutant derivatives after approximately 14 gener- 50 
ations of mowth in nonselective media lwrcent 
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Fig. 3. Construction of an Plasmid 

eiKcient synthetic origin of IYPe 
stability 

DNA re~lication. The re- L-l n 2  41.5% 

gion of the replication ori- pin in plasmids pARSmA Synthetic ~ s b p  - 
(~oD). D B ~ B ~ B ~ A  (mid- ;nz; 3z.za 

dl;):' A d  p ~ 3 ~ 2 ~ l ~ ~ ~  3B, - llbp 

(bottom) is shown (23). RZ 0 -  1.6% 

The thick line represents wild-type ARSl sequence. The corresponding thin 
line in the two synthetic origins represents sequences unrelated to the 
wild-type sequence. The plasmyd stabiiities listed h e  average values of three 
independent determinations and were determined as described (Fig. 2). The 
box labeled 11/11 is the ARSl match to the ARS consensus sequence, 
whereas the 15-bp element A is the sequence defined by data in Fig. 2. The 
box labeled B3 is actually the ABFl binding site and takes into account the 
data in Fig. 6, and therefore it represents less sequence than the B3 element 
defined in Fig. 2. 

place of the ABFl binding site. RAPl binds at four ARSs 
associated with transcriptional silencers and displays properties 
similar to ABF1. To test whether the RAPl binding site will 
function at ARS1, we inserted an oligonucleotide containing the 
RAPl binding site derived from the ARS at the HMR E silent, 
mating-type locus in place of the ABFl binding site (33). The 
spacing of the known protein recognition sequences with respect to 
the other ARS elements was not changed. The RAPl binding site, 
in either orientation, fully substituted for the wild-type ABFl 
binding sequence (Fig. 6A, lanes 5 and 6). 

The observation that the ABFl binding site can be successfully 
replaced with the binding sequence for the related RAPl protein 
prompted an investigation into whether an unrelated transcription 
factor can also functionally substitute for ABF1. The transcription 
factor GAL4 was chosen.for this analysis because it is an active 
transcription factor when cells are grown in media containing 
galactose, but inactive as a transcriptional activator in media con- 
taining glucose, thereby allowing the effects specific to GAL4 
protein activity to be examined (34). The ABFl binding site was 
replaced with a synthetic 17-bp GAL4 binding sequence that had, in 
an earlier study, proved to be effective in promoting transcription 
(35). The GAL4 binding site, in both orientations, successfully 
substituted for the ABFl site when cells were grown in media 
containing galactose but failed to substitute when cells were grown 
in media containing glucose (Fig. 7). Therefore, the binding site for 
an unrelated transcription factor will functionally substitute for the 
ABFl site, but only if the protein is in its active form. 

To determine whether the transcriptional activation domain of 
GAL4 functioned at ARS1, the ABFl binding site at ARSl was 
replaced with a synthetic LexA operator oligonucleotide (36). The 
stability of this plasmid was determined in cells that express either the 
LexA protein (which lacks a eukaryotic transcriptional activation 

Fig. 4. Growth response to 
disabled B domains. Plas- 
mid constructions in S. cere- 
visiae strain SP1 are shown. 
In each case a minus sign 
represents a mutation that 
inactivates the element. Pri- 
mary transformants (or mi- 
crocolonies in the case of 
---A) were streaked out 
on SCM plates (26) lacking 
uracil and incubated for 40 
hours at 30°C. Mutations 
that disable elements B1, B2, or B3 are, respectively, linker substitutions 835 
to 842,802 to 808, and the double-point mutation described in Fig. 6. The 
only exception is the plasmid that has both elements B1 and B3 disabled. In 
this plasmid, the B3 mutation is the linker substitution 762 to 769. 

domain) or a LexA-GAL4 fusion protein (which contains the GAL4 
activation domain) from the ADHl promoter. The presence of the 
GAL4 activation domain increased the stability of this plasmid by 
about 10 percent or one-and-a-half times (37). A more rigorous test 
was provided when the experiment was repeated in the absence of the 
B2 element. A plasmid was used that contains functional A and B1 
elements, the B2 element disrupted by the linker substitution muta- 
tion 79fk805, and a LexA operator in place of element B3. In this 
test, the transcriptional activation domain of GAL4 was the source of 
a sevenfold increase in plasmid stability (Fig. 8). 

Organization of a cellular origin of DNA replication. Our 
findings reveal that a eukaryotic chromosomal origin of DNA 
replication is organized into a modular array of short functional 
sequences. One essential (A) and three important (Bl,  B2, and B3) 
elements are sufficient to constitute an effective origin of DNA 
replication. Together, the B elements were essential for origin 
function. Each of the B elements alone was not essential, even 
though they were functionally distinct. A similar modular arrange- 
ment exists at the transcriptional silencer at the HMR E locus where 
only two of the three elements A, E, and B, are necessary for 
silencing, even though each of the silencer elements is functionally 
distinct (33). The modular organization of the ARSl origin also 
resembles the arrangement of sequence elements seen in eukaryotic 
promoters. At most promoters, a single element, called the TATA 
box, is the only sequence absolutely required for the initiation of 
transcription. In this respect, the A element resembles the TATA 
box. Furthermore, other proximal elements and distal enhancer 
elements are also important for promoter function (38). The B 
elements identified in ARSl therefore resemble these transcription 
activation elements. In the initiation of transcription, the TATA 
element is bound by the central protein in transcription, TFIID, 
allowing a "basal transcription apparatus" to assemble around it. 
Transcriptional activator proteins bind to the proximal or enhancer 
elements to increase the frequency of transcriptional initiation. We 
propose that at an origin of DNA replication in yeast, element A 
provides an initiator function, which, like the TATA box of a 
eukaryotic promoter, is essentially inactive unless stimulated by 
other (B) elements we call activator elements. 

The properties of element A make it an attractive candidate for 
initiator function. Of the four sequences shown to be competent for 
efficient ARSl function, element A is the only essential element. 
Contained within element A is a match to a degenerate sequence 
that has been found in every ARS, the "ARS consensus sequence" 
(4, 6). Although insufficient for full element A activity, the ARS 
consensus sequence is an essential part of the A element at ARSl 
and a consensus match is essential at every ARS tested. Two other 

Fig. 5. Elements B1, B2, 
and B3 are functionally 

Plasmid 
stability 

distinct. Plasmids were 32.2% 
constructed containing el- 
ement A and either two or <0.2% 

three copies of each of the <0.2% 

elemena B1, B2, or B3. 4 ~ 0 . 2 %  

These plasmids were trans- R 2  <&?% 
formed into strain SP1 
and the plasmid stability 3 3  BF 1 - 
m a y  was conducted on - 
three independent trans- 
formants for the top five plasmids. The plasmids with two or three copies of 
element B3 transformed at high frequency, but the transformants grew too 
slowly to perform the plasmid stability assay. The plasmids used were (from 
top to bottom) pB3B2BlA, pARS/BlBl, pARS/BlBlB 1, pARS/B2B2, 
pARS/BZBZB2, pARS/B3B3, and pARS/B3B3B3 (23). The box labeled B3 
takes into account the data in Fig. 6, and therefore represents a smaller 
sequence than the B3 element defined in Fig. 2. 
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Fig. 6. Function of ABFl and RAP1 binding sites at B3. (A) Plasmid 
stabilities of the constructs described. The same assay was used as in Fig. 2. 
Averages and standard deviations of three independent determinations are 
shown. (B) DNA bending properties of A R S l  derivatives. A R S l  and 
derivatives were excised from the polylinker with Eco RI and Hind I11 and 
run on an 8 percent polyacrylamide gel at 4°C at 1.7 v/cm for 60 hours. (C) 
Gel-retardation analysis of wild-type and mutant protein binding sites. 
Whole-cell extracts were prepared and used as described (48). The probe 
used in each of the first four lanes was a 138-bp Sal I-Bgl I1 fragment that 
was excised from the plasmid indicated. In the last two lanes the probe 
consisted of synthetic double-stranded oligonucleotides. The 37-bp RAPl 
oligonucleotide (lane 5) was used in the construction of the RAPl plasmids. 
The 41-bp ABFl oligonucleotide (lane 6) includes the ABFl binding 
sequence contained in element B3. In the plasmids labeled 
RAPl, the ABFl binding sequence at A R S l  has been replaced with the RAP1 
biding sequence at HMRE in either orientation. The spacing between the 
ABFl or RAP1 binding sequences and element B2 is kept constant in all 
constructs. WT refers to the wild-type plasmid pARS/WTA, -ABFL(PTS) 
refers to the wild-type plasmid with two point mutations in the ABFl 

lines of evidence support the initiator element hypothesis. First, very 
weak ARS activity has been reported within a 19-bp A R S l  se- 
quence that includes the 15-bp A element (39) .  Second, several 
copies of an ARS consensus element on a plasmid, in the absence of 
any other origin sequence, confer &cient ARS activity (13) .  

We suggest that there are at least two kinds of activators of the 
A R S l  origin of DNA replication. The first group is defined by 
elements, such as the ABFl binding site, that activate both DNA 
replication and transcription, whereas the second group of elements 
exclusively activates origins of DNA replication. De Villiers and 
colleagues (40) were the first to show that an origin of DNA 
replication of a eukaryotic DNA virus, polyomavirus, includes a 
trkscriptional enhancer that can be replaced by other enhancers. 
The replication origins of numerous other eukaryotic viruses were 
subsequently shown to be stimulated by transcriptional enhancers 
(41) .  Our data establish that a cellular eukaryotic origin of replica- 
tion is stimulated by a transcriptional activator that also can be 
replaced by other activators. 

The demonstrated involvement of the same proteins in the 
activation of origin and promoter functions requires that these 
proteins are either endowed with two different biochemical activities 
or that they have a single activity that stimulates two distinct 
processes. Three lines of evidence suggest that transcription factors 
can stimulate eukaryotic viral origins and eukaryotic promoters by - 
the same mechanism. First, the in vivo activation of a mammalian 
viral promotor-for example, the marine mammary tumor virus- 
long terminal repeat (MMTV-LTR)-and polyomavirus DNA rep- 
lication by GAIA-VP16 are dependent on the VP16 activation 
region of this chimeric protein and are similarly influenced by 
mutations in the VP16 activating sequence (42). Second, some 
transcription elements function in both a distance- and orientation- 
independent manner to activate promoters and virus origins of 
DNA replication (40, 41) .  Third, transcription factors stimulate 
both a eukaryotic promoter and the SV40 replication origin in vitro 
in a process dependent on the use of chromatin as a template (43, 
44) .  The relief of promoter repression by GAL4-VP16 in vitro has 
been shown to be dependent on the VP16-activating region (44) .  

We propose that some transcription factors activate cellular eukary- 
otic origins of DNA replication and transcriptional promoters by the 
same mechanism. Support for this proposal comes from our observa- 
tion that the GAL4 transcription factor, which is thought to exist in 
the cell solely as a transcriptional regulator, can stimulate a cellular 
origin of DNA replication. In addition, our data and that of others 
indicate that transcription factor binding sites activate ARS function 
in a distance- and orientation-independent manner (19). Finally, we 
have demonstrated that the activation of a cellular origin by the 
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binding site: a C to G transversion at position 756. and a T to C transition at 
position 758. -B3 (linker) is pARS/757-764 (see Fig. 1); -BEND is a 
plasmid that contains the stronger of the two ABFl binding sequences that 
exist between the TUB2 and Y P T I  genes (where ABFl functions as a 
transcriptional activator) in place of the ABFl binding sequence at A R S l  (31). 

protein chimera LexA-GAL4 is dependent on the transcriptional 
activation region of this protein. An attractive possibility is that the 
transcription activation region of some activators facilitates cellular 
origin function by influencing chromatin structure at the origin locus. 
Another possibility (45) is that the transcription activation function 
might directly interact with DNA replication proteins. These two 
possibilities are not necessarily mutually exclusive. 

The evidence for a second group of origin activator elements is more 
tenuous. This group of activators exclusively stimulates origins of DNA 
replication. In contrast to the ABFl binding site, the region encompass- 
ing elements B1 and B2 does not stimulate a truncated CYCl promoter, 
suggesting that these elements do not bind transcription factors (17). 
The B1 and B2 elements, like the ABFl biding site, q w  as 
replication-activating elements, since, even though they are individually 
not essential at ARSI,  each element can combine with element A to 
transform yeast at high frequency [although with extremely low plasmid 
stabilities (37)l. Elements B1 and B2 do not appear to regulate the 
timing of origin initiation within the S phase as this regulation is due to 
sequences outside of ARSl  (20). Another candidate for this second 
group of origin activators is the amplification control element, ACE3, a 
cis-regulatory element required for the amplification of an eggshell gene 
cluster in Drosophilu tnelanogaster. No connection between the ACE3- 
mediated control of amplification and transcription regulation has been 

Fig. 7 (left boxes). A 60 

GALA binding site stimu- 
lates A R S  1 when cells are 50 

grown in galactose but not 
glucose media. Plasmid - 4 0  

stabilities were determined 
in either glucose or gdac- ; 30 
tose containing media as 
indicated in the figure. 
The plasmids labeled 
GAL4 contain the syn- lo 

thetic GAL4 binding se- 
quence described (35) in O 

place of the ABFl binding 
sequence at A R S I .  The 
spacing between the ABFl 
or GAL4 protein binding sequences and element B2 was kept constant. WT 
is pARS/WTA and -ABFl is the same plasmid as -ABFl(PTS) in Fig. 3. 
Fig. 8 (right box). Activation of A R S l  by Led-GAL4. A plasmid was 
constructed that contained (i) functional A and B1 elements, (ii) the 798 to 
805 linker substitution mutation in element B2, and (iii) the L e d  operator 
sequence instead of element B3. Plasmid stabilities of the resulting plasmid, 
pARS/LexA,798-805, were determined in a GAL80 strain in the presence of 
a second plasmid that produces either L e d  or GAL4-LexA protein with the 
use of the A D H l  promoter. A modification of the plasmid stability assay 
described in Fig. 2 was used to include the role of the second plasmid (26). 
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detected (46). We propose that these origin activators either bind DNA 
replication proteins or provide a structural function. Studies on ARSI 
chromatin structure suggest that there is protein binding in the region 
occupied by Bl and B2 (21). Alternatively, it is possible that these 
elements provide an intrinsic thermodynamic instability function and 
hence form a DNA unwinding element (14). 

While element Bl represents a novel sequence, the element B2 
sequence conforms to the ARS consensus sequence at 9 of its 11 
positions. It has been suggested that sequences may contribute to ARS 
function by virtue of their similarity to the ARS consensus sequence 
(13). However, all appreciable homology to the ARS consensus se­
quence, apart from the essential initiator element, has been removed 
from the histone-4 ARS (H4 ARS) without reducing ARS function 
(47). In contrast to the larger element A, element B2 function appears to 
be entirely contained within an 11-bp element that is only partially 
related to the ARS consensus sequence and, unlike an ARS consensus 
sequence match (13), element B2 does not generate an efficient origin 
when reiterated. Furthermore, several point mutations that would either 
severely impair or eliminate the function of element A have no effect on 
the function of element B2 (37). 

Finally, a paradox in yeast is that only a subset of the chromo­
somal sequences that allow plasmids to transform at high frequency 
are active origins of DNA replication at their native chromosomal 
positions (3). It is not unreasonable to assume that there are many 
more sequences in the yeast genome that meet the sequence 
requirements of the A element than there are active replication 
origins. Since, as reported above, element A only requires one 
-activating element to produce transformants at high frequency, we 
would expect more chromosomal segments to transform yeast at 
high frequency than there are origins of DNA replication in the 
chromosome. Perhaps an A element requires multiple replication-
activating elements to be an active chromosomal origin like ARS1. 
If this is true, then the frequency of functioning origins in the 
chromosome may correspond with the frequency of A elements that 
are associated with multiple activating elements. 
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