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Evidence for transcription factor involvement in the initiation of DNA replication at certain replication
origins in Saccharomyces cerevisiae mainly comes from an indirect assay which measures the mitotic stability
of plasmids containing an autonomously replicating sequence (ARS), a selectable marker gene, and a centro-
mere. In order to eliminate the effect of transcription factor binding to the selectable marker gene or
centromere in such assays, we have adapted the Dpnl assay to directly measure ARS replication activity in vivo
by using ARS plasmids devoid of extraneous transcription elements. Using this assay, we found that the B3
element of ARS1, which serves as a binding site for the transcription factor Abflp, does not stimulate ARS
activity on plasmids lacking a centromere and a selectable marker gene. We also found with such plasmids that
exogenous expression of the strong transcriptional activators Gal4 and Gal4-VP16 inhibited the replication
activity of ARS1 when B3 was replaced by the Gal4 binding site, although these activators had previously been
shown to stimulate replication activity in the stability assay. Moreover, a chromosomally inactive ARS,
ARS301, which was active by itself on a plasmid, was inactivated by placing an Abflp binding site in its vicinity.
These results indicate that the sequences surrounding the ARS as well as properties of the ARS element itself

determine its response to transcription factors.

Saccharomyces cerevisiae provides an excellent system for
the analysis of eukaryotic replication origins for several rea-
sons. First of all, the replication origin can be identified on a
functional basis by analyzing it for DNA sequences that repli-
cate in an autonomous fashion as plasmid DNA in yeast cells
(autonomous replicating sequence [ARS]). When a DNA frag-
ment with origin activity is ligated to a selectable marker gene,
the resulting plasmid can transform yeast cells with high fre-
quency (19, 43). Secondly, relative replication activity is easily
estimated by measuring the mitotic stability of each ARS plas-
mid (24). This method has revealed that replication origins of
budding yeast are compact (100 to 200 bp), with a modular
structure consisting of an essential “core” sequence and aux-
iliary sequences which modulate replication activity. For ex-
ample, ARSI, one of the best-characterized origins, contains
two elements, A and B (10, 30). The A element contains a
small sequence that is essential for origin activity and con-
served among all ARS sequences (ARS consensus sequence
[ACS]) (32). The A element functions as a recognition site for
the origin recognition complex (ORC) involved in the initia-
tion of DNA replication (3, 4). The B element consists of three
subelements, B1, B2, and B3, each of which contributes to
efficient replication although none is essential (30). One func-
tion of the B1 element is to enhance the binding of the ORC
to the A element (34-36). The function of B2 remains unclear.
The B3 element is a binding site for the transcription factor
Abflp (30). Other ARS elements so far analyzed are also
characterized by the presence of an A element containing the
ACS and auxiliary B elements (22, 23, 34, 48). Some of the B
elements are interchangeable between different ARSs, al-
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though the sequences themselves are not well conserved (23,
34, 48). B3 can be replaced by the binding site for other
transcription factors, like Rapl or Gal4 (30). Moreover, the
acidic activation domains of a number of transcription factors
have been shown to activate replication when they were teth-
ered to ARSI (25).

For the analyses mentioned above, the mitotic stability of
the ARS plasmid was used to measure the replication activity
of each ARS element. The stability of the ARS plasmid de-
pends not only on the replication activity of the ARS but also
on the efficiency of segregation of the plasmid into daughter
cells after each cell division (24). Thus, the test plasmid is
composed of a centromere sequence to ensure plasmid segre-
gation and a selectable marker gene. However, these require-
ments pose the problem that such artificially placed elements
might influence the transcription factor dependency of ARS
activity. As selectable genes have their own promoters, the
transcription factors which bind to these promoters might af-
fect ARS activity. The same could be true for the transcription
factor Cbfl, which enhances centromere activity by binding to
the centromere sequence (9). These considerations are espe-
cially relevant to transcription factors that can stimulate ARS
activity even when located far away from the ARS. Indeed,
ADbf1 binding sites can stimulate ARS121 function at a consid-
erable distance from the ARS (50). In addition, the presence of
a centromere on an ARS plasmid was found to dramatically
decrease the copy number of the ARS plasmid, suggesting that
the centromere itself affects the replication efficiency of ARS
(49).

The development of the two-dimensional gel method to
detect replicating intermediates has enabled us to analyze or-
igin activity on chromosomes (6). Interestingly, only some ARS
elements act as active origins in their native chromosome po-
sitions, whereas all chromosomal origins so far analyzed show
ARS activity (13, 14, 18, 33). Therefore, the chromosome lo-
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cation of certain ARS elements appears to repress their rep-
lication by an unknown mechanism. However, an alternative
explanation would be that inactive origins on the chromosome
are activated on plasmids by transcription factors that bind
outside of the origin.

As a first step towards resolving these issues, we adapted the
Dpnl assay to directly measure the replication activity of ARS
without the need for a selectable gene or centromere on the
plasmid. Using the Dpnl assay, we showed that transcription
factor modulation of ARS activity was significantly affected by
neighboring sequences. We also found that an inactive origin
on the chromosome, ARS301, is active on the plasmid in the
absence of other elements. Thus, its activity is apparently in-
hibited on the chromosome. As introduction of an Abflp site
into the ARS301 plasmid resulted in inhibition of replication
activity from this origin in the Dpnl assay, transcription factor
binding near ARS sequences may provide one likely mecha-
nism for the suppression of origin activity on the chromosome.
These results strongly suggest that transcription factors mod-
ulate replication origin activity in a context-dependent manner.

MATERIALS AND METHODS

Strains and media. SFY526 (MATa ura3-52 his3-200 lys2-801 ade2-101 trpl-
901 leu2-3,112 gal4-542 gal80-538 URA3::GALI-lacZ") was used for the Dpnl
assay and the B-galactosidase assay. YPD medium for yeast culture contained
2% glucose, 2% polypeptone, and 1% Bacto-Yeast Extract (Difco). YPAD was
YPD supplemented with 20 mg of Ade per liter. Synthetic complete medium
(SCM) for yeast culture consisted of glucose (2% [wt/vol]), yeast nitrogen base
without amino acids (6.7 g/liter), isoleucine, lysine, tyrosine (30 mg/liter), argi-
nine, histidine, methionine, tryptophan, uracil (20 mg/liter), valine (150 mg/liter),
leucine (100 mg/liter), phenylalanine (50 mg/liter), threonine (200 mg/liter), and
adenine (20 mg/ml).

Plasmids. For the Dpnl assay, only plasmids purified by two centrifugations on
CsCl density gradients were used. The control plasmid for the Dpnl assay,
pHSG398~ (46), was prepared from an Escherichia coli dam3 mutant strain
whose DNA adenine methylase is defective. Plasmids pARS1/WTA, pARS1/
Gal4#7, pARS1C/756,758, pARS1/LexA, pARS1/LexA,798-805, and pARS1C/
798-805 were described previously (30). The plasmids pHK801 (WTA), -802
(mB3), -803 (B3/Gal4), -804 (B3/LexA), -805 (B3/LexA, mB2), and -806 (mB2)
were constructed by inserting the EcoRI-HindIII fragments containing ARSI
from pARS1/WTA, pARS1C/756,758, pARS1/Gal4#7, pARS1/LexA, and
PARS1/LexA,798-805, and pARS1C/798-805 between the EcoRI and HindIII
sites of pBluescript SK(+) (pSK") (Stratagene), respectively. Plasmid
pHKS801—A (AA) was constructed by removing the Bg/II-EcoRI fragment con-
taining the A element from pHKS801. The plasmids pYT528 and pYT530 were
constructed by inserting the fragments containing ARS and CEN4 from pARS1/
WTA and pARS1/Gal4#7, respectively, into pYC11 (45). The plasmids pARS1/
Gal4X3G and pARS1/Gal4X5G were constructed by inserting in tandem two
and four copies of the oligonucleotides containing high-affinity Gal4 binding sites
(5'-TCGAGCGGAAGACTCTCCTCCGG-3" and 5'-TCGACCGGAGGAGA
GTCTTCCGC-3") (17a, 28, 30) into the Sall site of pARS1/Gal4#7. Then the
fragments containing ARS1 and CEN4 were transferred into pYCI11 to give
pYT530X3G and pYT530X5G, respectively. The pHKO006 plasmid expressing
the Gal4-VP16 fusion protein was constructed by inserting the Xhol-BamHI
fragment of pSGGALA4-VP16 (17) containing the VP16 portion into pGBT9 (2).
The pHKO008 plasmid expressing the wild-type Gal4 protein was constructed by
inserting the Xhol-BamHI fragment of pCL1 (15) containing part of Gal4 into
pGBT9. The LexA-VP16 expression plasmid pHK035 was constructed by insert-
ing the fragments containing the activation domain of VP16 from pSGGALA4-
VP16 into pBTM116 (2) in a region located downstream of the coding sequence
of the LexA DNA binding domain. The full-length coding sequence of rat c-Jun
was obtained by PCR amplification with pRJ101 (37) as a substrate, and the
resulting fragment was cloned into pGBT9 to give pHK009 expressing the Gal4—
c-Jun fusion protein.

A 207-bp fragment containing ARS301 was obtained from a HindIII-BamHI
digestion of pCS1 (39) (ARS301a) and cloned into pSK* (pHK901). To make a
plasmid containing ARS301 in the opposite orientation (pKH902), the same
ARS301 sequence with BamHI and HindIII sites at each end was amplified by
PCR with pCS1 as a substrate and cloned into pSK™. A 110-bp fragment (po-
sition 101 to 210 [39]) containing ARS301 was obtained by PCR and cloned into
pSK™* to give pHK903 and -904.

Dpnl assay. Competent yeast cells were prepared as follows. Two days before
transformation, a single colony of the strain SFY526 was inoculated into 10 ml of
YPAD and grown for 1 day at 30°C. Ten milliliters of the overnight culture was
inoculated into 40 ml of YPAD (total, 50 ml) and grown overnight at 30°C. The
resulting overnight culture was inoculated into 200 ml of YPAD and grown for
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3 h at 30°C. The culture was harvested and washed four times with sterile H,O
and then resuspended in 25 ml of 0.1 M lithium acetate in TE buffer (pH 7.5),
followed by gentle shaking for 45 min at 30°C. Then, 0.64 ml of 1 M dithiothreitol
was added, and the suspension was shaken gently for 15 min at 30°C. The yeast
cells were washed with 50 ml of ice-cold sterile H,O four times and with 20 ml
of ice-cold 1 M sorbitol once. Finally, the cells were suspended in 0.7 ml of 1 M
sorbitol and used for transformation.

The competent yeast cells were mixed with 1 wg each of the control plasmid
DNA (pHSG3987), reporter plasmid DNA, and effector plasmid, transferred
into an ice-cold disposable electroporation cuvette (0.2-cm gap) and pulsed at 1.5
kV, 25 wF, 400 Q) with a GENE Pulser (Bio-Rad). The transformed yeast cells
were recovered by adding 1 ml of ice-cold 1 M sorbitol to the cuvette, 0.5 ml was
inoculated into 5 ml of YPAD, and the cells were grown at 30°C for 12 h (fraction
B). Then 200 pl of the overnight cultures was inoculated into 20 ml of SCM
minus Trp and grown at 30°C for 36 h (fraction A). The cells harboring the
effector plasmid grew about 10 generations during the 12- and 48-h periods after
transformation as determined by the increase in the optical density of the culture
at 600 nm.

From both fractions A and B, plasmids were isolated as follows. The cells were
washed with sterile H,O four times and with 20 ml of a solution of 50 mM sodium
phosphate (pH 5.6), 1.2 M sorbitol, 40 mM EDTA once. Then the cells were
suspended in 1 ml of a solution containing 50 mM sodium phosphate (pH 5.6),
1.2 M sorbitol, and 10 mg of Zymolase 20T (Seikagaku Corporation)/ml and
incubated at 37°C for 1 h. The cells were collected by centrifugation and sus-
pended in 1 ml of 10 mM Tris-Cl (pH 8.0), 10 mM EDTA. For cell lysis, 200 wl
of 10% sodium dodecyl sulfate (SDS) and 200 pl of 5 M potassium acetate were
added and the suspension was allowed to stand on ice for 30 min. The superna-
tant was recovered by centrifugation at 13,000 X g for 15 min at 4°C. An equal
volume of isopropanol was added to the supernatant and kept on ice for 30 min.
The pellet was recovered by centrifugation and suspended with 0.4 ml of 10 mM
Tris-Cl (pH 8.0), 10 mM EDTA. Then 20 ul of a 10-mg/ml concentration of
RNase A was added and the solution was incubated for 1 h at 37°C. After the
addition of 10 pl of 10% SDS and 10 pl of 20 mg of proteinase K/ml, the mixture
was incubated for 1 h at 50°C. The DNA was precipitated by ethanol precipita-
tion after extraction with phenol, phenol-chloroform, and chloroform and resus-
pended in 200 pl of TE (10 mM Tris-Cl [pH 8.0], 1 mM EDTA).

The DNA (10 pl) purified from the yeast was digested with 4 U of Dpnl and
80 U of HindIll in 50 mM potassium acetate, 20 mM Tris acetate, 10 mM
magnesium acetate, and 1 mM dithiothreitol at 37°C overnight. The restriction
endonuclease Dpnl cleaves only methylated input DNA and leaves both newly
replicated DNA and unmethylated control plasmid DNA intact. HindIII, which
cuts the reporter and the control plasmid once, generates linearized fragments of
the progeny DNA and the control plasmid DNA. Since the reporter plasmids are
about 3.2 kb long and contain at least 16 DpnI cleavage sites, the DpnI-resistant
molecules are easily separated from the Dpnl-digested molecules during agarose
gel electrophoresis. The reaction was terminated by the addition of loading
buffer (2% Ficoll 400, 0.01 M Na,-EDTA, 0.1% SDS, 0.025% bromophenol blue,
0.025% xylene cyanol, pH 8.0), and the DNA was subjected to 0.8% agarose gel
electrophoresis in TAE buffer (0.04 M Tris acetate, 0.02 M EDTA), transferred
to a nylon membrane (Hybond N* [Amersham]) by alkali blotting, and analyzed
by hybridization. The probe DNA for hybridization was a mixture of two frag-
ments: the Narl-Ncol fragment of pPyOICAT (31) containing parts of the chlor-
amphenicol acetyltransferase gene for detection of the control plasmid and an
Sspl-Bgll fragment of pSK™ containing the f1 ori for the detection of the reporter
plasmids. The labeled DNAs were made by using rediprimer (Amersham).

The results of the DpnlI assay were quantified either by densitometric scanning
of X-ray film with a Quantity One scanner (PDI, Inc) or by BAS2000 image
analysis (Fuji Photo Film Co. Ltd). After quantification, the value of the repli-
cated band was normalized with that of the control band, and the relative
replication activity was determined. At least two independent assays were per-
formed for each experiment, and the average result was used to make the figures.

Plasmid stability assay. The stability of the ARS was measured as described by
Marahrens and Stillman (30). The loss rate of the each ARS plasmid was
determined as described before (12).

RESULTS

Dpnl assay. To measure the replication activity of an ARS
element without the influence of neighboring transcription fac-
tor binding sequences, we applied the Dpnl assay, which has
mostly been used to measure the replication activity of mam-
malian DNA viruses, such as simian virus 40 and polyomavirus.
The Dpnl assay relies on the observation that the Dpnl restric-
tion enzyme will only cut at its recognition sequence, GATC,
when both DNA strands are fully methylated at position N6 of
adenine by the Dam methylase of E. coli. Recognition sites that
are methylated on only one strand (hemimethylated) or un-
methylated on both strands (unmethylated) are refractive to
cutting by Dpnl. As yeast cells lack a Dam methylase, plasmids
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FIG. 1. Schematic diagram of the ARS plasmids used in the Dpnl assay. The
A and B elements are shown by boxes. A cross represents the linker substitution
of each element. In the B3/Gal4 and B3/LexA plasmids, the B3 element was
replaced by the Gal4 and LexA binding sequence, respectively. In the mB3 plas-
mid, point mutations were introduced into the consensus sequence of the Abflp
binding site as described in Marahrens and Stillman (30). Each fragment con-
taining an ARS was inserted into pSK™ as described in Materials and Methods.
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isolated from E. coli will become hemimethylated after one
round of replication in yeast and, thus, will be resistant to Dpnl
restriction. In the Dpnl assay, we measured the amount of
replicated ARS plasmid in the cells 48 h after transfection (for
details, see Materials and Methods). Since we needed neither
a selectable marker gene nor a centromere sequence in this
assay, we used plasmids containing only ARS1 or its derivatives
(Fig. 1). Since the test plasmids contained multiple Dpnl sites,
only plasmids that had replicated all their Dpnl sites were
scored as replicated molecules.

When we transfected wild-type ARS1 (Fig. 1, WTA), we
could detect a considerable number of Dpnl-resistant mole-
cules 48 h after transfection (Fig. 2A, lane 8), while no resistant
molecules were observed 12 h after transfection (Fig. 2A, lane
4). This indicates that the DpnI-resistant molecules were those
that had accumulated between 12 and 48 h after transfection.
In other words, the Dpnl assay mainly detected plasmids that
had replicated during this period. However, even after 48 h, 40
to 60% of the ARSI plasmid DNA was still Dpnl sensitive
(compare lanes 7 and 8), indicating that a significant portion
had failed to replicate (see Discussion).

We tested the effect of deletion of the A element. The ARS
plasmid harboring a deletion of the A element did not repli-
cate at all (Fig. 2A, lane 10). This indicates that the Dpnl-
resistant plasmids were molecules that had undergone authen-
tic DNA replication dependent on the A element.

Effect of mutations in the B elements on the Dpnl assay. The
B3 element of ARSI is the binding site for Abfl and is re-
quired for efficient replication activity (30). Linker substitution
or point mutations in B3 have been shown to cause a significant
decrease in the stability of ARS plasmids (30). However, this
result was obtained by the stability assay, which might be sub-
ject to interference from transcription factor binding to the
centromere or selectable marker gene on the ARS plasmid.
Since the Dpnl assay enabled us to measure ARS activity
without these clements, we tested the influence of the B3
mutations on plasmids containing only the ARS. We used
two kinds of B3 mutation: point mutations (mB3 [Fig. 1]) and
substitution mutations with a Gal4 binding site (B3/Gal4 [Fig.
1]). Surprisingly, both mutant ARS1 plasmids replicated as
efficiently as the wild-type ARSI plasmid in the Dpnl assay
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FIG. 2. (A) Dpnl assay for ARS plasmids in yeast cells. Plasmids containing
wild-type ARS (WTA [pHKS801], lanes 3, 4, 7, and 8) or deletions of the A
element (AA [pKH801—A], lanes 5, 6, 9, and 10) were transfected into yeast cells
together with the control plasmid. Twelve or 48 h after transfection, plasmid
DNA was recovered, digested with HindIII or HindIII plus Dpnl as indicated,
and analyzed by Southern hybridization as described in Materials and Methods.
The replication activities relative to the WTA plasmid were determined as
described in Materials and Methods, and the average results of three indepen-
dent experiments are indicated under each lane. <5%, replication was under the
limit of detection. Mixtures of the WTA plasmid and control plasmids isolated
from dam™ and dam3 mutant E. coli were also digested and used as markers (M;
lanes 1, 2, 11, and 12). The bands visible above the replicated bands hybridized
nonspecifically with the probe. (B) Effect of mutations in the B3 element. The
indicated ARS plasmids (pHK801 [WTA], pHK802 [mB3], pHK803 [B3/Gal4],
and pHKS801-A [AA]) were transfected into yeast cells together with the control
plasmid, and DNA was analyzed 48 h after transfection as described in Materials
and Methods. The positions of Dpnl-resistant replicated molecules and the
control plasmid are shown. In lanes 3 and 4, no ARS plasmid was transfected. M,
marker DNA as described for panel A. The relative replication activities were
determined from three independent experiments as described for panel A. (C)
Effect of a mutation in the B2 element. The replication activities of wild-type
(WTA [pHKS801], lanes 3 and 4) and the B2 mutant (mB2 [pHKS806], lanes 5 and
6] were measured as described for panel A. The relative replication activities of
three independent experiments are indicated under each lane. +, present; —, absent.
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FIG. 3. Effect of expression of various Gal4 fusion activators on the replication of an ARS1 plasmid whose B3 element was replaced by a Gal4 binding site. (A)
Schematic representation of the Gal4 fusion proteins. (B) Capacity of each fusion protein to stimulate transcription. The plasmids expressing the indicated Gal4 fusion
proteins were transfected into the yeast SFY526 strain, which had the B-galactosidase gene linked to the GAL1 promoter, and the enzymatic activity of B-galactosidase
in the transfected cells was assayed. (C) Capacity of each fusion protein to stimulate replication. The plasmids expressing the indicated Gal4 fusion proteins were
cotransfected with the mutant ARS1 plasmid (B3/Gal4 [pHK803]) containing the Gal4 binding site in place of the B3 element. Replication activity was measured by
the Dpnl assay as described in Materials and Methods, and the results of at least two independent experiments and the relative amounts of the replicated molecules
are indicated. Open bars and different patterns indicate the Gal4 DNA binding domain and the protein fused to the Gal4 DNA binding domain, respectively.

(Fig. 2B, lanes 5 to 10). This result indicated that the B3 ele-
ment was not functional in the absence of additional elements
on the same plasmid.

We also analyzed the effect of mutations on the B2 element,
which were previously reported to result in a significant loss of
replication activity in the stability assay (30). We used an ARS1
plasmid harboring a linker substitution in the B2 element. This
was the same mutation used by Marahrens and Stillman to
show that ARS function is enhanced by the B2 element (30)
except that our plasmid lacked a centromere and a selectable
marker gene (mB2 [Fig. 1]). In contrast to B3 mutants, the
mB2 plasmid barely replicated in the Dpnl assay (Fig. 2C),
showing that the B2 element is still required in the absence of
other elements on the plasmid. In the stability assay, the plas-
mid having the B2 mutation still retained considerable repli-
cation activity, but the plasmid with B2 and B3 double muta-
tions barely replicated (30). In our assay, the B2 mutation
alone almost completely eliminated replication activity. Con-
sidering that B3 is not functional in our assay, the effect of the
B2 mutation in our assay may be equivalent to that of the B2
and B3 double mutation in the stability assay. In summary, the
Dpnl assay showed that the B3 element does not contribute to
the replication activity of an ARS plasmid lacking extraneous
sequence elements. In contrast, the B2 element was found to be
important for the activity of ARS under the same conditions.

Effect of exogenously expressed activators on the replication
of ARSI in the Dpnl assay. The B3 element can be replaced
with the binding sites of other transcription factors, such as
Rapl or Gal4 (30). Recently, Li et al. showed that acidic
transcription activation domains of a number of transcription
factors fused to the DNA binding domain of Gal4 could stim-
ulate the replication of ARSI through a Gal4 binding site
located in the B3 element (25). Since all the experiments were
done with the stability assay, we analyzed the effect of exog-
enously expressed transcription factors on the replication ac-
tivity of an ARSI plasmid lacking other transcription factor
recognition elements by the Dpnl assay. We used a mutant
ARS plasmid containing the Gal4 binding site instead of B3
(B3/Gal4 [Fig. 1]) and expressed the Gal4 fusion proteins ex-
ogenously. The fusion proteins used in our assay are shown in
Fig. 3A, and their abilities to stimulate transcription are shown
in Fig. 3B. All proteins contained the N-terminal 147 amino
acids of Gal4, which comprises the sequence-specific DNA
binding domain and the dimerization domain. Gal4-VP16 con-

tains the acidic activation domain from VP16. The intact Gal4
protein also contains strong acidic activation domains for tran-
scription activation. Both Gal4 and Gal4-VP16 show strong
stimulation of transcription, with Gal4 being the stronger ac-
tivator. Gal4—c-Jun carries the N-terminal 90-amino-acid re-
gion of c-Jun required for transcriptional activation in mam-
malian cells (44). This region only functions weakly in yeast
cells (Fig. 3B). Gal4-BS5 contains the DNA replication activa-
tion domain of transcription factor PEBP2aB1, which stim-
ulates polyomavirus DNA replication but not transcription in
mouse cells (11). Gal4-B5 did not stimulate transcription in
yeast either (Fig. 3B).

The effects of these transcriptional activators on the repli-
cation of ARSI containing the Gal4 binding site are summa-
rized in Fig. 3C. Expression of the Gal4 DNA binding domain
did not affect the replication of the reporter plasmid, and the
replication activity was almost the same as that of the wild-type
ARSI plasmid cotransfected with a plasmid expressing the
Gal4 DNA binding domain (data not shown). The strong ac-
tivators, Gal4 and Gal4-VP16, strongly inhibited replication,
while the weak or nonfunctional activators, Gal4—c-Jun and
Gal4-BS5, did not have any notable effect on replication. The
extent of inhibition roughly correlated with the strength of the
transactivator in transcription. Gal4 and Gal4-VP16 inhibition
of ARSI activity occurred through the Gal4 binding site, since
neither fusion protein could significantly inhibit the replication
of a wild-type ARSI plasmid lacking the Gal4 binding site
(data not shown).

Marahrens and Stillman reported that a LexA-Gal4 fusion
protein only slightly stimulated the replication of an ARS plas-
mid having a LexA binding site in B3, whereas significant
stimulation was observed in the presence of a B2 mutation
(30). Thus, we tested the effect of this activator on the repli-
cation of our reporter plasmid, whose B3 and B2 elements
were replaced with the LexA binding site and mutated by a
linker insertion, respectively (B3/LexA and mB2 [Fig. 1]). Con-
sistent with the results shown in Fig. 2, the plasmid whose B3
site was replaced by the LexA binding site replicated well in the
presence of the LexA DNA binding domain (Fig. 4, lane 4)
whereas the additional presence of the B2 mutation almost
abolished this replication activity (Fig. 4, lane 6). Expression of
the LexA-VP16 fusion protein caused strong inhibition of the
replication of the B3/LexA plasmid, and the level of inhibition
was similar to that of the B3/Gal4 plasmid in the presence of
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FIG. 4. Effect of the LexA-VP16 fusion protein on the replication of the
ARSI plasmid containing the B2 mutation. The indicated ARS1 plasmids con-
taining the LexA binding site in place of the B3 element (B3/LexA [pHKS804] and
B3/LexA, mB2 [pHKS805]) were transfected together with plasmids expressing
either the LexA DNA binding domain or the LexA-VP16 fusion protein, and
replication activity was analyzed as described in Materials and Methods. The
relative replication activities of two independent experiments are indicated un-
der each lane. +, present; —, absent.

relative activity (%)

Gal4-VP16 (Fig. 3C and 4, lanes 4 and 6). Moreover, LexA-
VP16 did not stimulate the replication of the plasmid harbor-
ing the B2 mutation (Fig. 4, lane 10).

We also analyzed the effect of the Gal4 fusion protein in the
stability assay. We used the ARS plasmid having CEN4 as a
centromere, the LEU2 gene as a selectable marker, and ARS1
with the B3 region replaced by a single Gal4 binding site as an
origin of replication (pYT530). The reporter plasmid with a
single Gal4 binding site showed slightly decreased stability
compared to the plasmid with the wild-type ARS1 sequence
(pYT528) (Table 1). All of the fusion proteins were found to
slightly increase the stability of ARSI plasmids with a single
Gal4 site, as reported previously (30, 39), whereas the wild-
type ARSI plasmid was not affected by Gal4-VP16 (Table 1).
Thus, within the context of the stability assay, neither strong
activators nor weak activators were able to inhibit replication.

These results indicated that an activator protein bound to
the B3 element requires other elements outside of ARS to
stimulate replication. Furthermore, binding of strong activa-
tors inhibits replication in the absence of other elements out-
side of ARS.

We also tested the influence of multiple Gal4 sites, since
transcription factors synergistically activate transcription when
their binding sites are multimerized. In the Dpnl assay, we did
not see a significant effect when the Gal4 site was multimer-
ized. Even under these conditions, the same level of inhibition
by Gal4 fusion proteins was observed (data not shown). Sur-
prisingly, in the stability assay, multimerization of the Gal4
binding site caused an increase in the plasmid loss rate in the
presence of Gal4 fusion proteins (Table 1, lines 7 to 10, 12 to
15, and 17 to 20). On the other hand, Gal4-DBD did not affect
the loss rate (lines 6, 11, and 16), showing that the inhibitory
effect depends on the nature of the protein domain fused to
Gal4. Among the Gal4 fusion proteins tested, Gal4, which was
the strongest transcriptional activator among those tested,
showed the most severe effect. The reporter plasmid contain-
ing five Gal4 binding sites showed about a 2.5-fold increase in
plasmid loss rate compared to the plasmid with a single Gal4
site (Table 1).

Activity of chromosomally inactive origins in the Dprnl as-
say. Certain ARS elements are functional as replication origins
on plasmids but not on the chromosome. One possibility is that
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these ARS sequences are artificially activated by a neighboring
element(s) positioned outside of the ARS sequence on the
plasmid. The Dpnl assay enabled us to test this possibility. We
chose ARS301, which replicates as efficiently as ARSI in the
stability assay but poorly in its native chromosome position
(14).

The 207-bp fragment of ARS301 was cloned into pSK* in
both orientations, and its replication activity was measured by
the Dpnl assay (Fig. SA). This plasmid replicated as efficiently
as ARSI (Fig. 5B, lanes 2 and 4), showing that ARS301 pos-
sesses intrinsic replication origin activity. ARS301 contains a
Rapl binding site close to the essential ARS core sequence
(Fig. 5A). Deletion of this portion caused a significant loss of
replication activity (Fig. 5B, lanes 12 and 14), indicating that
the deleted region including the Rap1 binding site contributes
to replication activity. To test the effect of transcription factors
on replication activity, the Abf1 binding site was inserted close
to ARS301 (Fig. SA). The introduction of an Abfl binding site
on either side of ARS301 caused a severe loss of replication
activity, indicating that Abfl has a negative effect on ARS301
replication. We also found that another chromosomally inac-
tive origin, ARS608 (41), was also active without the need for
any other element on the plasmid. However, the replication
activity of ARS608 was not affected by introduction of the Abfl
binding site (data not shown).

Thus, ARS301 and ARS608 are intrinsically active, suggest-
ing that they are inactivated by a still-unknown mechanism in
their native chromosome positions. The inhibitory effect of the
Abf1p binding site on ARS301 may indicate an involvement of
this transcription factor in the origin inactivation process on
the chromosome.

DISCUSSION

The involvement of transcription factors in the regulation of
the ARS activity in budding yeast has been well documented
(25, 30, 50). However, most of these results were obtained with
the stability assay, which requires the use of ARS plasmids
containing transcription elements. The influence of these ele-
ments on DNA replication as measured by the stability assay
has never been fully taken into consideration. In this paper, we

TABLE 1. Effect of GAL4 fusion proteins on the stability of
ARSI plasmids containing GAL4 binding sites

Mitotic stability loss

Expt no. Activator Reporter per generation (%)
(= SD)
1 pYT528 (WTA) 52=x16
2 pYT530 (B3/Gal4) 6.1 09
3 pYT530X3G (B3/Gal4X3) 6.1 1.0
4 pYTS530X5G (B3/Gal4X5) 6.2+ 1.0
5 Gal4-VP16  pYT528 51=x11
6 Gal4-DBD  pYT530 6.1 +22
7 Gal4-VP16  pYT530 S1=x11
8 Gal4 pYT530 42*+15
9 Gal4-c-Jun  pYT530 51=x15
10 Gal4-RAD  pYT530 53=x1.6
11 Gal4-DBD  pYT530XG3 54=x11
12 Gal4-VP16  pYT530XG3 72+15
13 Gal4 pYT530XG3 6.3 +0.7
14 Gal4—c-Jun  pYT530XG3 6.7+ 13
15 Gal4-RAD  pYT530XG3 74*1.0
16 Gal4-DBD  pYT530XGS 53x21
17 Gal4-VP16  pYT530XGS 8.1x17
18 Gal4 pYT530XGS5 10.6 = 1.4
19 Gal4—c-Jun  pYT530XGS 7405
20 Gal4-RAD  pYT530XGS5 8.0+12
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FIG. 5. Replication activity of chromosomally inactive ARS301 in the Dpnl
assay. (A) Schematic representation of the ARS301 plasmids used in the assay.
The box indicates the DNA sequence derived from the yeast chromosome. The
position of the ACS is indicated by the box containing the letter A. The shaded
box and the box containing ABF1 indicate the binding site for Raplp and Abflp,
respectively. (B) Replication activity of the ARS301 plasmid. The replication
activities of the wild-type ARSI plasmid and the ARS301 plasmid indicated in
panel A were analyzed by the Dpnl assay as described in Materials and Methods.
The results obtained 48 h after transfection are indicated. The replication activ-
ities relative to that of the WTA plasmid were determined from two independent
experiments and are indicated under each lane. +, present; —, absent.

have been able to examine the replication activity of ARS
plasmids containing only the ARS element by using the Dpnl
assay, which directly measures the number of replicated mol-
ecules during a given period. Using the Dpnl assay, we found
that the effects of transcription factors on the replication ac-
tivity of ARS are potentiated by elements outside of the ARS,
as well as by the nature of the ARS itself.

The binding site for the transcription factor Abfl, which is
found in a subset of ARS elements, was shown by the stability
assay to stimulate the ARS activity of ARS1 and ARS121 (30,
51). However, we found that the B3 element of ARSI, which is
the binding site for Abf1, was not functional for the stimulation
of DNA replication in the absence of other elements outside of
the origin, suggesting that Abfl cooperates with other tran-
scription factors bound to the promoter region of the select-
able gene or centromere region to activate ARSI replication.
This was in contrast to the B2 region, which was functional in
the absence of elements outside of the ARS, indicating that B2
plays a distinct role independent of B3 in the replication of
ARSI1. We also found that strong transcription activators, such
as Gal4 and Gal4-VP16, inhibited the replication activity via
the Gal4 binding site positioned within the B3 element. On the
other hand, neither Gal4 nor Gal4-VP16 inhibited the repli-
cation activity in the stability assay. Rather, replication activity
was stimulated (Table 1) (25), suggesting that sequences adja-
cent to ARS converted potential inhibitors of replication into
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activators in the stability assay. These results clearly indicated
that elements outside of ARSI influence the function of tran-
scription factors bound to the B3 element of ARSI.

We also found that introduction of an Abfl binding site on
either side of ARS301 caused a severe reduction in replication
activity (Fig. 5). Thus, Abfl by itself acts as an inhibitor of
replication of ARS301. On the other hand, the Abflp binding
site barely affected the replication activity of ARS1 and
ARS608 in the Dpnl assay. Recently, Lin and Kowalski showed
that introduction of the B3 element of ARSI into ARS305 also
caused inhibition of replication in the stability assay (26). In
addition, the stimulation of DNA replication by a transcription
factor in the stability assay appears to be emphasized by mu-
tation of the B2 element (25, 30). These results stress not only
the importance of the surrounding elements for activation of
DNA replication by transcription factors but also the impor-
tance of sequences even inside the ARS. It is interesting to
note that Abfl works both positively and negatively in tran-
scription, depending on the nature of the promoter and the
other transcription factors in the transcription assay (7, 8).

We observed that multimerization of the Gal4 binding site
lowered ARS plasmid stability (Table 1). This result, taken
together with the results obtained by Lin and Kowalski men-
tioned above (26), indicates that transcription factors can in-
hibit ARS activity to some extent as measured by the stability
assay. Therefore, the inhibitory effect observed in the Dpnl
assay was not due to the type of assay but rather to differences
in origin context.

How do (strong) activators inhibit the initiation of replica-
tion at ARS? In the case of the Gal4 fusion proteins shown in
Fig. 3, their capacities to inhibit DNA replication correlated
well with their strengths as transcription activators, suggesting
that inhibition involves the machinery of transcription. Since
some ARS elements, including ARSI, contain a TATA-like
sequence, and as the TATA binding protein (TBP) was shown
to bind to these sequences in vitro (27), the recruitment of the
transcriptional machinery, including TBP, to the ARS may
interfere with the binding of replication factors to the DNA.
Alternatively, strong activators could induce abortive tran-
scription from neighboring cryptic promoters, resulting in in-
hibition of replication. Indeed, transcription entering ARSI
inhibits DNA replication (42, 47). The presence of a selectable
marker gene with strong promoter activity close to the ARS
might counteract the recruitment of transcription machinery to
the ARS itself, thereby relieving the negative effect of certain
transcription factors on DNA replication. Recently, Hu et al.
suggested that the chromatin remodeling induced by transcrip-
tion factors could stimulate DNA replication (20). Therefore,
it is also possible that transcription factors induce changes in
chromatin structure that inhibit the initiation of DNA replica-
tion, depending on the context of the replication origin.

On the chromosome, origins are located either between or
within transcription units (40). For example, ARSI is located
downstream of the TRPI gene. Thus, the transcription factors
bound to the regulatory region of nearby genes might affect the
replication activity of each origin. In the case of ARSI on the
chromosome, mutation of B3 caused a decrease in origin ac-
tivity (29). In addition, Li and his colleagues showed that the
strong acidic transcriptional activators stimulated the origin
activity of ARS1 on the chromosome (20, 25). In our assay B3
required elements extraneous to the ARS to stimulate ARS1-
dependent DNA replication, and strong activators inhibited
the replication of ARSI, indicating that elements around
ARSI are crucial for the positive role played by B3 in the
modulation of origin activity on the chromosome. It should be
noted that Li and his colleagues mutated the B1 and B2 ele-
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ments to reduce basal origin activity to a level that allowed
clear stimulation by transcription factors (20, 25). Considering
our results, it would be interesting to test the effect of strong
transcription factors on wild-type ARSI activity.

Some ARS elements are not used as origins on the chromo-
some but function quite well on plasmids. For this reason,
some ARS elements are believed to be inactivated on the
chromosome (13, 14, 18, 33). However, it may also be that
inactive ARS elements are artificially activated on plasmids by
neighboring sequences. Our results with the ARS elements
ARS301 and ARS608, which are inactive on the chromosome,
indicated that both of these elements are active when present
alone on the plasmid and are indeed inactivated on the chro-
mosome by an unknown mechanism. Inhibition of replication
activity by transcription factors in this study suggests that tran-
scription factors could play a role in the suppression of origin
activity on the chromosome.

The replication origins on the budding yeast chromosome
replicate sequentially during S phase in a defined pattern, i.e.,
some origins initiate replication early, while others are acti-
vated late in the cell cycle (16, 52). For example, ARSI initiates
relatively early in S phase while ARS301 initiates late when
located on a plasmid (5). ARS608 on the chromosome also
initiates late, with low efficiency (41, 52). Interestingly, treat-
ment of cells with hydroxyurea, which blocks the progression of
replication forks from early replicating origins, or with the
DNA-damaging agent methyl methane sulfonate resulted in
the inhibition of late-replicating origins. A mutation of the
check point gene, RAD53, which encodes a protein kinase,
releases the initiation block induced by hydroxyurea and
methyl methane sulfonate. In addition, the rad53 mutation was
found to enhance the frequency of initiation at late and/or
weak origins (38, 40). These results indicate that the block to
late and/or inefficient origins is an active process and may be
involved in the cell’s surveillance of S-phase progression.
Rad53 is required for all transcriptional responses to DNA
replication blocks or DNA damage (1), suggesting that certain
transcription factors are under the control of RADS53. Indeed,
the transcription factor Crtl was recently shown to be under
the control of RADS53 protein kinases (21). These data, in
conjunction with our results, raise the possibility that transcrip-
tion factors under the control of RADS53 kinase are involved in
the suppression of initiation from late and/or inefficient origins
on the chromosome.

We observed that only a small portion of the transformed
plasmids replicated (Fig. 2A). At 48 h after transformation, 40
to 50% of the plasmids were still Dpnl sensitive. Plasmid-
containing cells grew about 10 generations during the 12- to
48-h period after transformation (see Materials and Meth-
ods). If the plasmid DNA replicated once per generation, the
amount of DNA should have increased about 1,000-fold during
this period. This means that less than 0.1% of the plasmid
actually replicated during the 12- to 48-h period after trans-
formation. In other words, more than 99.9% of the trans-
formed plasmids were not competent for replication and re-
mained in the unreplicated state. This might reflect the
chromatin structure of the ARS plasmid immediately after
transformation. If the transformed ARS formed a nucleosome
complex before ORC binding, the ORC complex might not
have been able to bind to the ARS. Since the number of ORC
complexes is limiting (about 600 molecules of ORC2p per cell
[36]) compared to histone protein content, only a small portion
of the transformed ARS plasmids may have been bound by
ORC. It is also possible that the transformed DNA replicated
only a few times during the 10 generations of growth. Alter-
natively, only a portion of the plasmid DNA molecules may
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have gained entry to the nuclei. In any case, a more detailed
analysis will be required to clarify this issue.

The Dpnl assay has some weaknesses compared to the sta-
bility assay. First, high transformation efficiency is required.
Second, the Dpnl assay requires more manipulation than the
stability assay. Third, it is difficult to detect the replication of
large plasmids (>5 kb), probably because of their low trans-
formation efficiency. In spite of these weaknesses, the Dpnl
assay provides a direct and complementary tool to measure the
replication activity of the ARS itself. Using this assay, we have
shown that transcription factors have the potential to modulate
the replication activity of the ARS elements both positively and
negatively, depending on the nature of the transcription factors
that bind in and around the ARS. Further study with the Dpnl
assay should tell us more about the role of transcription factors
in the regulation of DNA replication in yeast cells.
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