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A large body of evidence from viral systems has established that transcription factors play an important and
direct role in activating viral DNA replication. Among the transcriptional activation domains that can stim-
ulate viral DNA replication are acidic domains such as those derived from herpes simplex virus VP16 and the
tumor suppressor p53. Here we show that acidic activation domains can also activate a cellular origin of
replication in a chromosomal context. When tethered to the yeast ARS1 (autonomously replicating sequence
1) origin of replication, both VP16 and p53 activation domains can enhance origin function. In addition, the
C-terminal acidic region of the yeast transcription factor ABF1, which normally activates the ARS1 origin, is
sufficient for activating ARS1 function when tethered to the origin. Mutations at residues Trp-53 and Phe-54
of a 20-residue (41 to 60) activation region of p53 abolish the activation of both replication and transcription,
suggesting that the same structural determinants may be employed to activate both processes in yeast.
Furthermore, using a two-dimensional gel electrophoresis method, we demonstrate that the GAL4-p53 chi-
meric activator can activate initiation of chromosomal replication from an origin inserted at the native ARS1
locus. These findings strongly suggest functional conservation of the mechanisms used by the acidic activation
domains to activate viral DNA replication in mammalian cells and chromosomal replication in yeast.

The eukaryotic origins of DNA replication characterized to
date contain two functional elements: a core sequence that
determines the site of initiation and a nearby auxiliary element
that stimulates initiation efficiency (11, 16, 36, 55). Analogous
to the TATA box of a transcription promoter, the core se-
quence of an origin of replication serves as the binding site for
an initiator protein which in turn nucleates the assembly of a
large initiation protein complex. The auxiliary elements of an
origin usually contain binding sites for proteins that in other
DNA contexts function as transcription factors. It has been
well established that transcription factors play an important
and direct role in viral DNA replication (15, 30, 64).

Most of our current understanding of transcription factors’
role in replication comes from studies of DNA tumor viruses
(17, 33, 52, 63, 68). For example, the flanking auxiliary se-
quences of the simian virus 40 and polyomavirus origins are
located adjacent to the core region that forms the binding site
for the large T antigen, the viral initiator protein. The auxiliary
sequences contain binding sites for several cellular transcrip-
tion factors such as Sp1, AP1 and p53 for simian virus 40 and
AP1 and PEA3 for polyomavirus. These cis elements act syn-
ergistically to increase the initiation frequency up to 1,000-fold
(17, 25, 26). Heterologous transcription factors can also acti-
vate viral replication when tethered to the origins of replica-
tion. For example, factors such as NF-kB, VP16, E1A, bovine
polyomavirus E2, and GAL4 can stimulate polyomavirus DNA

replication (1, 24, 66). The functional promiscuity of these
proteins in activation of replication is reminiscent of the sim-
ilar behavior of these activators in transcriptional activation.

Transcription factors have also been implicated in activation
of cellular DNA replication. In the case of Saccharomyces
cerevisiae, a detailed mutational analysis of one origin, ARS1
(autonomously replicating sequence 1), has led to identifica-
tion of two essential elements, A and B (10, 44). Element A
contains an 11-bp consensus sequence that is conserved among
all origins in S. cerevisiae. It is the binding site for the initiator
protein called origin recognition complex (ORC) (2). The B
element is composed of three functional sequences, B1, B2,
and B3, which are collectively essential for origin function (44)
and are conserved in another origin, ARS307 (50, 59). The B1
element is important for ORC binding and additional func-
tions in replication initiation (51, 54). The function of the B2
element is unclear. B3 is the binding site for the ABF1 protein,
which, in other contexts functions as a transcriptional activator
or repressor protein (6, 8, 18, 19, 46). ABF1 binding sites have
been found in several other ARSs; for example, the two ABF1
binding sites at ARS121 can function as far as 1 kb from the A
element (19, 65). Like enhancers in viral replication, the func-
tion of the B3 element of ARS1 in plasmid replication can be
replaced by binding sites for other yeast transcription factors,
such as GAL4 and RAP1 (44). However, since a large number
of the sequences that function as ARSs in plasmids do not
serve as replicators in their native chromosomal contexts (46),
it is not known whether heterologous transcription factors can
substitute for the ABF1 function in initiation of replication
from the chromosomal ARS1 locus.

Acidic domains are the most extensively studied type of
activation domain in eukaryotic transcription factors (60).
These activation regions, including those from yeast GAL4 and
GCN4, mammalian p53, and herpes simplex virus VP16, con-
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tain a significant number of negatively charged residues. One
salient feature of acidic activation domains is their ability to
activate transcription in cells from a variety of eukaryotic spe-
cies, including yeasts, plants, and mammals (48). This finding
indicates that the mechanisms employed by acidic activators to
stimulate transcription are highly conserved in the eukaryotic
kingdom. By analogy to transcriptional activation, several
acidic activation domains, such as those from VP16 and p53,
activate viral replication when tethered to the viral origins of
DNA replication (13, 29, 39). However, it is unclear whether
the acidic activators that activate viral DNA replication can
facilitate chromosomal DNA replication as well.

In this report, we analyze the abilities of several acidic acti-
vation domains to stimulate DNA replication in S. cerevisiae.
We show that acidic activation domains, when tethered to the
origin of replication, can enhance replication efficiency of the
ARS1 origin in the native chromosomal locus as well in a
circular plasmid. The data also define the C-terminal acidic
region of the yeast transcription factor ABF1 as a domain
important for activating normal ARS1 function. These results
strongly suggest a functional conservation of the mechanism
used by acidic activators to activate DNA replication in both
yeast and higher eukaryotes.

MATERIALS AND METHODS

Strains and plasmids. The yeast strain used in this study, BP1DH, is derived
from BP1 (gal4::HIS4 ura3-52 leu2-2,112 his4-519 ade1) (3). The modified strain
contains a replacement of the HIS4 far-upstream sequence between nucleotides
68624 and 68985 of chromosome III (coordinates from the Stanford SC data-
base) with the sequence GGAT.

To construct the GAL4-responsive ARS1 test plasmid (pARS1/-B23/G24), an
oligonucleotide containing a wild-type GAL4 binding site (59 CGGAGTACTG
TCCTCCG 39) was inserted at the polylinker region of the plasmid --B1A (where
the first and second hyphens indicate mutated B3 and B2 boxes, respectively; the
corresponding wild-type construct is B3B2B1A) described previously (44). The
resulting plasmid contains a linker substitution at B2, a double-point mutation at
B3, and a wild-type GAL4 binding site distal to the A element. There is a 37-bp
linker sequence between the mutated B3 element and the GAL4 site. The
control ARS1 plasmid used for the assays shown in Fig. 1 contains a mutant
GAL4 binding site (59CTTTAGCAAGGAAGGTG39) inserted at the same
polylinker sites as the wild-type GAL4 binding site.

To construct the yeast strain that contained the GAL4-responsive ARS1 se-
quence at the ARS1 chromosomal locus, site-directed mutagenesis was used to
replace the B3 element of the ARS1 sequence (59 AATTTCGTCAAAAATGC
39) with a GAL4 binding site (59 CGGAGTACTGTCCTCCG 39). In the same
ARS1 sequence, the B1 and B2 elements and the sequence in between were also
replaced by an Xho linker sequence. An Xba-EcoRI genomic fragment contain-
ing the modified ARS1 was then cloned into the corresponding restriction sites
of the integration vector pJJ244 (32). The wild-type ARS1 sequence in the
chromosome was replaced by the modified ARS1 by a “pop-in and pop-out” gene
replacement method (34). The correct product of homologous recombination
was verified by PCR and Southern blotting analysis.

The copper-inducible expression vector was derived from a pRS305-based
expression vector described previously (57). The original GAL1 promoter was
replaced with the CUP1 promoter region from nucleotides 212747 to 213179 of
chromosome VIII (coordinates from the Stanford SC database) (7), and the
POU domain was replaced with GAL4 amino acids 1 to 94 (the GAL4 DNA
binding domain [DBD]) (58). All GAL4 fusion constructs were made by cloning
the PCR fragments of various activation domains into the XbaI and BamHI sites
immediately following the GAL4 DBD sequence. The b-galactosidase reporter
construct contained two GAL4 binding sites (with the same sequence as shown
above) in front of the HIS4 TATA sequence and the lacZ gene. The UAS of the
HIS4 promoter (sequence between 68616 and 68453 of chromosome III) was
deleted. The plasmid was integrated at the 39 untranslated region of the LYS2
gene, between nucleotides 468962 and 468943 of chromosome II (coordinates
from the Stanford SC database). pGAL4-2xVN8 contained DNA sequence that
encoded two repeats of an eight-residue sequence from the VP16 activation
domain (DFDLDMLG). The double-mutant derivatives of the GAL4-p53 fusion
proteins contain either an L22Q/W23S or a W53Q/F54S mutation (9, 42).

Plasmid stability assay. The assay was performed as described previously (44).
The expression vectors and the ARS1 test plasmids were transformed separately
into yeast cells by the standard lithium acetate method (34). After 30 h of growth
in nonselective liquid medium, the cultures were diluted and equal numbers of
cells were plated on selective (synthetic complete medium [SCM]-Leu-Ura) and
nonselective (SCM-Leu) plates. Unless otherwise stated, all liquid media used

contained 50 mM copper sulfate for induction of the GAL4-derived fusion
proteins. The stability value for each GAL4 derivative is an average of data from
at least three independent experiments, each using colonies from a separate
transformation.

b-Galactosidase assay. The transcription assay was performed and the specific
activity was calculated according to a standard protocol (34). Each GAL4 deriv-
ative was tested in at least three independent experiments.

Immunoblotting. Total cell lysates were prepared by the bead-beating method
(34). The lysates were normalized for the total protein amounts and resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After being trans-
ferred to a nitrocellulose membrane, the samples were probed with a monoclonal
antibody against the hemagglutinin (HA) epitope (12CA5; Amersham). The
immunoblots were developed with an ECL kit from Amersham.

2-D gel electrophoresis. Genomic DNA was prepared and replication inter-
mediates were analyzed exactly as described previously (41). Yeast cultures were
grown in SCM-Leu with 100 mM copper sulfate, except for the nonselective
medium used for the positive control shown in Fig. 4B. Cultures were harvested
at an optical density at 600 nm of 1.0 to 1.2. A total of 500 ml of culture was used
for each two-dimensional (2-D) sample.

RESULTS
Plasmid stability assay for studying activation of replication

by transcriptional activation domains. ARS1 in S. cerevisiae
represents one of the best-characterized cellular origins in
eukaryotes. The B3 element at ARS1 is the binding site for the
yeast transcription factor ABF1 and can be functionally re-
placed by the GAL4 binding site (44). Characterization of
ARS1 function largely has been done by using a plasmid sta-
bility assay (44). In this assay, yeast cells are transformed with
a test plasmid containing the ARS of interest. Transformants
are first grown in selective medium selecting for a marker on
the plasmid, diluted into nonselective medium where the plas-
mid can be lost, and subsequently grown for approximately 14
generations. The percentage of yeast cells that retain the plas-
mid is then determined. With this assay, the wild-type ARS1

FIG. 1. GAL4-derived transcription factors can activate ARS function in a
site-dependent manner. ARS1 plasmids that carry either a wild-type (wt) (top
and middle panels) or a mutant (mut) (bottom panel) GAL4 site were assayed
for plasmid stability. The GAL4 DBD, either alone (top panel) or fused to a
duplicate sequence from the activation domain of VP16 (middle and bottom
panels), was expressed in the yeast cells. After nonselective growth for 30 h at
30°C, the cells were plated on medium with (left) or without (right) uracil. The
ratio of the colony numbers on the two plates is indicative of the stability of the
test plasmid. For induction of the GAL4 derivatives, a final concentration of 10
mM copper sulfate was used.
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plasmid is retained in approximately 50% of yeast cells,
whereas a crippled ARS1 plasmid with two mutant B elements
is present in no more than 1 to 2% of yeast cells (44).

To assess the abilities of various transcriptional activation
domains to stimulate ARS function, a GAL4 binding site was
inserted next to a mutated B3 element. The B2 element of the
same ARS1 sequence was also substituted with an 8-bp linker.
Since this modified ARS1 sequence had both B2 and B3 ele-
ments inactivated, an ARS/CEN plasmid bearing the ARS1
sequence (pARS1/-B23/G24) displayed a very low stability in
the absence of a GAL4-derived activator (0.6% 6 0.49%; Fig.
2C). In a separate set of constructs, transcriptional activation
domains were fused to the GAL4 DBD. The N termini of the
fusion proteins were also tagged with the HA epitope to facil-
itate their detection in yeast. The fusion gene was under the
control of a copper-inducible promoter, and the construct used
in this study was integrated into a chromosomal locus. Use of
the inducible expression vectors alleviated the toxicity other-
wise caused by high constitutive expression of some GAL4-
derived activators (3). The integrated constructs also pre-
vented possible functional interference in vivo between an
expression plasmid and the test plasmid in the same yeast cells.

We first compared the GAL4 DBD alone with a GAL4
derivative (GAL4-2xVN8) fused to two repeats of an eight-resi-
due sequence from the VP16 activation domain (DFDLDMLG).
This chimeric activator was previously demonstrated to strongly
activate yeast transcription (57). As shown in the top panel of Fig.
1, the ARS1 plasmid with a wild-type GAL4 binding site had 0%
stability in the presence of the GAL4 DBD alone. In contrast,

expression of the GAL4-derived activator resulted in a significant
elevation of plasmid stability (33%; middle panel). This activation
was dependent on GAL4 DNA binding, since the same activator
had no effect on the stability of an ARS1 plasmid containing a
mutant GAL4 binding site (bottom panel). This experiment con-
firmed and extended previous findings that the ABF1 site at
ARS1 could be functionally substituted by binding sites for other
yeast transcription factors. This assay also provided a convenient
way to examine the potential of various transcriptional activation
domains in activating ARS function.

A 20-residue peptide from the p53 activation domain can
strongly activate replication and transcription. The transcrip-
tional activation domain of p53 has been mapped to the N-
terminal 40 residues of the protein (62). However, sequences
immediately following the region also contribute to p53 tran-
scriptional activity (12). In fact, a recent study has identified a
new activation domain between amino acids (aa) 40 and 83 (9).
GAL4 fusions with either subdomain (aa 1 to 40 or 40 to 83)
can activate transcription in both mammalian and yeast cells.
We and others have shown previously that the N-terminal 73
residues of p53 activate viral DNA replication when fused to
the GAL4 DBD (29, 39). To test whether the two subdomains
of p53 can independently activate ARS function in yeast, the
regions between residues 1 and 40 and residues 41 and 60 were
fused separately to the GAL4 DBD (Fig. 3A), and the chimeric
proteins were tested in both the plasmid stability assay and the
b-galactosidase assay for the ability to enhance ARS1 plasmid
stability and gene expression, respectively.

As shown in the upper panel of Fig. 2C, the GAL4 DBD
alone supported a very low plasmid stability (0.67% 6 0.49%).
In contrast, the GAL4-p53(41-60) fusion protein significantly
stimulated the stability of the test plasmid (30% 6 7.8%).
Activation was dependent on the wild-type GAL4 binding site
engineered at the ARS1 origin (data not shown). In a parallel
study, GAL4-p53(41-60) also strongly activated transcription
from a GAL4-responsive b-galactosidase reporter gene
(1,868 6 305 U versus 12.4 6 10.5 U by the GAL4 DBD alone;
lower panel of Fig. 2C). It has been shown previously that

FIG. 2. Activation of ARS function and transcription by various GAL4-p53
fusion proteins. (A) Schematic diagram of the GAL4-p53 fusion proteins. The
double-mutant derivatives contain either an L22Q/W23S or a W53Q/F54S mu-
tation. wt, wild type. (B) Expression of the GAL4 derivatives in yeast. The fusion
proteins were detected by immunoblotting using a monoclonal antibody (12CA5)
raised against the HA epitope that was tagged to the N terminus of each protein.
A final concentration of 50 mM copper sulfate was used. (C) Comparison of the
abilities of various activation domains in activation of plasmid stability (top) and
transcription (bottom). The pARS1/-B23/G24 test plasmid was used for the
stability assay. For the transcription assay, a GAL4-responsive b-galactosidase
(b-gal) reporter construct was integrated in chromosome.

FIG. 3. The C-terminal region of ABF1 is sufficient for activation of ARS
function when fused to the GAL4 DBD. (A) Schematic diagram showing the
important features of the ABF1 protein. Also indicated are the homologous
regions among ABF1, RAP1, and SAN1 and those among the ABF1 proteins
from S. cerevisiae (Sc), Kluyveromyces lactis (Kl), and Kluyveromyces marxianus
(Km). (B) Expression of various GAL4-ABF1 fusion proteins in yeast. A final
concentration of 50 mM copper sulfate was used. The proteins were detected by
immunoblotting using the HA antibody. (C) Abilities of various GAL4 fusion
proteins to activate the stability of the GAL4-responsive ARS1 plasmid
(pARS1/-B23/G24). Cells were grown in nonselective medium at 30°C for 30 h
before plating on nonselective and selective plates.
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mutations at residues Trp-53 and Phe-54 of p53 abolish the
transcriptional activity of the second subdomain (9). When the
same mutations were introduced into the GAL4-p53(41-60)
fusion protein, they abrogated activation of both plasmid sta-
bility and transcription in yeast (3.3% 6 0.98% and 12.4 6 5.7
U, respectively; Fig. 2C). Although we could not exclude the
possibility that the double mutations changed the global struc-
ture of the 20-aa region of p53, the data were consistent with
the notion that the same amino acid residues were used to
activate both DNA replication and transcription. Taken to-
gether, these results strongly suggest that the p53 region be-
tween residues 41 and 60 contains a potent activation domain
for yeast transcription and ARS function.

Given the potency of the first p53 subdomain in activating
mammalian and yeast transcription (9, 62), it was of interest to
determine whether it had a similar stimulatory effect on ARS
function. Despite repeated efforts, we were unable to detect
the GAL4-p53(1-40) protein from the yeast lysate in an immu-
noblotting assay (Fig. 2B, lane 4). However, expression of this
protein did yield a significant increase in b-galactosidase ac-
tivity in the transcription assay compared to the GAL4 DBD
alone (456 6 241 U versus 12 6 10 U), whereas little stimu-
lation could be observed in the plasmid stability assay (3.5% 6
1.5%; Fig. 2C). This result suggested that a low level of ex-
pression of the activator was sufficient for transcriptional acti-
vation but not for replication. Since the lack of activation of
ARS function might be due to the relatively low sensitivity of
the plasmid stability assay, it was not possible to determine
whether the first subdomain of p53 had an inherent ability to
activate replication. Mutations at residues 22 and 23 previously
have been shown to abrogate the transcriptional activity of p53
(42). Strikingly, GAL4-p53(1-40) with mutations at these two
positions was present in abundance in the yeast lysate (Fig. 2B,
lane 5), which was a further indication that the wild-type
GAL4-p53(1-40) might be growth inhibitory. However, the
mutant protein did not stimulate either replication or tran-
scription (2.1% 6 0.7% or 6.7 6 1.9 U, respectively; Fig. 2C).

While the low protein level of GAL4-p53(1-40) in yeast
complicated the study of its potential in activating ARS func-
tion, it is of interest that an almost identical fusion protein has
been shown to undergo rapid degradation in mammalian cells
(28). In the latter case, the oncoprotein Mdm2 binds the first
42 residues of p53 and promotes p53 degradation. Further-
more, mutations at residues 22 and 23 that disrupt Mdm2
binding also prevent Mdm2-dependent degradation (28, 37).
The same mutations also dramatically increase the protein
levels of the GAL4-p53(1-40) fusion protein in yeast, which
raises an interesting possibility that this region of p53 can bind
a yeast protein with a function similar to that of the Mdm2
protein in mammalian cells. Alternatively, strong heterologous
activation domains that are toxic to yeast cell growth may be
preferentially targeted by the protein degradation machinery.

The C-terminal region of ABF1 is important for activation
of ARS function. Having characterized heterologous activation
domains of DNA replication, we next determined what type of
protein domain normally activated initiation of replication at
the ARS1 origin. Yeast ABF1 is a multifunctional protein that
has been implicated in replication, transcriptional activation,
and mating-type silencing (8). The full-length 731-residue pro-
tein can be divided into two regions (Fig. 3A): the first 530
residues are sufficient for specific DNA binding (27), and the
remainder of the ABF1 protein is essential for cell viability
(53). Although the function of the highly negatively charged
C-terminal region is not well understood, it has been proposed
to act as an acidic activation domain in stimulating both rep-
lication and transcription (22). To test this hypothesis, we

fused the GAL4 DBD to the C-terminal 123 aa of ABF1. As
shown in Fig. 3C, this chimeric protein (608-731) clearly en-
hanced the stability of the GAL4-responsive ARS1 test plas-
mid, indicating that the C-terminal portion of ABF1 was suf-
ficient for stimulating ARS function when tethered to the
origin. However, when tested in the transcriptional activation
assay, the same fusion protein yielded only 55 6 17 U of
b-galactosidase activity, in comparison with 1,868 6 305 U for
GAL-p53(41-60) and 12 6 10 U for the GAL4 DBD alone.
Thus, despite the fact that the C-terminal domain of ABF1 has
a much higher net negative charge than the p53 activation
domain (residues 41 to 60), it is a much weaker transcriptional
activator under the conditions used in these experiments.

In an attempt to determine which part of the ABF activation
domain was required for stimulating ARS function, a series of
deletion mutants was generated from either the N- or C-ter-
minal end of the domain. All mutant proteins were expressed
in yeast at levels similar to that of the wild-type protein (Fig.
3B). Deletion of the first 36 aa from the N terminus of the
region (Fig. 3B, 644-731) reduced the ability of the GAL4-
ABF1 fusion protein to activate ARS function, although the
remaining portion still contained some residual activity. Re-
moval of the last 35 residues from the C terminus (608-696)
also resulted in a partial decrease in activity, and further trun-
cation (608-662) completely abolished activity. Therefore, both
the N (608-644) and C (662-731) termini of the ABF1 activa-
tion domain appeared to contribute to stimulation of plasmid
stability. This is reminiscent of previous findings that many
acidic activation domains contain multiple subdomains that
collectively activate transcription (31, 43).

A GAL4-derived activator can stimulate initiation of DNA
replication at the ARS1 chromosomal locus. The plasmid sta-
bility assay has been valuable in dissecting the multiple genetic
elements of the ARS1 sequence. All four cis elements that are
involved in plasmid replication have been shown to contribute
to initiation of DNA replication in their normal locations in
the chromosome (44, 45). Plasmid stability, however, is af-
fected both by the efficiency of its replication and by the effi-
ciency of its segregation or nuclear retention. Thus, results
from plasmid stability assays may not always reflect the con-
tributions of cis-acting DNA sequences to the efficiency of
initiation of DNA replication in the chromosome (46). When
the ARS1 test plasmid was isolated from yeast cells at the
completion of the plasmid stability assay and analyzed by DNA
hybridization, there was a net increase in the total amount of
plasmid DNA from the yeast population that expressed a
GAL4-derived activator (data not shown). This finding sup-
ports the notion that replication efficiency of the test plasmid
was indeed stimulated by the acidic activators.

To test whether GAL4-derived activators activate ARS1
replication in a chromosomal context, we used a 2-D gel elec-
trophoresis technique to detect replication intermediates ini-
tiated from various derivatives of the chromosomal ARS1 (4).
In this assay, chromosomal DNA from asynchronously growing
cells was isolated and digested with a restriction endonuclease,
and then the DNA fragments were separated by mass in the
first dimension and subsequently by both mass and shape in the
second dimension. Replication intermediates were separated
from linear DNA fragments, forming arcs in the gel. Southern
blotting analysis was then used to distinguish the following two
types of replication intermediates: those origin-containing
fragments with a characteristic bubble arc, and those that did
not contain an origin but did contain a replication fork and
migrated as a Y arc (Fig. 4A). A previous study has shown that
simultaneous disruption of the three B elements at the ARS1
locus obliterates the bubble arc in the 2-D gel analysis, whereas
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removing only one or two functional B elements weakens but
does not abolish the bubble arc (45). Since it is technically
difficult to quantitate small differences in efficiency of origin
firing by the 2-D gel method, we reasoned that a low baseline
of replication in the absence of all three B elements might
facilitate detection of any stimulatory effects by the GAL4-
derived activators. Therefore, the three B elements at the
ARS1 locus in chromosome IV were replaced with a single
GAL4 binding site by homologous recombination.

The origin activity of the chromosomal ARS1 derivative was
analyzed after digestion of the DNA to produce a 5-kb NcoI
fragment that contained the ARS1 sequence. As shown in Fig.
4B, the yeast strain that contained the wild-type ARS1 gave
rise to a strong bubble arc in addition to a Y arc. In keeping
with previous findings (45), replacement of the B elements
with the GAL4 site (-B1/-B2/-B3/G24) resulted in loss of the
bubble arc, indicating loss of origin function in the absence of
a GAL4 activator (Fig. 4C). The prominent Y arc detected in
Fig. 4C is characteristic of fragments that were replicated ex-
clusively by origins outside the fragment. Strikingly, expression
of the GAL4-p53(41-60) activator in this strain resulted in a
clear bubble arc (Fig. 4D), albeit weaker than that from the
wild-type ARS1 sequence (Fig. 4B). The fact that origin func-
tion was only partially restored by the GAL4-derived activator

was not unexpected, since the crippled ARS1 sequence lacked
multiple B elements and GAL4-p53 might rescue function of
only the B3 element. Indeed, the 2-D gel pattern shown in Fig.
4D was similar to that of the chromosomal ARS1 sequence
with a single functional B element (45). As an internal control,
the blot probed with the ARS1 fragment (Fig. 4C and D) was
stripped and reprobed with a fragment encompassing the
ARS501 region. In contrast to the ARS1 derivative, initiation
of replication from ARS501 was not affected by the activator
(Fig. 4E and F). Together with the stability assay, these data
unequivocally establish that acidic activators can stimulate a
cellular origin of replication in both the plasmid and chromo-
somal context.

DISCUSSION

Activation of DNA replication and transcription by acidic
activation domains have many common characteristics. First,
acidic activation domains are well known for their ability to
activate transcription in a variety of eukaryotes (48). We and
others have shown that the same group of activation domains
can also activate chromosomal DNA replication in yeast as
well as viral DNA replication in mammalian cells (this study
and references 13, 29, and 39). Second, a small and well-
defined peptide of VP16 and p53 activation domains is suffi-
cient for stimulating both transcription and DNA replication.
Third, the potency of an acidic activation domain in transcrip-
tional activation in general correlates with that in activation of
DNA replication (e.g., VP16 and p53 are stronger than ABF1).
Finally, mutations in the acidic domains that abolish transcrip-
tional activation also destroy their function in DNA replica-
tion. For instance, the GAL4-p53(41-60) fusion protein with
mutations at residues Trp-53 and Phe-54 fails to activate yeast
replication and transcription in our assays. In addition, it has
been shown that mutations at the aromatic residue Phe-442 of
the VP16 activation domain abrogate GAL4-VP16’s ability to
activate transcription and polyomavirus DNA replication (14,
29). Taken together, these studies strongly suggest that some
enhancers of replication and transcription may functionally
overlap. Furthermore, there may be a conserved mechanism
that the acidic activation domains utilize to activate DNA
replication in yeast and higher eukaryotes.

Wiltshire et al. recently reported that a 50-aa C-terminal
region of the ABF1 protein (aa 635 to 684) was sufficient to
stimulate ARS121 function when tethered to the origin (67).
This region partially overlaps one of the two regions that
are shown in this study to activate ARS1 function. Unlike
ARS1, activation of ARS121 by ABF1 cannot be replaced by
other transcription factors (67), suggesting a special function
of ABF1 at ARS121. Compared to the VP16 and p53 activa-
tion domains, the C-terminal region of ABF1 contains a rela-
tively weak transcriptional activation domain. This finding is
consistent with the previous observation that ABF1 activates
transcription synergistically with other weak activators (5).
Furthermore, a LexA-ABF1 fusion protein stimulates tran-
scription only from a LexA-responsive promoter that contains
other cis-regulatory elements (21). Therefore, transcriptional
activation by ABF1 may require cooperation from other tran-
scriptional activators that bind to the same promoter region. It
is noteworthy that the 123-aa C-terminal region of ABF1 has a
much higher net negative charge (225) than the 20-aa region
from the p53 activation domain (27), yet the latter is a much
stronger activator for both transcription and replication. It thus
appears that the number of acidic residues in an activation
domain may not be the primary determinant for the potency of
activation of replication, just as previously shown for transcrip-

FIG. 4. A GAL4-p53 chimeric activator stimulates replication initiated from
the native chromosomal ARS1 locus. (A) Schematic diagram illustrating the
patterns produced by bubble- and Y-shaped replication intermediates in the 2-D
gel assay (20). See the text for more explanation. (B) Chromosomal replication
intermediates from the parental wild-type ARS1 (ARS1wt) region. For the yeast
cells used in panels C to F, the B elements at the ARS1 chromosomal locus were
replaced with a GAL4 binding site. Either the GAL4 DBD alone (C and E) or
GAL4-p53(41-60) (D and F) was expressed in these cells. A final concentration
of 100 mM copper sulfate was used. Logarithmically growing cells were har-
vested. Yeast DNA was isolated, digested with restriction endonucleases, and
enriched for replication intermediates. In panels C and D, the replication inter-
mediates from a 5-kb NcoI-digested fragment containing the ARS1 region were
identified by using a radioactive probe prepared from the same DNA fragment.
The position of the bubble arc induced by the activator is indicated by arrows. As
an internal control, the same membrane was stripped and reprobed with a
radioactive fragment containing the ARS501 origin. Panels E and F show the
replication intermediates from the ARS501 locus in the presence of GAL4 DBD
alone and GAL4-p53(41-60), respectively.
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tional activation (14, 42, 61). Rather, hydrophobic residues in
the acidic activation domains may play a more critical role in
activation of replication and transcription.

Intense work in the past few years has led to a better un-
derstanding of the mechanism(s) used by acidic activators to
activate transcription. Acidic domains such as those of VP16
and p53 have been shown to contact several general factors in
the transcriptional machinery in vitro, suggesting multiple
pathways utilized by these domains to activate transcription
(49). More recent studies have also demonstrated that acidic
activators can counteract the nucleosomal repression of tran-
scription and that the antirepression function may be mediated
by several chromatin remodeling systems (23, 35, 47, 56). Com-
pared with the studies of transcriptional activation, much less
is known concerning the molecular basis for activation of DNA
replication by acidic activators. The activation domains of
VP16 and p53 interact with replication protein A (RPA), an
essential component of the replication machinery (29, 39).
Furthermore, mutations that disrupt the interaction between
the acidic activation domains and RPA also abolish activation
of DNA replication (29). In particular, Trp-53 and Phe-54 of
p53, shown in this study to be critical for activation of replica-
tion, are important for p53 binding to RPA as well (38), sug-
gesting recruitment of RPA to the origin as one potential
mechanism for activation of replication by the acidic domains.
However, other mechanisms for enhancing initiation of DNA
replication are also possible. For example, in vitro biochemical
studies have shown that the activation domains of VP16 and
p53 can antagonize the nucleosomal repression of viral DNA
replication (13, 40), thus raising the possibility that these tran-
scription factors use similar strategies to overcome the nucleo-
somal repression in replication and transcription. Because the
plasmid stability assay can offer powerful genetic screening
possibilities in yeast, it should be feasible to examine more
closely the proteins that interact with the activation domains to
enhance DNA replication.
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