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ABSTRACT

Many transcription factors are multifunctional and
also influence DNA replication. So far, their mech-
anism of action has remained elusive. Here we show
that a DNA-binding protein could rely on the same
biochemical activity that activates transcription to
stimulate replication from the yeast chromosomal
ARS1 origin. Unexpectedly, the ability to stimulate
replication from this origin was not restricted to
polymerase Il transcription factors, but was a property
shared by polymerase lll factors. Furthermore, acti-
vation of replication did not depend on the process of
transcription, but rather on the ability of DNA-binding
transcription factors to remodel chromatin. The
natural ARS1 activator Abf1 and the other transcrip-
tion factors that stimulated replication remodeled
chromatin in a very similar manner. Moreover, the
presence of a histone H3 mutant that was previously
shown to generally increase transcription also facili-
tated replication from ARS1 and partially compen-
sated for the absence of a transcription factor. We
propose that multifunctional transcription factors
work by influencing the chromatin architecture at
replication origins so as to generate a structure that
is favorable to the initiation of replication.

INTRODUCTION

Initiation of DNA replication is limited to a specific time
during the cell cycle and to specific locations on the chromo-
some. One level of regulation of DNA replication might be
provided by the interplay between gene expression and replica-
tion, which is thought to facilitate the temporal control of both
processes during the cell cycle and integrate origin selection
with the gene transcription program (1-9).

In the yeast Saccharomyces cerevisiae, origins of replication
are defined sequences that often harbor binding sites for tran-
scription factors (10). For example, the so-called auto-
nomously replicating sequence 1 (ARSI) is one of the best-
characterized origins of replication and contains four genetically
defined cis-acting A and B elements. The A element is the

binding site for the origin recognition complex (ORC) (11) and
is absolutely essential for ARSI function, whereas individual B
elements contribute positively to the efficiency of replication
(12). The B1 element provides an additional binding site for
the ORC (13,14), whereas the B2 element has been suggested
to facilitate DNA unwinding (15). The B3 element is a binding
site for the transcription factor Abfl (16). The function of the
B3 element of ARSI can be replaced by binding sites for other
yeast transcription factors such as Rapl and Gal4 (12). In addi-
tion, activating domains from mammalian transcription factors
such as VP16 and p53 can stimulate DNA replication in yeast
when tethered to the ARSI sequence (17). These results taken
together show that at least some transcription factors are multi-
functional and can also directly influence the initiation of DNA
replication (18,19).

It has been postulated that involvement of the same tran-
scription factors in the activation of promoter and origin func-
tions requires that these proteins are either endowed with two
different biochemical activities or that they have one single
activity that stimulates two distinct processes (12,17). The
results of in vitro experiments have suggested that at least
some transcription factors might indeed possess two distinct
biochemical activities. In these experiments, transcription
factors capable of stimulating viral DNA replication were
shown to interact not only with components of the RNA
polymerase II (pol II) complex, but also with a replication
factor, replication protein A (20,21). However, the results of
plasmid stability assays from our laboratory indicate that one
biochemical activity of transcription factors might be sufficient
to stimulate both transcription from a promoter and replication
from an origin site in yeast. In these experiments, a single
protein—protein interaction established between the DNA-
binding domain of Gal4 and the RNA pol II holoenzyme
component Gall 1P was shown to cause stimulation of plasmid
replication in yeast (22). Since the same interaction also activates
gene transcription by recruiting the pol II holoenzyme to DNA
(23-25), it is most likely that the same mechanism causes
stimulation of DNA replication by this DNA-binding protein.
The question about which activity of the recruited pol II tran-
scription complex could stimulate DNA replication was left
open in our published work. According to one of the several
hypotheses that have been put forward, recruitment of the tran-
scription complex to DNA could remodel chromatin structures
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that act as general repressors of origin function (22). Such
putative remodeling could indirectly facilitate the assembly of
an active DNA replication complex at the ARS/ site. In agree-
ment with this notion, biochemical studies with reconstituted
chromatin templates have shown that some transcription
factors activate viral DNA replication by counteracting the
inhibitory effect of nucleosomes (26,27). Moreover, expres-
sion of the human breast cancer protein BRCA1 fused to the
DNA-binding domain of Gal4, which can activate transcrip-
tion in yeast, caused chromatin remodeling and stimulated
DNA replication from a modified ARSI, where the B elements
were replaced with binding sites for the fusion protein. Mutant
forms of BRCAL1 that did not stimulate replication were found
to be unable to remodel chromatin (28). However, these experi-
ments still did not clarify whether chromatin remodeling and
stimulation of replication by the transcription factor were the
consequence of the same activity that also activated transcrip-
tion or of a different activity, e.g. interaction and recruitment
of replication factors that would be specific for its function at
this origin site.

Here we show that the defined Gal4-Gall 1P interaction that
can activate transcription by recruiting the pol II complex to
DNA (23-25) can also stimulate replication from a chromosomal
ARS]1 site. We also demonstrate that stimulation of chromosomal
DNA replication could be induced by factors involved in RNA
polymerase IIT (pol III) transcription. Furthermore, we show that
activation of replication did not depend on the process of tran-
scription, but rather on the ability of DNA-binding transcrip-
tion factors to remodel chromatin. Abfl, the natural ARS/
activator, also remodeled chromatin at the ARSI/ site in a
manner that was very similar to that of the other transcription
factors capable of stimulating replication. In support of the
idea that initiation of replication can be regulated by changes in
chromatin structure, we also show that the presence of a
mutant histone H3, which has been characterized for its ability
to cause increased levels of transcription of several genes (29),
facilitated replication. Thus, we suggest that DNA-binding
transcription factors able to remodel chromatin in a manner
that is favorable to the function of an origin site are capable of
stimulating replication from that site.

MATERIALS AND METHODS

Strains and plasmids

Strains RL1 and RLS5 have been described by Hu et al. (28),
while the strains used for the experiments shown in Figure 6
have been described by Marahrens and Stillman (30). Strains
RMY200 and RMY247 used for the experiments shown in
Figure 3 have been described by Mann and Grunstein (29).
Strains YKE1 and YKE2 are derivatives of RL1 in which the
Gal4-binding sites in the modified ARS locus were replaced by
the B-SNR6 and UAS;-SNR6 cassettes by ‘pop-in and pop-out’
integration of plasmids pKES and pKE®6, respectively. pKES
was constructed by insertion of a 430 bp PCR product
containing part of the TRPI gene and an oligomer containing
a mutated B1 element of ARSI/ into a derivative of the
pARS1/-B23/G24 plasmid (17) containing the SNR6 gene
with the B block (B-SNR6) replacing the Gal4-binding site.
CEN4 was then removed by EcoRI + Pvull digestion and
religation. pKE6 was as pKES5 except that it contained the
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UAS_-SNR6 cassette. Plasmid pKE11 was used to replace the
endogenous SNR6 by the shorter SNR6-6 gene. To construct
pKE11, a 580 bp fragment containing part of the SNR6 gene
bearing two deletions of 3 bp each (SNR6-6) was amplified and
inserted into YIplac211 that had been digested with Xbal and
Sphl. Centromeric plasmids expressing GalllP or Galll
protein (pKE9 and pKE10) are derivatives of pSO32 and
pS0O23 (24), respectively. The sequence encoding Gal4(1-100)
was cloned into a yeast expression vector carrying the inducible
CUPI promoter (17). Gal4(1-94) and Gal4—CTF expression
cassettes, a kind gift of Rong Li (31), were also under the
control of the CUPI promoter. Expression of the proteins was
induced by growing yeast in the presence of 100 UM copper
sulfate.

Plasmid stability assays

Plasmid stability assays were performed as described (12). Gal4
expression was induced by growth in galactose-containing
medium.

Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis of the genomic Ncol
restriction fragment containing the ARSI locus was performed
as described before (28), except that a 2410 bp PCR product
corresponding to the 5" Ncol-EcoRV fragment of this region
was used as probe.

Primer extension assays

Primer extension assays were performed by mixing 5-10 pg
total RNA with 1 pmol ?P-labeled oligo C61G (5’-gcag-
gggaactcctgatcatctetg) specific for the SNR6 transcript. This
mix was first denatured at 95°C, incubated for hybridization at
55°C for 1.5 h, precipitated and resuspended in 10 pl of water.
The samples were then processed according to the standard
protocol included in the Omniscript Reverse Transcription Kit

(Qiagen).
Genomic chromatin analysis

Micrococcal nuclease and restriction nuclease digestion assays
were performed as described (32,33). Genomic DNA was
digested with EcoRI, resolved by gel electrophoresis and
probed with a radiolabeled 186 bp oligonucleotide sequence
corresponding to the EcoRI-Xbal fragment from the ARSI
locus. The size marker was a DNA ladder consisting of
multiples of 256 bp.

RESULTS

A single biochemical activity of a DNA-binding protein
that activates transcription also stimulates chromosomal
DNA replication

Our previous results have shown that the same, defined inter-
action between Gal4(1-100) and Gall1P, which activates tran-
scription by recruitment of the pol II transcription complex to
DNA, could also stimulate replication from a plasmid ARS/ in
yeast (22). Expression of wild-type Galll, which does not
interact with Gal4(1-100), or the combination of Gall 1P with
Gal4(1-94), which lacks an essential part of the GalllP-
interacting domain (23), did not stimulate plasmid replication
in these assays (22). To analyze whether the Gal4-GalllP
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Figure 1. Recruitment of the RNA pol IT holoenzyme component Gall 1P to DNA
stimulates replication from a chromosomal ARS/ site. (A) Two-dimensional gel
analysis of chromosomal ARS] replication intermediates generated in the RL1
yeast strain expressing Gal4(1-100) together with either Gall 1 or Gall 1P. The
schematic structure of the modified ARS/ locus located in the 4.7 kb genomic
Ncol restriction fragment is shown at the top. The indicated bubble arc is
formed by replication intermediates that initiated from ARS/, while the Y arc
is mostly generated by a replication fork that initiated at neighboring origins
(see text for more details). (B) Two-dimensional gel analysis of chromosomal
ARS] replication intermediates generated in the RL1 yeast strain expressing
Gal4(1-94) or Gal4—CTF (the Gal4 DNA-binding domain fused to the activa-
tion domain of CTF). The position of the bubble arc is indicated by an arrow.

interaction can also stimulate replication from the chromo-
somal ARS1 site, we used the yeast strain RL1 (a kind gift from
Rong Li) that carries a modified ARSI in which the B elements
are mutated and five Gal4-binding sites are inserted nearby
(28). A vector expressing the Gal4(1-100) protein was inte-
grated into the genome of RL 1. The resulting strain was further
transformed with centromeric plasmids that express either
wild-type Galll or GalllP (GalllP is dominant over the
endogenous wild-type Galll) (23). Two-dimensional gel
electrophoretic assays were performed to monitor chromo-
somal DNA replication. Two types of replication intermediates
that encompassed the ARSI origin could be distinguished:
those that initiated from ARS/ and traced a characteristic
bubble arc and those that resulted from passive replication of
this region by a replication fork that initiated at neighboring
origins and traced a so-called Y arc (Fig. 1 A). Replication from
the RL1 ARSI site was stimulated only in the presence of both
GalllP and Gal4(1-100). Indeed, neither a combination of
wild-type Galll with Gal4(1-100) nor of GalllP with
Gal4(1-94) was able to activate replication (Fig. 1A and data
not shown). Moreover, the presence of a functional
ORC-binding A element was absolutely required for initiation

of replication stimulated by the Gal4—Gall 1P interaction (data
not shown).

In control experiments, we used the same technique to
monitor DNA replication stimulated by Gal4—CTF, a fusion
protein bearing the DNA-binding domain of Gal4 fused to the
proline-rich activation domain of CTF that is known to stimulate
replication from a chromosomal ARS/ site (31). Figure 1B
shows that expression of this transcriptional activator stimu-
lated replication from the ARSI site of strain RL1, while
Gal4(1-94)p, which bears the DNA-binding domain but lacks
the activating function, was not able to stimulate replication.
Stimulation of replication by Gal4—CTF was stronger than
activation by the Gal4—Gall 1P interaction. The expression of
Gal4 derivatives used in these experiments was verified by
electrophoretic mobility shift assays and by gene activation
experiments in which both activation of a lacZ reporter gene
and growth on galactose were monitored (data not shown).

These results show that the well-defined Gal4—Gal11P inter-
action, which activates transcription by recruitment of the pol
II transcription complex to DNA and can stimulate replication
of a plasmid, can also stimulate DNA replication from a chro-
mosomal origin site.

RNA pol III transcription factors can also stimulate DNA
replication

The transcription factors that have been shown to stimulate
DNA replication all belong to the RNA pol II class of tran-
scription factors (12,17,22,28). In order to investigate whether
the ability to stimulate DNA replication is an exclusive prop-
erty of pol II transcription factors, we tested stimulation of
DNA replication by RNA pol III factors that are involved in
activation of the yeast SNR6 gene. This gene, which encodes
the U6 snRNA, is controlled by four distinct cis-regulatory
elements that bind pol III transcription factors. These
elements are the TATA sequence at position —30, a proximal
sequence called PSE at —60, two overlapping intragenic A
blocks at +21/+29 and a downstream B block at +234 bp from
the initiation site (34,35). Mutations of the B block that abolish
SNRG6 transcription in vivo have been described (35).

To test the potential for activating DNA replication by RNA
pol III transcription factors, we substituted the Gal4-binding
sites near the ARS/ locus of strain RL1 with either a SNR6 gene
cassette bearing all the natural promoter elements (B-SNR6 in
the YKELI strain), or with the UAS5-SNR6 gene cassette, in
which a Gal4-binding UAS sequence is substituted for the B
block (35) (UAS;-SNR6 in the YKE2 strain). Both gene
cassettes were inserted near the ARS/ locus so that, if active,
they would be transcribed in the opposite direction to the repli-
cation origin. Two-dimensional electrophoretic analysis of
these modified ARSI sequences showed that the presence of
both versions of the SNR6 gene near the modified ARS! caused
stimulation of DNA replication from this origin, as compared
to strain RL1, in which ARS/ is inactive in the absence of
DNA-tethered activating domains (Fig. 2A). The natural
B-SNR6 gene showed a slightly higher stimulatory activity on
DNA replication originating from the modified ARS/ than the
UASg-SNR6 gene, as quantitated by comparative ImageQuaNT
analysis of bubble arc signals with Y arc signals (Fig. 2A).

The UAS-SNRG6 gene is expected to be silent (35), while the
B-SNR6 gene should be transcribed by RNA pol III. In such a
case, one would conclude that stimulation of replication in
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Figure 2. DNA sequences that recruit RNA pol III transcription factors can also stimulate replication from a chromosomal ARS/ site. (A) Two-dimensional gel
analysis of chromosomal ARS/ replication intermediates generated in the following yeast strains: (1) RL1 expressing Gal4(1-94); (2) YKEL, a derivative of RL1
in which the Gal4-binding sites near ARS/ have been replaced by the pol III B-SNR6 gene cassette; (3) YKE2, which contains the UAS ;-SNR6 cassette. The ARS!
regions of these strains (1—3) are schematically drawn to scale. The bubble arc is indicated by an arrow and is formed by replication intermediates that initiated from ARS/.
(B) Primer extension analysis of the B-SNR6 and UAS;-SNR6 gene products reveals that stimulation of replication by these pol III gene cassettes is not dependent
on the transcription process. The endogenous wild-type SNR6 gene of both the YKE1 and YKE?2 strains was replaced by a 6 bp shorter SNR6 sequence (SNR6-6)
to allow the detection of transcripts specifically synthesized from the pol III gene cassettes near the ARS/ locus. Primer extension analysis of the RL1 endogenous
SNR6 gene products served as a positive control for expression and size of the full-length U6 RNA.

these assays would not depend on the transcription process per
se. To test this possibility, we used the primer extension tech-
nique to monitor transcription levels from the B-SNR6 and the
UAS-SNR6 gene cassettes of strains YKE1 and YKE2,
respectively. To distinguish between transcripts synthesized
from the SNR6 locus and those from the B-SNR6 and the
UASG-SNR6 gene cassettes near the ARSI locus, we substi-
tuted the SNR6 gene at the original locus with a 6 bp shorter,
yet fully functional, version of the SNR6 gene (SNR6-6 gene;
M.Petrascheck and A.Barberis, unpublished results). Figure 2B
shows that the B-SNR6 gene next to the modified ARSI was
actively transcribed, whereas no transcript from the UAS5-SNR6
gene could be detected. The shorter SNR6-6 gene was present
and transcribed in both strains YKE1 and YKE2. Strain RL1
served as a positive control in these assays to assess the expres-
sion of full-length U6 snRNA.

These results show for the first time that the ability to stimu-
late replication from ARS! is not restricted to pol II transcrip-
tion factors, but is also a property shared by RNA pol III
factors. Moreover, the act of transcription by RNA pol III
appears to be unnecessary for stimulation of DNA replication
in our assays.

N-terminal mutations of histone H3 facilitate replication
and reduce the dependence on transcription factor(s) for
efficient initiation

Since DNA replication from the ARS/ origin can be stimulated
by transcription factors involved in either RNA pol II or pol III
transcription, it is reasonable to postulate the existence of a
mechanism for activating replication that must be common to
these different classes of transcription factors. Such a common
mechanism might be chromatin remodeling, which could
create a chromatin structure that favors initiation of the replica-
tion process. Based on this idea, we tested the possibility that a
histone H3 mutant, which has been characterized for its ability
to cause an increased level of transcription of several pol II and
pol III genes, might increase the initiation rate from a replica-
tion origin site. This mutant H3 protein bears the amino acid
substitutions K9G, K14G and K18G that knock out acetylation
sites within its N-terminus. It has been suggested that this
increased expression of pol IT and pol III genes in the presence
of the H3 mutant is due to a chromatin structure that is less
constrained and perhaps more accessible to the transcriptional
machinery (29,36). It is therefore possible that this mutant H3
protein might increase the efficiency of replication initiation
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Figure 3. Histone H3 N-terminal mutations reduce the dependence on Gal4 for
DNA replication from a ARSI plasmid. Yeast cells containing the wild-type or
mutant H3 were transformed with a centromeric plasmid bearing the modified
ARSI sequence shown in the diagram at the top. Cells were either grown on
galactose to induce the activating function of Gal4 (+) or on glucose to repress
Gal4 (). Stability of the test plasmid, which reflects the efficiency of replica-
tion, is expressed as the percentage of yeast cells that still retained the plasmid
after non-selective growth for 14 generations. The results are an average of
three independent experiments.

by inducing a chromatin structure that is more accessible to the
replication machinery.

DNA replication in yeast strains carrying either mutant or
wild-type H3 was monitored by plasmid stability assay. For
these experiments, we used a centromeric plasmid bearing a
modified ARSI sequence in which a Gal4-binding site had
been inserted next to a mutated B3 element, which no longer
binds the transcription factor Abfl. Replication efficiency of
this plasmid was reflected in the percentage of yeast cells that
still retained the plasmid after 14 generations of non-selective
growth (12). Figure 3 shows that, as expected, Gal4 stimulated
the replication efficiency of the reporter plasmid in the wild-
type H3 strain, as indicated by increased plasmid stability in
the presence of this transcription factor. In the mutant H3
strain, plasmid stability was higher than in the wild-type H3
strain in the absence of Gal4. This transcription factor further
stimulated replication in the mutant H3 strain, but the overall
stimulation was significantly lower than in the wild-type
strain. Thus, the presence of the mutant H3 facilitated replica-
tion and partially overcame the requirement for the Gal4 tran-
scription factor for more efficient replication of the reporter
plasmid.

Activation of DNA replication by pol II and pol III
transcription factors correlates with their ability to
remodel chromatin

The preceding results are consistent with the idea that the
primary role of transcription factors in stimulating replication
is to remodel chromatin so as to create a structure that favors
function of the replication machinery in initiating DNA repli-
cation at an origin site. To assess whether activation of replica-
tion from ARSI by all the different transcription factors tested
in this work correlates with chromatin remodeling at this site, we
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Figure 4. Activation of replication induces a specific alteration of the chroma-
tin structure at the chromosomal ARST replication origin. Indirect end-labeling
was used to analyze the micrococcal nuclease digestion pattern around the
ARSI region. Two different concentrations of micrococcal nuclease were used
(open triangles). The radioactive probe is indicated by a vertical bar (left). The
approximate positions of the Gal4-binding sites and the four elements of ARS/
are indicated at left. The cutting sites in chromatin were compared to those in
deproteinized DNA (naked) from the RL1 strain. The arrows (a—c) indicate the
bands whose intensity was most significantly affected by the stimulatory tran-
scription factors Gal4—CTF and Gal4(1-100) + Gall1P.

examined chromatin structures by micrococcal and restriction
nuclease assay. Figure 4 shows that expression of Gal4-CTF,
which is able to stimulate DNA replication, caused prominent
changes in the micrococcal nuclease digestion pattern at the
replication origin (lanes 5 and 6) relative to the pattern
observed in the presence of Gal4(1-94) (lanes 3 and 4), which
binds DNA but is unable to stimulate replication. The same
types of changes in digestion pattern were also caused by
expression of Gal4(1-100) together with the interacting
GalllP (lanes 9 and 10), which activates replication, as
compared to expression of the same DNA-binding protein in
the presence of the non-interacting wild-type Galll (lanes 7
and 8). In particular, a replication stimulatory function added
to otherwise silent DNA-binding Gal4 derivatives enhanced
the sensitivity of the ARS/ chromatin to micrococcal nuclease
at two sites (indicated by arrows a and b), while maintaining
the sensitivity of another site (indicated by arrow c).

To better quantitate and map the changes in chromatin struc-
tures within and near the ARS/ site, we measured relative DNA
accessibility by restriction nuclease assay. We first assessed
chromatin accessibility in a RLI1-derived yeast strain
expressing Gal4(1-100) together with either wild-type Galll
or Gall 1P, which interacts with Gal4(1-100) and stimulates repli-
cation from the modified ARSI (see above). The accessibility of
most restriction sites present within and near the RL1 ARS/
locus was strongly enhanced by the presence of the replication-
stimulating Gal4(1-100) + GalllP pair, as compared to the
degree of accessibility in the presence of the silent Gal4(1-100) +
Galll pair (Fig. 5SA). The most prominent changes in restriction
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Figure 5. Activators of the ARS/ function cause increased DNA accessibility to restriction nucleases over the chromosomal chromatin region of the replication
origin. (A) Different restriction nuclease enzymes were used to analyze the accessibility of sites at and around ARS/. Strains, restriction nuclease sites and the
radioactive probe used are depicted at the top (drawn to scale). The asterisk marks the fragment obtained by complete EcoRI digestion and the arrows point to
fragments obtained by analytical restriction nuclease digestion (the stronger the band, the more accessible the site). Nuclease restriction sites, in particular those
localized over the B1-B2 region (PstI, Stul, ApaLl and Xhol), are more accessible in the RL1 strain expressing the activating Gal4p(1—100) + Gall1P pair than in
the RL1 strain expressing the non-activating Gal4p(1-100) + Galll pair. (B) Restriction sites localized over the B1—B2 region are more accessible in the presence
of Gal4(1-94)-CTF than in the presence of Gal4(1-94)p. The asterisk marks the fragment obtained by complete EcoRI digestion and the arrow points to fragments
obtained by analytical restriction nuclease digestion. (C) The accessibility of restriction nuclease sites at the ARS/ locus of strains YKE1 and YKE?2 is compared
to the accessibility of the same sites in strain RL1 expressing non-activating Gal4(1—94). In both strain YKE1 and YKE2 chromatin is remodeled, although some-
what more efficiently in strain YKE1, which correlates with the slightly higher efficiency of replication stimulation in YKEI. The asterisk marks the fragment
obtained by complete EcoRI digestion and the arrows point to fragments obtained by analytical restriction nuclease digestion. Fragment sizes vary between strains
RL1, YKEI and YKE2 because of the different inserts flanking the B3 element. (D) Chromatin remodeling is not a consequence of replication. Accessibility of
the restriction sites in the (—A-B1-B2-B3) ARS! of strain RLS5 expressing Gal4(1—94) was compared to the accessibility of sites in the same strain expressing the
activating Gal4—CTF fusion protein.

nuclease sensitivity were present in the region of the ARSI
sequence in which the micrococcal nuclease hypersensitive sites
were localized (compare Fig. 4 with 5A). The accessibility of
the region surrounding the Gal4-binding sites seemed to be
constitutive and was relatively high, while that of the A

element region appeared to be constitutively very low, as
expected for the continuous presence of the ORC protecting
this region from nucleases (37). Quantitation of the levels of
restriction site accessibility by scanning densitometry analysis
gave the following results (increased accessibility in the presence
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of Gall1P versus Gall1): Nhel, 6-fold increase; BgllI, undetect-
able; Pstl upper band, 52-fold; PsfI lower band, unchanged;
Stul, 5-fold; ApaLll, 10-fold, Xhol, 28-fold; Mscl, 18-fold;
BamHI, 1.7-fold; Xbal, 1.9-fold.

We also measured chromatin accessibility to restriction
nucleases in strains in which replication from the ARSI site
was activated by either Gal4—CTF (Fig. 5B) or by RNA pol III
transcription factors (Fig. 5C). Both types of transcription
factors changed the accessibility of chromatin to restriction
nucleases in a similar manner (compare Fig. 5B and C). The
pattern of changes caused by Gal4—CTF and by RNA pol III
transcription factors was also similar to that caused by the
Gal4(1-100) + Gall 1P pair (Fig. SA-C and data not shown).
Moreover, the relative accessibility of these sites to restriction
nucleases (Fig. 5) roughly correlated with the extent of stimu-
lation of replication brought about by the various transcription
factors (see Figs 1 and 2). These results show that different
types of pol II activators and pol III transcription factors that
can stimulate replication from a nearby origin also cause a
similar pattern of changes in the chromatin structure at the
replication origin site.

It has been shown that chromatin remodeling by a Gal4-
BRCAL1 hybrid also occurs at a mutated ARS! site that no
longer sustains initiation of replication (28). For these experi-
ments, the authors constructed the yeast strain RLS, a deriva-
tive of RL1 containing a point mutation in the ARS/ A element
that completely abolishes replication initiation (17,30,38), yet
does not affect chromatin remodeling caused by the presence
of Gal4-BRCA1 (28). These results led the authors to
conclude that chromatin remodeling is likely to be a cause,
rather than an effect, of activated replication (28). We used the
restriction nuclease assay to quantitate changes in chromatin
structures caused by transcription factors in the absence of
replication from the RL5 ARSI, which was confirmed (data not
shown). Figure 5D shows that Gal4—CTF, but not Gal4(1-94),
was able to enhance accessibility of chromatin even in the
absence of replication initiation. These results confirm that the
observed chromatin remodeling is not a consequence of DNA
replication and support the idea that chromatin remodeling is
the mechanism for activating replication that is common to all
the different transcription factors tested so far.

Abf1 binding to the ARSI B3 element causes chromatin
changes that are very similar to those caused by other
transcription factors

The analysis of chromatin remodeling and stimulation of DNA
replication presented so far has been limited to pol II and pol
IIT transcription factors that are not natural activators of the
replication origins under study. It is therefore very important to
analyze the effect on chromatin structures of a natural activator
of origin function, such as the transcription factor Abf1. It has
been shown that an ARS/ locus bearing a mutated B3 element
unable to bind Abfl displays a different chromatin structure
from ARSI sequences harboring an intact B3 element
(28,39,40). We wanted to test the hypothesis that Abfl may
cause changes in chromatin structure at the modified ARS/ site
that are similar to those caused by the pol II and pol III tran-
scription factors analyzed previously. To this end, we analyzed
chromatin accessibility to nucleases at the ARSI locus of
strains containing wild-type B elements (ARS] wt) or mutated
B1 and B2 elements, such as those present in strain RL1, in
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Figure 6. Abf1 remodels chromatin at the native ARS/ locus and causes struc-
tural changes that are very similar to those caused by the other transcription
factors. (A) Indirect end-labeling was used to analyze the micrococcal
nuclease digestion pattern around the ARSI region. Two different concentra-
tions of micrococcal nuclease were used (open triangles). The radioactive
probe is indicated by a vertical bar (left). The approximate positions of the four
elements of ARS/ are indicated at left. The cutting sites in chromatin were
compared to those in deproteinized DNA (naked) from the ARS/-1-2-3 strain.
The arrows (a—c) indicate the bands whose intensity was most significantly
affected by the presence of a functional (Abf1-binding) B3 element (ARS/-1-2 and
ARSI wt). (B) Different restriction nuclease enzymes were used to analyze the
accessibility of sites around ARSI (not drawn to scale). The asterisk marks the
fragment obtained by complete EcoRI digestion and the arrows point to frag-
ments obtained by analytical restriction nuclease digestion.

addition to either a mutated B3 element (ARSI-1-2-3) or a
wild-type B3 element that can bind Abfl (ARSI-1-2). DNA
replication cannot efficiently initiate from ARS7-1-2-3, while it
is stimulated by Abfl from ARSI-1-2 (30). Figure 6A shows
that the presence of the Abfl-binding element B3 in both the
ARSI wt and ARSI-1-2 sequences enhanced sensitivity to



micrococcal nuclease in a region of the origin sequence that was
much less sensitive in the absence of this element (ARS7-1-2-3).
The enhanced sensitivity caused by the presence of the B3
element was qualitatively and quantitatively similar between
ARSI wt and ARSI-1-2. Most importantly, the micrococcal
nuclease digestion pattern caused by the Abf1-binding element
B3 strongly resembled the digestion pattern of the RL1 ARSI
site in the presence of the replication-stimulating factors
Gal4-CTF and Gal4(1-100) + Gall1P (compare bands a—c of
Fig. 6A to those shown in Fig. 4). Therefore, efficient DNA
replication from this ARS/ site requires chromatin remodeling
so as to create a structure that is specifically favorable to the
assembly of a functional replication machinery. Bands a and b
shown in both Figures 4 and 6A are diagnostic for such a
replication-favorable chromatin structure at this region around
the B1 and B2 elements of the ARS/ origin.

Restriction nuclease analysis of ARS/-1-2-3 and ARSI-1-2
(Fig. 6B) confirmed that Abfl binding to the B3 element
enhanced DNA accessibility to a degree that strongly resem-
bled that observed with the RL1 ARS/ site in the presence of
replication-stimulating pol II and pol III transcription factors
(compare Fig. 6B with 5). Indeed, the region between the B1
and B2 elements was much more accessible to the restriction
nucleases ApaL.l and Stul in the presence of the B3 element
than in its absence. A very similar result was obtained with the
pol II and pol III transcription factors, as shown in Figure 5.
Since the pattern of chromatin remodeling caused by a natural
activator of ARSI and that caused by the pol II and pol III
ARSI activators tested here are very similar, we conclude that
remodeling of chromatin at a specific region of ARS/ is the
most likely mechanism by which the endogenous factor Abf1
stimulates replication from ARS!.

Figure 6B also shows the contribution of the individual B
elements and of combinations of them to the chromatin struc-
ture of this region of the ARSI origin. Compared to wild-type
ARSI, mutation of the B2 element alone did not change DNA
accessibility to ApaLl and Stul. In contrast, mutations of either
the B1 or the B3 element partially reduced such accessibility.
The combination of mutated B1 and B3 elements caused a
marked protection of this ARSI region against these restriction
nucleases. Thus, in addition to the Abfl-binding B3 element,
the B1 element also plays a role in determining the chromatin
structure of this region of ARSI. This is consistent with the
function of B1 in providing a binding site for ORC in addition
to that provided by the essential A element (13,14), and it is
also consistent with a recent report that the ORC has the ability
to position nucleosomes (41).

DISCUSSION

The results of our analysis of the factors that can regulate DNA
replication show that the function of the endogenous tran-
scription factor Abfl in stimulating DNA replication from the
chromosomal ARS! origin can be replaced by a specific
and unique interaction between a DNA-binding protein
[Gal4(1-100)] and a component of the pol II holoenzyme
(Gall1P). This particular interaction is known to activate gene
transcription from a promoter by recruiting the holoenzyme to
DNA (23-25,42). Similarly, the stimulatory function of Abfl
can be replaced by DNA sequences (SNR6 gene cassettes) that
tether pol III transcription factors near the ARS! origin site. In
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this case, we also show that transcription is not required for
stimulation of DNA replication (see Figs 1 and 2). This set of
results indicates that: (i) DNA-binding proteins can use the same
biochemical activity that activates transcription from a gene
promoter to stimulate DNA replication from the chromosomal
ARSI sequence bearing its recognition site; (ii) the ability to
stimulate replication from this origin is not a prerogative of pol
II transcription factors and does not require the process of tran-
scription. To our knowledge, this is the first report indicating
that pol III transcription factors binding near an origin site can
stimulate DNA replication. As yet, no replication origin has
been characterized in yeast or in metazoans that is functionally
linked to a nearby pol III gene. However, a database search indi-
cated that some S.cerevisiae ARS elements are located close to
RNA pol IIT genes. The yeast ribosomal ARS elements are also
located near 5S genes transcribed by RNA pol III (43) and might
therefore be among candidates of interest for investigating the
potential effects of pol III genes on the stimulation of replica-
tion.

We have tested the hypothesis that chromatin remodeling
might be a mechanism for stimulating DNA replication that is
common to all the different transcription factors analyzed thus
far. The idea is that various transcription factors use their
ability to remodel chromatin, which might be inherent in their
function of activating transcription, to create a chromatin struc-
ture that is favorable to the process of replication initiation.
Several published results provide support for this idea. For
example, many activators of pol II genes have been shown to
cause chromatin remodeling (44). In the specific case of
activation by the Gal4—Gall1P interaction, it has been shown
that recruitment of the RNA pol II holoenzyme by this inter-
action can reposition nucleosomes at a promoter, even in the
absence of transcription (45). Similarly, recruitment of the
RNA pol III complex to the SNR6 gene is known to cause
chromatin remodeling (36). Therefore, chromatin remodeling
as a general mechanism provides the simplest explanation for
how such a variety of activators, as well as the recruitment of
the pol II and pol III transcription complexes, can all activate
the same process. Our results show that, indeed, the transcrip-
tion factors capable of stimulating replication in our experi-
ments, including the natural activator Abfl that binds the B3
element, are all also capable of remodeling chromatin at the
ARS] origin site. Most importantly, the pattern of micrococcal
and restriction nuclease digestion at the replication origin is
very similar for all tested transcription factors, thus revealing
the presence of a chromatin structure that is common to ARS/
origin sites activated by different transcription factors. There-
fore, the results of our chromatin analysis by micrococcal and
restriction nuclease assays provide evidence in support of
chromatin remodeling as the relevant mechanism for stimula-
tion of replication by transcription factors.

One additional line of evidence in support of the chromatin
remodeling hypothesis is provided by the results showing that
the presence of a histone H3 mutant in yeast facilitates replica-
tion and reduces the dependence of a plasmid ARS/ on a tran-
scription factor for efficient replication (see Fig. 3). This
particular H3 mutant, which bears the acetylation site substitu-
tions K9G, K14G and K18G within the N-terminus, has been
characterized for its ability to cause increased levels of tran-
scription of several pol II genes, including Gal4-regulated
genes (29), as well as to enhance transcription of mutated
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SNR6 genes (36). Such an increased expression level of pol II
as well as pol III genes in the presence of this H3 mutant has
been interpreted as the consequence of a perturbed or more
relaxed structure of nucleosomes containing this mutant
histone, which could generally facilitate assembly of transcrip-
tion complexes on the DNA and subsequent transcription
(29,36). In our assays, this H3 mutant might promote a relaxed,
more accessible chromatin structure and thus stimulate replica-
tion. An alternative explanation might be suggested by the
reported interaction between Mcm?2 and histone H3 (46): struc-
tural changes in H3, which might be caused by the amino acid
substitutions described above, could enhance binding of Mcm2
to this histone protein and promote recruitment of other Mcm
proteins to the replication origin. However, the fact that these
mutations in H3 cause stimulation of both transcription and
replication makes it unlikely that they have such a general
effect by changing the interactions with factors that are
specific for the replication process.

The experiments presented in this paper do not address the
question of the identity of the activities that actually remodel
chromatin. Clearly, DNA binding per se is not sufficient to
remodel chromatin to create a structure that is favorable to the
initiation of replication. This conclusion, which has already
been drawn by other authors (28), is particularly evident in the
case of stimulation of replication by the Gal4(1-100)-Gall 1P
interaction. In this case, in the presence of non-interacting
wild-type Galll, the same DNA-binding protein Gal4(1-100)
is unable to induce a chromatin structure that allows, or stimu-
lates, efficient initiation of replication. The following possibil-
ities for the chromatin remodeling function of transcription
factors can be imagined. Chromatin remodeling might be a
consequence of some of the activities of the recruited pol II and
pol III transcription complexes. Our results show, however,
that transcription is not required for stimulation of replication,
thus suggesting that the polymerase activity itself is not
involved in the process. Alternatively, chromatin remodeling
might be carried out by machineries specialized for the disrup-
tion or repositioning of nucleosomes. While it is not yet known
whether chromatin remodeling machineries associate with pol
III transcription factors in yeast, the human TFIIIC complex
has been shown to contain a histone acetyltransferase activity
(47). In contrast to the small amount of information regarding
pol Il-associated remodeling machineries, a large body of
evidence has established that several specialized machineries
work with pol II transcription factors to remodel chromatin.
For example, the chromatin remodeling Swi—Snf complex can
be directly contacted by sequence-specific pol II transcription
factors and can also be indirectly recruited through its associa-
tion with the pol II holoenzyme (48,49). Similarly, various
histone acetylase activities that can modify the structure of
chromatin have been shown to be direct targets of transcription
factors and also to be associated with the pol II transcription
complex that is recruited to DNA (50-52). Thus, these data
suggest how sequence-specific pol II transcription factors that
either directly contact chromatin remodeling machineries or
bind the pol II transcription complex, as is clearly the case for
the Gal4(1-100)—Gall1P interaction, can cause changes in the
nearby chromatin structure. In support of the involvement of
specialized chromatin remodeling machineries in stimulating
DNA replication, recent results of plasmid stability assays
have suggested that the Swi/Snf complex can play a role not

only in transcription but also in replication (53). Nevertheless,
it is known that chromatin can be remodeled by other activities in
addition to Swi/Snf and histone acetylases (54,55). Considering
the results showing that replication can be stimulated by a
variety of pol IT and pol III transcription factors, it is also likely
that several of these activities can influence the chromatin
architecture at replication origins so as to create a structure that
is favorable to the assembly of an active replication complex.

The idea that chromatin structures are very important
components of the regulatory process of DNA replication has
already been suggested by several studies, which have corre-
lated the presence of nucleosomes over an origin with a loss of
origin function (39,40,56). In particular, it has been shown that
forcing a nucleosome over the A and Bl elements of ARSI
eliminates initiation (56). Furthermore, in support of the rele-
vance of chromatin structure in the regulation of replication
initiation, recent results show that the ORC, which binds the A
and B1 elements, is necessary to maintain the nucleosomal
configuration adjacent to ARS/ (41). It has also been suggested
that the nucleosome positioned by the ORC proximal to the
origin is not only kept from invading the origin sequence, but
might even play a positive role in stimulating initiation of
replication. Our restriction nuclease analysis of ARSI shows
that the B1 element is also required to maintain an open
(accessible) chromatin structure over the ARSI regulatory
elements. It is therefore possible that the ORC remodels chro-
matin on both sides of its recognition sequence, thereby posi-
tioning a positively acting nucleosome adjacent to the A
element of the origin and interfering with formation of an
inhibitory structure over the origin regulatory sequences. In
this scenario, the transcription factor Abfl, as well as the other
pol IT and pol III transcription factors tested in this work, could
work together with the ORC to maintain an open chromatin
structure over the origin sequence that is readily accessible to
additional replication factors.

Analysis of the mechanisms by which transcription factors
can modulate the efficiency of origin function is very impor-
tant for an understanding of regulation of replication not only
in the yeast S.cerevisiae, where most characterized replication
origins carry binding sites for known transcription factors such
as Abfl and Rapl, but also in other organisms. Indeed, it has
recently been shown that many replication origins in
Schizosaccharomyces pombe (6) and in mammals (1) are
located in close proximity to gene promoters and/or enhancers.
It is plausible that while replication origins in S.cerevisiae have
evolved to carry their own regulatory transcription factor-
binding sites, S.pombe and mammalian replication origins
have been selected for their localization near enhancer/
promoter sequences; these may represent two strategies to
achieve the same goal, i.e. regulated and efficient initiation of
replication through an interplay between transcription factors,
chromatin and the DNA replication machinery.
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