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Transcriptional activators function in vivo via binding sites that may be packaged into chromatin. Here we
show that whereas the transcriptional activator GAL4 is strongly able to perturb chromatin structure via a
nucleosomal binding site in yeast, GCN4 does so poorly. Correspondingly, GCN4 requires assistance from an
accessory protein, RAP1, for activation of the HIS4 promoter, whereas GAL4 does not. The requirement for
RAP1 for GCN4-mediated HIS4 activation is dictated by the DNA-binding domain of GCN4 and not the
activation domain, suggesting that RAP1 assists GCN4 in gaining access to its binding site. Consistent with
this, overexpression of GCN4 partially alleviates the requirement for RAP1, whereas HIS4 activation via a weak
GAL4 binding site requires RAP1. RAP1 is extremely effective at interfering with positioning of a nucleosome
containing its binding site, consistent with a role in opening chromatin at the HIS4 promoter. Furthermore,
increasing the spacing between binding sites for RAP1 and GCN4 by 5 or 10 bp does not impair HIS4
activation, indicating that cooperative protein-protein interactions are not involved in transcriptional facili-
tation by RAP1. We conclude that an important role of RAP1 is to assist activator binding by opening
chromatin.

Eukaryotic transcriptional activators function in part by
overcoming repressive effects of chromatin (14, 40). First, how-
ever, the activators must bind to sites in chromatin. In vitro,
nucleosomes can impede access of transcriptional activators
such as heat shock factor and GAL4 to DNA (56, 63). Acti-
vation domains can contribute to activator binding to chroma-
tin in vivo, either by cooperative interactions with general
transcription factors or by recruiting chromatin remodeling
activities which alter chromatin structure to enhance binding
(6, 29, 34, 51, 54, 55, 59). However, these interactions do not
completely alleviate the repressive effects of chromatin on ac-
tivator binding, as diminished activator binding is seen in vivo
at positions near the center of a positioned nucleosome rela-
tive to outside or near the edge of a positioned nucleosome
(62, 69). Activator binding to nucleosomal sites in vitro can be
aided by cooperative effects in which nucleosome perturbation
by one activator facilitates binding of a second (1, 42), and this
may also occur in vivo (60, 62). In spite of these advances,
however, the rules and mechanisms governing access of tran-
scriptional activators to chromatin in vivo remain to be estab-
lished.

In this work, we compare the abilities of and the require-
ments for two transcriptional activators from the yeast Saccha-
romyces cerevisiae, GAL4 and GCN4, to interact with chroma-
tin in vivo. GCN4, the proximal positive regulator in general
amino acid control, coordinately activates at least 40 different
genes upon amino acid starvation (53). These genes encode the
enzymes needed for a variety of amino acid biosynthetic path-
ways. One of these, the HIS4 gene, is regulated by two inde-
pendent systems, general control and basal control. Basal con-
trol is regulated by the BAS1 and BAS2 transcription factors

under conditions of phosphate or adenine limitation. General
control is regulated by GCN4 upon amino acid starvation. At
the HIS4 promoter, a RAP1 binding site which overlaps a
high-affinity GCN4 binding site is required for both BAS1/
BAS2 and GCN4-dependent transcription of the HIS4 gene,
although RAP1 alone cannot activate transcription of the HIS4
gene (11). Consequently, it has been suggested that RAP1
functions to increase accessibility of GCN4 and BAS1/BAS2
binding sites in HIS4 chromatin. Consistent with this idea,
RAP1 competes with GCN4 in vitro for binding to a DNA
fragment containing the RAP1 site and the partially overlap-
ping GCN4 site from the HIS4 promoter, and increased
amounts of GCN4 can displace RAP1 from the same DNA (3).
Furthermore, mutation of the RAP1 binding site in the HIS4
promoter causes reduced micrococcal nuclease sensitivity of
the HIS4 promoter region containing both the GCN4 binding
site and BAS1/BAS2 binding sites in chromatin made from
yeast cells (11).

Interestingly, GCN4 can activate transcription from promot-
ers of other target genes independently of RAP1. A poly(dA-
dT) tract is required for GCN4-dependent transcription of
HIS3. Because of the rigid structure of poly(dA-dT), it was
suggested that its function is to prevent nucleosomes from
occluding the GCN4 binding site (26). Thus, it is possible that
GCN4-mediated transactivation of target genes may require
either intrinsic DNA structure or other trans-acting factors to
overcome repression by chromatin. It is not clear at present
whether GCN4 is unusual in this regard, since direct compar-
ison with other activators, such as GAL4, has not been made.
In this work, we have performed direct comparisons between
different activators, principally GCN4 and GAL4, to examine
their abilities to perturb a nucleosome containing their cognate
binding sites and also to compare their abilities to activate
HIS4 transcription in the presence and absence of a RAP1
binding site. Our results indicate that different activators do
indeed vary in their abilities to perturb chromatin and that this
ability correlates with the ability to activate HIS4 indepen-
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dently of RAP1. Furthermore, these differences are attribut-
able to differences in binding affinity and not to properties of
the activation domain.

MATERIALS AND METHODS

Plasmids. To create the yeast plasmid TAGCN1D80, the consensus GCN4
binding site 59-ATG-ACT-CAT-39 was inserted into pRS104-17D80 (34) to re-
place the GAL4 binding site by two-step PCR (22) with primers A and B (Table
1) and verified by DNA sequencing. Yeast DNA sequence was excised by SacI
and HindIII and ligated with the complementary SacI-HindIII fragment of
pRS110 (35) and then transformed into yeast (23). Transformants were verified
by Southern analysis. The yeast plasmid TAR/GCN1D80, which contains a wild-
type RAP1 binding site adjacent to the GCN4 binding site, was created in the
same way with primers C and D (Table 1). This RAP1 site is the same as that in
the wild-type HIS4 promoter. Similarly, TARmut/GCN1D80, created with prim-
ers E and F (Table 1), contains a mutated RAP1 binding site adjacent to the
GCN4 binding site. A HindIII site was created in TARmut/GCN1D80, so the
SacI-HindIII fragment used for further ligation of the yeast plasmid was gener-
ated by partial digestion. The yeast plasmid TA17D80 was created as previously
described (34) and introduced into yeast along with pRS426GAL4, a multicopy
plasmid bearing the GAL4 gene (45).

Plasmid pAB71 (5) (a gift of Alex Bortvin), which expresses the GCN4 gene
from the DED1 promoter, was constructed by subcloning the SmaI-EcoRI frag-
ment containing the GCN4 gene driven by the DED1 promoter from YCp88-
GCN4 (24) into the CEN-containing, LEU2-marked plasmid YCplac111 (18).
GAL4 was expressed either from the endogenous GAL4 gene (see Fig. 4) or
from pCL1 (15), which expresses GAL4 from the ADH1 promoter (see Fig. 2).
Bicoid protein was expressed from a GAL-inducible promoter with plasmid
pDB1.2 (7) (a gift of David Burz). GAL4-GCN4 (the first 147 amino acids of
GAL4 fused to all of GCN4 except for the amino-terminal 53 amino acids) was
expressed from the DED1 promoter with plasmid pLY236, a CEN-containing
plasmid with a LEU2 marker. This plasmid was created in three steps. First, the
HpaI-XbaI fragment of pMA235 (2) was cloned into p416/GAL4, which contains
the GAL4 gene fused to the ADH1 promoter in vector pRS416 (9, 52). The
XbaI-PstI fragment of this new clone was then subcloned into pAB71 to construct
pLY235. Plasmid pLY235 is a CEN-containing plasmid with a LEU2 marker and
expresses the GAL4-GCN4 fusion protein from the ADH1 promoter. A
PstI-HindIII fragment from pLY235 was cloned into pAB71 to construct
pLY236.

The GAL1pr-GCN4 plasmid, which expresses GCN4 from the GAL1 pro-
moter, was constructed as a multicopy plasmid containing the LEU2 gene. The
GCN4 coding sequence was amplified from genomic DNA with primers G and H
(Table 1). Restriction sites for EcoRI and XhoI were introduced for further
cloning. The PCR product was digested with EcoRI and XhoI, and the fragment
was then introduced into pLY5C1. pLY5C1 was created by cloning the BamHI-
KpnI fragment of pBC103 (10) containing the LEU2 gene into the multicopy
plasmid phRF4-40 (16), which contains a GAL1 promoter and an ADH1 termi-
nator.

Plasmids that contain the modified HIS4 promoter with a wild-type RAP1
binding site combined with either a GAL4 or Bicoid binding site were derivatives
of pCB576 (11) (kindly provided by Kim Arndt). Plasmids that contain the HIS4
promoter with a mutated RAP1 binding site combined with either a GAL4 or
Bicoid binding site were derivatives of pCB599 (11). The primers used to intro-
duce a 17-bp weak or strong GAL4 binding site are shown in Table 1 (primers R
to W). The EcoRI-PstI fragments of the PCR products were inserted into either
pCB576 or pCB599 to replace the wild-type HIS4 promoter fragment. For
introduction of four Bicoid sites, an XhoI restriction site was introduced into the
HIS4 promoter fragment by PCR with primers O and P (in conjunction with the
wild-type RAP1 binding site) or O and Q (in conjunction with the mutated RAP1
binding site) (Table 1), and the two phosphokinase-treated oligonucleotides
containing four strong Bicoid sites (Table 1) were then inserted into the frag-
ment. This fragment was cut with EcoRI and PstI and then cloned into pCB576
or pCB599. Introduction of the 5- and 10-bp insertions between the GCN4 and
RAP1 sites was accomplished by PCR with primers shown in Table 1 (primers I
to N) and either pCB599 or pCB576 as a template. The PCR products were
cloned into pCB576 and verified by sequencing.

Strains and media. The S. cerevisiae strains used in this study are derivatives
of either FY24 or AY883 and are listed in Table 2. Yeast cells were grown at
30°C in complete synthetic dropout medium (Bio 101) containing 2% glucose,
1.5% raffinose, or 2% galactose. Cell transformations were performed by a
standard lithium acetate method (23). To induce endogenous GCN4, 3-amin-
otriazole (3-AT) was added to a 10 mM final concentration from a freshly made
1 M solution to early log-phase cells and cells grown for 2.5 h.

The gcn4D strain LYY50 was constructed from FY24 by two-step gene dis-
ruption with the insertion plasmid YIp56-SC3674 (26) (generously provided by
Kevin Struhl). GCN4 gene disruption was confirmed by Southern analysis.

For construction of strains containing modified genomic HIS4 promoters,
plasmids containing either the wild-type HIS4 promoter or a modified HIS4
promoter were constructed from pCB576 and pCB599 as described above and
verified by DNA sequencing. The XhoI-SpeI fragments of the corresponding

plasmids were transformed into AY883 cells, in which the URA3 gene has been
placed upstream in the HIS4 promoter. Transformed cells were divided into
separate culture tubes (to ensure eventual isolation of independent clones),
grown in liquid yeast extract-peptone-dextrose (YEPD) medium overnight at
30°C, and plated on 5-fluoroorotic acid (5-FOA) plates. 5-FOA-resistant cells
were patched onto YEPD plates. PCR products from yeast genomic DNA were
amplified with HIS4 promoter-specific primers, used to identify the desired HIS4
substitution by size, and confirmed by sequencing. The above procedure pro-
duced an isogeneic set of yeast strains that differ only at the chromosomal HIS4
locus. LEU2-marked expression vectors for Bicoid, GCN4, GAL4, or GAL4-
GCN4 were introduced into the corresponding strains.

Analysis of chromatin structure. Chromatin was prepared from yeast nuclei
(47) or spheroplast lysates (28) and analyzed by the indirect end label technique
(37, 68), as described previously (51).

RESULTS

Nucleosome perturbation elicited by GCN4 via a nucleoso-
mal binding site is weaker than that elicited by GAL4 at a
similar site. Previous work has suggested that binding of the
transcriptional activator GCN4 to promoter sites in yeast is
sometimes assisted by accessory proteins or DNA structural
elements that open chromatin structure (11, 26). In contrast,
GAL4 can bind to nucleosomal sites in yeast, with concomitant
perturbation of nucleosome positioning, without apparent as-
sistance from other DNA-binding proteins (34, 45, 51, 69).
These findings suggest that different transactivators might dif-
fer in their abilities to bind to sites in chromatin in vivo.

To compare more directly the abilities of GAL4 and GCN4
to bind to sites in chromatin, we constructed two yeast epi-
somes differing only in the activator binding site (Fig. 1A).
TA17D80 is a TRP1 ARS1-derived yeast episome containing a
strong 17-bp GAL4 binding site which is situated near the
middle of a positioned nucleosome in the absence of GAL4
(34). TAGCN1D80 is identical except that the GAL4 binding
site has been replaced by a 9-bp consensus GCN4 binding site.
These two episomes were introduced into yeast, and nucleo-
some positioning was examined by the indirect end label tech-
nique (37, 68). In this assay, micrococcal nuclease (MNase)
cleavage sites are compared in naked DNA and chromatin, and
regions of 140 to 160 bp that are protected in chromatin, but
not in naked DNA, are diagnostic of positioned nucleosomes
(50, 57).

Nucleosomes I and II were positioned equivalently in
TA17D80 in cells grown in glucose (Fig. 1C, lane 17) and in
TAGCN1D80 in gcn4D cells (Fig. 1B, lanes 4 to 6), as expected.
Growth of cells containing TA17D80 and a 2mm GAL4-con-
taining plasmid in galactose results in GAL4 synthesis and
disruption of nucleosome positioning, as observed previously
(Fig. 1C, lane 18) (34). In contrast, both constitutive GCN4
synthesis from the DED1 promoter and induction from the
endogenous GCN4 gene result in only slight perturbation of
nucleosome positioning in the reporter containing a nucleoso-
mal GCN4 binding site (Fig. 1; compare lanes 4 to 6 with lanes
8 to 10 and 13 to 16). High-level expression of GCN4 from a
GAL4-driven promoter (see below) resulted in only a marginal
increase in nucleosome perturbation of TAGCN1D80 (data
not shown). Thus, GCN4 perturbs nucleosome positioning via
a nucleosomal binding site in yeast more weakly than does
GAL4, suggesting that it binds to sites in chromatin less well.

In contrast to GCN4, neither GAL4 nor Bicoid require a
RAP1 binding site to activate HIS4 transcription. GCN4-de-
pendent transcription of HIS4 depends strongly on the RAP1
binding site, and it has been suggested that RAP1 perturbs
chromatin structure at the HIS4 promoter to allow GCN4 to
bind (11). Since nucleosome perturbation elicited by GAL4
appears to be stronger than that by GCN4 in vivo (Fig. 1), we
wanted to test whether GAL4-mediated transcription of HIS4
would require the RAP1 binding site.
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Isogenic bas1 bas2 yeast strains having a GAL4 or GCN4
binding site and a wild-type or mutant RAP1 binding site were
constructed in the genomic HIS4 promoter (Table 2). To mon-
itor HIS4 expression, cells were plated onto synthetic complete
medium without histidine (SC-His) and incubated for 2 to 3
days at 30°C. Cells containing a GCN4 binding site in the HIS4
promoter and constitutively expressing GCN4 from the DED1
promoter required a RAP1 site for growth on SC-His/galac-
tose, consistent with previous work (11) (Fig. 2). In contrast,
GAL4 expressed from a multicopy plasmid (Fig. 2) or endog-
enous GAL4 (see Fig. 4) supported growth on SC-His/galac-
tose plates with or without an intact RAP1 binding site. HIS4
mRNA expression levels varied in accordance with the ability
of cells to grow on media lacking histidine (70), consistent with
earlier work (11). When glucose was used as the carbon source
to repress GAL4 synthesis, cells containing the mutated RAP1
binding site in combination with a GAL4 binding site at HIS4
did not grow on SC-His but cells having a wild-type RAP1 site
in combination with a GAL4 binding site at the HIS4 promoter
showed slight growth (70). Similarly, weak histidine prototro-
phy was recently reported in yeast having the RAP1 binding
site in the HIS4 promoter replaced by two GAL4 binding sites,
independent of GAL4, in a BAS11 BAS21 background (29a).
This slight growth may result from weak binding by another
activator, such as PUT3, in conjunction with RAP1. (GAL4
binds to the sequence CGGN11CCG, and PUT3 binds the
sequence CGGN10CCG [49].) Taken together, these results
indicate that, in contrast to GCN4, GAL4 can activate HIS4
expression sufficiently well to allow histidine prototrophy with-
out assistance from RAP1.

We also examined activation of HIS4 by another transcrip-
tional activator, Bicoid, from Drosophila melanogaster. Bicoid
contains a DNA-binding domain from the homeodomain class
and has an activation domain distinct from the acidic activation
domains of GAL4 and GCN4 (13, 24, 32). Inclusion of four
consensus Bicoid binding sites (two Bicoid dimer sites) in a
nucleosomal site in a yeast episome analogous to TA17D80
(Fig. 1) results in strong perturbation of nucleosome position-
ing upon expression of Bicoid in yeast cells, similar to the effect
of GAL4 on TA17D80 (4). (We chose to use four Bicoid
binding sites to create a high-affinity binding site, as two sites
bind Bicoid weakly in vivo and in vitro [7]). Yeast strains
having the same four Bicoid binding sites in the HIS4 locus,
along with either the wild-type or a mutant RAP1 site, were
constructed (Table 2). Expression of Bicoid protein from a

GAL4-driven promoter allowed growth of cells on SC-His/
galactose with or without an intact RAP1 binding site (Fig. 2).
Thus Bicoid, like GAL4, has a strong ability to perturb nucleo-
some positioning via a high-affinity nucleosomal binding site
and does not require RAP1 for efficient HIS4 activation at such
a site.

The GCN4 activation domain can activate HIS4 efficiently in
the absence of a RAP1 binding site. GAL4 and GCN4 each
have distinct DNA-binding and activation domains (24, 32).
The requirement for RAP1 for efficient activation of HIS4 by
GCN4 but not by GAL4 could be due to differences in either
or both domains. To address this issue, we asked whether a
GAL4-GCN4 fusion protein acting via a GAL4 site at the HIS4
promoter could confer histidine prototrophy independently of
a RAP1 site. A low-copy-number CEN-containing plasmid ex-
pressing a GAL4-GCN4 fusion protein (see Materials and
Methods) from the DED1 promoter was introduced into yeast
strains containing the GAL4 site at the HIS4 promoter. The
DED1 promoter is expected to generate levels of GCN4
mRNA comparable to the native GCN4 promoter (24) (Fig. 2).
Figure 3 shows that the resulting yeast cells are His1 in the
presence or absence of a RAP1 binding site. Thus, the GCN4
activation domain is capable of efficiently activating HIS4 tran-
scription in the absence of a RAP1 binding site, suggesting that
the function of RAP1 binding at the HIS4 promoter is to help
the GCN4 DNA-binding domain bind to chromatin.

Transactivator binding affinity affects the requirement for a
RAP1 binding site for efficient HIS4 activation. The binding
affinities of GAL4 [Kd, 2 3 1029 M21 for GAL4(1–100) (43)]
and Bicoid (apparent Kd, about 2 3 10210 M21 for four sites
[7]) for the sites used at the HIS4 promoter in this work are
considerably stronger than that of GCN4 (apparent Kd, 2 3
1028 M21 [65]). This suggested that binding site affinity could
be an important determinant as to whether RAP1 was needed
for a given transcriptional activator to efficiently activate HIS4.
Alternatively, it could be that binding affinity is less important
than the type of DNA-binding domain used; some modes of
DNA binding could be more compatible with the chromatin
structure at the HIS4 promoter than others. To address this
question, we replaced the GCN4 binding site in the HIS4
promoter with a weak GAL4 binding site from the GAL1-10
promoter. In vitro binding of the GAL4 DNA-binding domain
(amino acids 1 to 140) to this site is eightfold weaker than to
the consensus GAL4 site (61), so the binding affinity should be
comparable to that of GCN4.

TABLE 2. Yeast strains used in this study

Strain Genotype or description Reference
or source

FY24 MATa ura3-52 trp1D63 leu2D1 66
LYY50 Same as FY24, but with gcn4D This study
AY883 MATa gcn4-2 bas1-2 bas2-2 ura3-52 leu2-3,112; URA3 at position 2123 of HIS4 11
LYY596 Same as AY883 but with wild-type HIS4 This study
LYY599 Same as AY883 but with mutated RAP1 site at HIS4 This study
LYY11 Same as LYY596 but with a GAL4 site replacing the strong GCN4 site at HIS4 This study
LYY13 Same as LYY599 but with a GAL4 site replacing the strong GCN4 site at HIS4 This study
LYY12 Same as LYY596 but with 4 Bicoid sites replacing the strong GCN4 site at HIS4 This study
LYY14 Same as LYY599 but with 4 Bicoid sites replacing the strong GCN4 site at HIS4 This study
LYY15 Same as LYY596 but with a weak GAL4 site replacing the strong GCN4 site at HIS4 This study
LYY16 Same as LYY599 but with a weak GAL4 site replacing the strong GCN4 site at HIS4 This study
LYY59615 Same as LYY596 but with 5-bp insertion between the RAP1 site and the strong GCN4 site at HIS4 This study
LYY596110 Same as LYY596 but with 10-bp insertion between the RAP1 site and the strong GCN4 site at HIS4 This study
LYY59915 Same as LYY599 but with 5-bp insertion between the mutated RAP1 site and the strong GCN4 site at HIS4 This study
LYY599110 Same as LYY599 but with 10-bp insertion between the mutated RAP1 site and the strong GCN4 site at HIS4 This study
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When cells containing the weak GAL4 binding site were
grown on glucose plates, they exhibited a His2 phenotype. On
galactose media, cells having the weak GAL4 binding site
combined with the wild-type RAP1 binding site showed some
growth but grew much more slowly than cells containing a
strong GAL4 binding site at the HIS4 promoter (Fig. 4). Cells
containing the weak GAL4 binding site and the mutated RAP1
binding site at the HIS4 promoter exhibited a His2 phenotype
on galactose plates. These findings indicate that when HIS4
transcription is mediated from a weak GAL4 binding site,
RAP1 is needed for efficient transactivation.

If the dependence on the RAP1 binding site for GCN4-
mediated activation of HIS4 is due to the relatively weak bind-
ing of GCN4, then high levels of GCN4 might allow efficient
HIS4 expression independently of the RAP1 binding site. We
tested this idea by overexpressing GCN4. We fused the GCN4
coding sequence to the GAL1 promoter in a multicopy plasmid
and induced expression with the hormone-dependent activator
GAL4-ER-VP16 (30). Cell growth was then examined on SC-

His/glucose in the presence or absence of 100 nM b-estradiol.
In the absence of b-estradiol, cells containing the wild-type
RAP1 binding site exhibited some growth, indicating that the
low levels of GCN4 produced from the expression vector in the
absence of hormone are sufficient to activate the wild-type
HIS4 promoter (Fig. 5). However, these low levels were not
sufficient to allow growth of cells lacking the RAP1 binding site
(Fig. 5). In the presence of 100 nM b-estradiol, cells containing
the mutated RAP1 binding site exhibited some growth on
SC-His, although growth was weaker than that of cells having
the wild-type HIS4 promoter (Fig. 5). These results were cor-
roborated by monitoring cell growth in liquid SC-His in the
absence or presence of b-estradiol (70). Thus, overexpression
of GCN4 can partially complement the histidine auxotrophy
seen in the absence of the RAP1 binding site.

A RAP1 binding site strongly interferes with nucleosome
positioning in vivo. Based on the apparent ability of RAP1 to
open chromatin structure in the HIS4 promoter to allow acti-
vation by GCN4 (Fig. 2) (11) and on its high affinity for its

FIG. 1. Perturbation of nucleosome positioning elicited by GCN4 via a nucleosomal binding site is poorer than that elicited by GAL4. (A) Schematic diagram of
plasmids TAGCN1D80 and TA17D80. Positioned nucleosomes I and II are shown as ellipses. (B) Induction of GCN4 by 3-AT results in minimal perturbation of
nucleosome positioning in TAGCN1D80. MNase cleavage sites were mapped clockwise from the EcoRV site, as indicated, in naked DNA (lanes 1 and 2) or in
chromatin from cells lacking GCN4 or from GCN41 cells induced with 3-AT (lanes 3 to 10). Note that the cleavage seen in the region of nucleosome II (especially
lanes 4 to 6, denoted by an asterisk) corresponds to a site cleaved very strongly in naked DNA; we observed some variability in this cleavage in different experiments
(see Fig. 6, lanes 4 and 5). (C) Comparison of nucleosome perturbation in TAGCN1D80 by GCN4 expressed from the DED1 promoter (lanes 13 and 14) or endogenous
GCN4 induced with 3-AT (lanes 15 and 16) with perturbation in TA17D80 by GAL4 expressed from a multicopy plasmid bearing the GAL4 gene (lane 18). Lane 17
contains chromatin from cells grown in glucose medium and containing only the endogenous GAL4 gene. Lanes 11 to 18 were run on the same gel. Samples were
digested with MNase at 0 U/ml (lanes 3 and 7), 0.5 U/ml (lane 4), 1 U/ml (lanes 1, 5, 8, and 11), 2 U/ml (lanes 6 and 9), 4 U/ml (lanes 2 and 12), 5 U/ml (lanes 10,
13, and 15), or 20 U/ml (lanes 14 and 16 to 18). The locations of nucleosomes I and II are indicated by ellipses.
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binding site (Kd, 10211 M21 [64]), we expected that RAP1
might show a strong ability to perturb chromatin structure in
vivo. To test this hypothesis, we constructed the yeast episome
TAR/GCN1D80. This plasmid is identical to TAGCN1D80,
except that a RAP1 binding site has been introduced adjacent
to the GCN4 binding site in nucleosome I (Fig. 6). Since RAP1
is an essential gene and therefore cannot be deleted (48), we
introduced a mutated RAP1 site into nucleosome I as a con-
trol. The mutation is the same one that abolished GCN4-
dependent transcription of HIS4 in vivo. Chromatin structure
of TAR/GCN1D80 and TARmut/GCN1D80 was examined by
MNase cleavage, followed by indirect end labeling in gcn4D
yeast cells, so that any effects on chromatin structure should be
attributable to RAP1. Nucleosomes I and II were positioned in
TARmut/GCN1D80 as in TAGCN1D80, although somewhat
less strongly (Fig. 6, lanes 2 to 5 and 10 to 13). In contrast, the
chromatin structure of TAR/GCN1D80 was dramatically
changed, with the positioning of nucleosomes I and II essen-
tially abolished (Fig. 6, lanes 6 to 9). These results demonstrate
that RAP1 is extremely effective in creating a localized region
of open chromatin.

Altering the spacing between the RAP1 and GCN4 binding
sites does not impair HIS4 activation. RAP1 assists activator
binding at some promoters via protein-protein interactions
(12). One piece of evidence supporting such interactions was a
demonstration that altering the distance between binding sites
for RAP1 and GCR1 at the PYK1 promoter results in a loss of
GCR1 binding and upstream activating sequence (UAS) activ-
ity in vivo (12). To test whether RAP1 helps GCN4 bind to the
HIS4 promoter via direct cooperative interactions between
RAP1 and GCN4, 5 or 10 nucleotides were inserted between

the RAP1 and GCN4 binding sites at the HIS4 promoter locus.
Such alterations in spacing would be expected to disrupt pro-
tein-protein interactions important for cooperative binding, as
was found for the PYK1 promoter (12). This is particularly true
of the 5-bp increase, which would place the RAP1 binding site
on the opposite face of the DNA double helix relative to its
position in the wild-type promoter. In contrast, if the function
of RAP1 at the HIS4 promoter is principally to open chroma-
tin, the precise spacing should not be critical.

We then tested the ability of yeast harboring these variant
HIS4 promoters to grow on media lacking histidine. The two
isogenic strains containing the wild-type RAP1 site and either
the 5- or 10-bp insertion between the RAP1 and GCN4 sites
grew on media lacking histidine (Fig. 7). To rule out the pos-
sibility that the additional DNA sequences introduced between
the RAP1 and GCN4 sites at the HIS4 promoter create a

FIG. 2. The RAP1 binding site is required for HIS4 expression mediated by
GCN4 but not by GAL4 or Bicoid. Yeast strains containing integrated HIS4
promoters (diagrammed at the top), differing in the presence of a wild-type (wt)
or mutated (mut) RAP1 site and in the activator binding site, were streaked from
raffinose medium containing histidine onto galactose medium lacking histidine.
GCN4 was expressed from the DED1 promoter, GAL4 was expressed from the
ADH1 promoter, and Bicoid was expressed from a modified GAL1 promoter.

FIG. 3. HIS4 expression mediated by the GCN4 activation domain through a
GAL4 binding site does not require the RAP1 binding site. Cells containing the
GAL4 binding site (UASGAL4) with a wild-type (wt) or mutated (mut) RAP1 site
in the HIS4 promoter, and expressing GAL4-GCN4 from the DED1 promoter,
were streaked from SC-Leu/glucose onto SC-His-Leu/glucose, as were cells con-
taining the GCN4 binding site (UASGCN4) with a wild-type or mutated RAP1
binding site.

FIG. 4. HIS4 expression mediated by GAL4 through a weak binding site
depends on the RAP1 binding site. Cells containing the strong GAL4 binding site
(UASGAL4) or the weak GAL4 binding site (UASGAL4W) with a wild-type (wt)
or mutated (mut) RAP1 binding site were streaked from rich medium onto
SC-His/galactose. GAL4 was expressed from the endogenous GAL4 promoter.
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binding site for another protein and/or change the binding
affinity of the GCN4 site, the same 5 or 10 nucleotides were
introduced between GCN4 and the mutated RAP1 site in
LYY599 to create LYY59915 and LYY599110 (Table 2).
These strains failed to grow on SC-His (Fig. 7). These results
indicate that direct cooperative interactions between RAP1
and GCN4 at the HIS4 promoter are very unlikely and support
the idea that RAP1 binding to the HIS4 promoter facilitates
GCN4 binding by overcoming the repressive effect of chroma-
tin.

DISCUSSION

A prerequisite for transcriptional activation in eukaryotes is
the binding of activator proteins to DNA. Eukaryotic DNA is
packaged into chromatin, which poses a potential impediment
to activator binding. In vitro studies have shown that activator
binding to nucleosomal sites is hindered to various degrees,
depending on variables such as the type of factor, the location
of binding sites, the acetylation status of the histone amino
termini, and the presence of chromatin remodeling activities
(39, 67). Much less has been done to examine activator binding
to nucleosomal sites in vivo, and consequently little is known

regarding issues such as the relative abilities of distinct activa-
tors to perturb chromatin structure via nucleosomal binding
sites. We report here that whereas GAL4 is able to substan-
tially perturb nucleosome positioning via a nucleosomal bind-
ing site in a yeast episome, GCN4 does so very poorly. Con-
sistent with this difference, a RAP1 binding site is required for
GCN4-dependent transcription of HIS4, in agreement with
previous work (11), but is not needed for efficient activation of
HIS4 by GAL4. RAP1 is needed by the GCN4 DNA-binding
domain and not the activation domain for HIS4 activation, as
shown by the ability of GAL4-GCN4 to activate HIS4 via a
GAL4 site in the presence of a mutated RAP1 site. Overex-
pression of GCN4 can partially bypass the requirement for
RAP1 at the HIS4 promoter, whereas weakening the GAL4
binding site in the modified HIS4 promoter leads to a require-
ment for RAP1 for efficient activation by GAL4. The ability of
RAP1 to assist activation by two entirely distinct proteins
(GCN4 and, at a weak binding site, GAL4) suggests that direct
protein-protein interactions are unlikely to be involved in
RAP1-facilitated activation at the HIS4 promoter, in contrast
to its role in assisting binding of GCR1 to promoters for genes
encoding enzymes in the glycolytic pathway (12). A lack of
direct cooperative interactions is further supported by the find-
ing that altering the spacing between the RAP1 and GCN4
binding sites by 5 or 10 bp does not significantly affect HIS4
activation. These results, in sum, point to a role for RAP1 in
opening chromatin to allow activator access to weak binding
sites.

Based on MNase mapping of chromatin structure, the HIS4

FIG. 5. Overexpression of GCN4 partially overcomes the requirement for a
RAP1 binding site for GCN4-mediated HIS4 expression. GCN4 was overex-
pressed by using the hormone-dependent activator GAL4-ER-VP16 to activate
the GAL1pr-GCN4 promoter (top). Cells containing the GCN4 binding site
(UASGCN4) and a wild-type (wt) or mutated (mut) RAP1 binding site, and
harboring the GAL1pr-GCN4 plasmid and an expression vector for GAL4-ER-
VP16, were streaked onto SC-His-Ura-Leu/glucose plates containing no b-es-
tradiol or containing 100 nM b-estradiol, as indicated.

FIG. 6. Perturbation of nucleosome positioning by RAP1 via a nucleosomal
binding site. MNase cleavage sites in plasmids TAGCN1D80 and TAR/
GCN1D80, schematized at the top, as well as TARmut/GCN1D80, were mapped
clockwise from the EcoRV site, as indicated. Cleavage sites were mapped in
naked DNA (D) or in chromatin (C) from cells grown in glucose media. Lane 1
contains FX/HaeIII marker DNA. Locations of positioned nucleosomes I and II
are indicated by ellipses. The closed circles between lanes 4 and 5 and lanes 12
and 13 indicate cleavages enhanced in chromatin relative to DNA, and the star
indicates a site protected in chromatin. Each pair of lanes, beginning with lanes
2 and 3, differs only in the concentration of MNase used. Lanes 10 to 13 were
derived from a gel separate from lanes 1 to 9.
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promoter does not appear to be packaged into highly posi-
tioned nucleosomes, although differences between MNase
cleavages of naked DNA and HIS4 promoter chromatin indi-
cate nonrandom packaging (27, 70). Therefore, although the
ability of different transcription factors to perturb chromatin
structure via nucleosomal binding sites in TRP1 ARS1-
based plasmids, such as TA17D80 and TAGCN1D80, pro-
vides a useful indicator of the ability of these factors to over-
come histone-mediated repression, we do not necessarily
expect this correlation to be perfect at a given promoter. For
example, GAL4-GCN4, which can activate the HIS4 promoter
without help from RAP1, does not perturb nucleosome posi-
tioning in TA17D80 (52). This most likely reflects the require-
ment for a strong activation domain to bind to nucleosomal
sites in vivo (51, 52). We have also found that in specific
mutant backgrounds that alleviate the requirement for a RAP1
site to allow activation of the HIS4 promoter by GCN4, GCN4
is nevertheless unable to perturb TAGCN1D80 chromatin
structure (70). Mutation of the RAP1 site in the HIS4 pro-
moter decreases the intensity of MNase cleavage sites near the
GCN4 binding site, consistent with a more repressive chroma-
tin structure (11), but further work will be required to under-
stand in detail how that chromatin structure prevents activa-
tion by GCN4 and how RAP1 affects chromatin structure to
facilitate GCN4-mediated activation.

Binding affinities affect the abilities of activators to access
sites in chromatin. Our results indicate that the Kd of binding
and the abundance of the activator are important in determin-
ing its ability to access sites in chromatin. This simple chemical
basis for a differential ability to bind to sites in chromatin can
have physiological consequences, as shown by the requirement
for RAP1 in conjunction with weak but not strong activator
binding sites in the HIS4 promoter. This finding is consistent
with previous work showing that yeast heat shock factor can
activate transcription from the HSP82 promoter from a high-
affinity site but does not activate from low-affinity sites unless
overexpressed (21). In this example, the high-affinity site plays
the role of the RAP1 binding site at the HIS4 promoter, open-
ing chromatin structure to allow binding of heat shock factor to

nearby low-affinity sites. Factor abundance has also been
shown to affect binding of activators to sites in chromatin in
vivo: the yeast activators GAL4 and PHO4 are both inhibited
from binding to nucleosomal sites at endogenous levels but can
be induced to bind such sites by overexpression (62, 69).

The dependence on Kd for activator binding to sites in chro-
matin in vivo and the findings that overexpression of an acti-
vator can partially compensate for a low-affinity binding site
and/or a repressive chromatin structure (references 21, 62 and
69 and this work) indicate that nucleosomes do not provide an
absolute kinetic blockade to activator binding in vivo. Rather,
binding appears to be governed at least in part by standard
equilibrium chemistry. This picture is consistent with a model
in which binding of factors to chromatin is governed by equi-
libria including both activator-binding site interactions and
histone-DNA interactions (41). However, this model cannot
provide a complete explanation, as activation domains have
also been shown to contribute to in vivo binding (6, 34, 51, 54,
55). Whether activation domains enhance factor binding by
interactions with the basal transcriptional machinery, by re-
cruitment of chromatin remodeling complexes, or by another
mechanism is not yet known. However, it has been demon-
strated that nucleosome perturbation by both GAL4 and Bi-
coid via nucleosomal binding sites can occur in the absence of
functional SWI/SNF complex and in nonreplicating cells (4,
45).

A role for RAP1 in opening chromatin. RAP1 has roles in
transcriptional activation, silencing, and telomere maintenance
(19, 48). The ability of RAP1 to bind to and perturb chromatin
demonstrated here is likely to contribute to its ability to per-
form these various roles. RAP1 binding sites are found at
numerous yeast promoters, generally in combination with
other transcription factor binding sites (12, 19, 48). Mutation
of the RAP1 binding sites in such promoters often severely
reduces the transcription level of target genes, although the
RAP1 sites alone function either weakly or not at all as UAS
elements (reference 12 and references therein). It thus seems
likely that the principal role of RAP1 at such promoters is to
open chromatin to facilitate binding of other transcription fac-
tors. This has been suggested explicitly, as we have noted, for
the HIS4 promoter (11). A similar proposal has been made for
a role of RAP1 in facilitating GCR1 access to glycolytic gene
promoters (12). The latter proposal was based on studies of the
TPI1 promoter; in this instance it is likely that direct cooper-
ative effects between RAP1 and GCR1 also contribute to
RAP1 facilitating GCR1 binding (12, 58). Our results strongly
support a role for RAP1 in opening chromatin to facilitate
access of transcriptional activators by demonstrating that
RAP1 has a potent ability to interfere with nucleosome posi-
tioning and that RAP1 can facilitate efficient HIS4 activation
by disparate activators.

One possible mechanism for such chromatin-mediated co-
operativity was suggested on the basis of in vitro studies. In this
scenario, one protein may bind to a nucleosomal site, by virtue
of high affinity or its location in the nucleosome, and allow
binding of a second protein to a less favorable site (1, 38, 41,
42). A recent study showing that GAL4 and LexA derivatives
could cooperate in transcriptional activation in yeast suggests
that chromatin-mediated cooperativity may pertain in vivo as
well (60). Further work will be required to determine whether
the results observed in vivo in that instance or in the present
study can be explained by the proposed mechanism.

RAP1 is not likely to be the only protein to function in
opening chromatin to allow transactivator access. Other pro-
teins, such as ABF1 and GRF2 (REB1) in yeast and the Dro-
sophila protein GAGA factor, appear to play similar roles at

FIG. 7. Altering the spacing between the RAP1 and GCN4 sites does not
impair HIS4 transactivation. Yeast strains (Table 2) contain integrated HIS4
promoters with either a wild-type (wt) or mutated (mut) RAP1 site and have
either wild-type spacing between the RAP1 and GCN4 sites or 5 or 10 bp
inserted in the UAS (UASGCN415 and UASGCN4110). Cells were streaked from
SC-Leu/glucose onto SC-His-Leu/glucose. GCN4 was expressed from the DED1
promoter.
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some promoters (8, 20, 31, 33, 44, 46), and ABF1 is able to
remodel chromatin in vivo (25). It will be interesting to deter-
mine whether such proteins can function interchangeably, as is
typically the case for transcriptional activators, and to deter-
mine whether domains apart from the DNA-binding domain
contribute to chromatin opening.

The reorganization of chromatin structure by RAP1 in the
episome TAR/GCN1D80 is remarkable (Fig. 6). The MNase
cleavage pattern in the vicinity of the RAP1 binding site in this
episome is essentially identical in naked DNA and chromatin.
In contrast, protections and cleavages characteristic of posi-
tioned nucleosomes are seen in TARmut/GCN1D80, bearing
the mutant RAP1 site, and in the related plasmids
TAGCN1D80 and TA17D80, bearing GCN4 and GAL4 bind-
ing sites, respectively, in the absence of the activators. Further-
more, although GAL4 elicits strong perturbation of nucleo-
some positioning in TA17D80, the resulting MNase cleavage
pattern retains features seen in the absence of GAL4, appear-
ing intermediate between the patterns seen with naked DNA
and with chromatin in the absence of GAL4 (34) (Fig. 1C).
This difference between the abilities of GAL4 and RAP1 to
reorganize chromatin could reflect more extensive interactions
of RAP1 with chromatin; for example, RAP1 binding to DNA
induces bending via its amino-terminal region (36). However,
the difference could also indicate more complete occupancy by
RAP1 than by GAL4, as suggested by inhibition of GAL4
binding to the center of a positioned nucleosome compared to
positions nearer the edge observed in another yeast study (69).
Perhaps this potent ability of RAP1 to reorganize chromatin
contributes to the lack of dependence on GCN5 for HIS4
activation by GCN4, in contrast to the dependence seen at
other promoters activated by GCN4 (17).
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