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Abstract The yeast transcriptional activator Gcn4 re-
quires the Ada2/Gcn5/Ada3 co-activator complex to
exert part of its activation potential. Here we show
that the sequence of the DNA target modulates the
function of Gcn4 by modifying this requirement.
Promoter configurations were generated that ren-
dered Gcn4-induced transcription either completely
dependent or completely independent of the Ada2/
Gcn5/Ada3 complex. The topological constraints
imposed by these configurations suggest that Gcn4
makes multiple contacts with the basic transcription
machinery that are subject to modification by the inci-
dent DNA target. We propose that these modifications
further determine the direction on the chromosome in
which an otherwise symmetric, dimeric transcription
factor will activate.
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Introduction

Regulation of gene expression at the transcriptional
level plays a pivotal role in the process of unveiling
genetic information (Tjian and Maniatis 1994). Depar-
ture from a precise pattern of transcriptional activation
may dramatically affect the fate of a living cell. Estab-
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lishment and maintenance of such a pattern is mostly
achieved by DNA-binding transcription factors that,
through a network of interactions, function to increase
the rate of formation of productive transcription
preinitiation complexes (Berger et al. 1992; Choy and
Green 1993; Klein and Struhl 1994).

Typical transcriptional activators often have
a modular structure comprised of two independently
operating domains, the DNA-binding domain and
the transcriptional activation domain (Ptashne 1988).
The topology of the DNA-protein complex can
influence the overall function of a transcriptional ac-
tivator. For example, binding of the yeast transcrip-
tional activator PRTF/Mcm1 to an imperfect DNA
site masks the function of its activation domain
(Tan and Richmond 1990). The NF-iB p50 subunit
adopts an active conformation induced by certain iB
DNA motifs (Fujita et al. 1992), while the VP16 activa-
tion domain becomes non-functional when tethered to
a repressor DNA element (Lipkin et al. 1992). Similarly,
binding of CREB to a sub-optimal CRE variant, at-
tenuates its activity (Benbrook and Jones 1994). Fi-
nally, it has been proposed that DNA acts as an allos-
teric effector, directing the glucocorticoid receptor to
contact components of the transcription machinery
that interact with the activation domains of activators
(Lefstin et al. 1994).

Both direct interactions with basic transcription fac-
tors such as TBP or TFIIB (Choy and Green 1993;
Klein and Struhl 1994) and indirect interactions via
proteins that serve as co-activators (Berger et al. 1990;
Kelleher et al. 1990; Flanagan et al. 1991; Chiang et al.
1993, Kim et al. 1994, Lefstin et al. 1994) mediate
ordered assembly of a productive transcription preiniti-
ation complex and determine the strength of transcrip-
tional activation. In Saccharomyces cerevisiae, Ada2,
Gcn5 and Ada3 constitute a co-activator complex that
potentiates the activity of a number of transcriptional
regulators (Berger et al. 1992; Georgakopoulos and
Thireos 1992; Pina et al. 1993; Horiuchi et al. 1995).



One such potentiated transcriptional activator is
Gcn4, which binds the symmetric AP1 site as a dimer
(Hope and Struhl 1987; O’Neil et al. 1990; Ellenberger
et al. 1992). Interestingly, when Gcn4 activates tran-
scription through an AP1 site, half of its activation
potential depends on the Ada2/Gcn5/Ada3 co-ac-
tivator complex (Georgakopoulos and Thireos 1992;
Tavernarakis and Thireos 1995). However, transcrip-
tion of Gcn4-regulated genes is differentially affected
when this co-activator is absent (Georgakopoulos and
Thireos 1992). Such genes are transcribed to variable
maximal levels from promoters with asymmetric Gcn4
DNA targets, whose sequences depart from that of the
optimal AP1 site (Hill et al. 1986; reviewed in Hin-
nebusch 1990). To investigate the influence of the DNA
target sequence on Gcn4 activation function, we quan-
tified the effects of an ADA2 deletion on transcription
driven by minimal, well-defined promoters bearing
variant AP1 sites.

Materials and methods

Plasmids

Reporter genes were constructed by inserting appropriate double-
stranded oligonucleotides between the BamHI and EcoRI sites of
a HIS3-based lacZ fusion, driven by a promoter bearing only the
‘‘regulated’’ TATA of HIS3, 18 bp downstream of the EcoRI site
(Kim et al. 1993). The same double-stranded oligonucleotides were
used for in vitro binding assays. The complete sequences of the
upper strands of these oligonucleotides are as follows.
5@-gatccatggATGACTCATtttttttg-3@ (GCRE); 5@-gatccatggAAGACT-
CTTtttttttg-3@ (!3A, #3T); 5@-gatccatggATTACTAATtttttttg-3@
(!2T, #2A); 5@-gatccatggATGACTAATtttttttg-3@ (#2A), 5@-gatc-
catggATTAGTCATtttttttg-3@ (!2T); 5@-gatccatggAAGACTAATt-
ttttttg-3@ (!3A, #2A) and 5@-gatccatggATTACTCTTtttttttg-3@
(!2T, #3T). The Gcn4 binding site is capitalized; (#2A), (!2T),
(!3A, #2A) and (!2T, #3T) bear asymmetric Gcn4 DNA targets,
while (#2A) comprises of an optimum left half-site and (!2T)
of an optimum right half-site. The imperfect half-site in these
two targets was derived from a target specific for the C242/Q246
Gcn4 mutant to which wild-type Gcn4 does not bind in vitro or
transactivate in vivo (Kim et al. 1993). For (!3A, #2A) the
target was assembled from a left half-site specific for the W235
Gcn4 mutant and a C242/Q246-specific right half-site. (!2T, #3T)
comprised a left half-site specific for the C242/Q246 mutant,
whereas the right half site was specific for the W235 Gcn4 mutant
derivative.

Strains and other methods

Yeast strains were all S288C derivatives (MA¹a, mal, gal2 ). To avoid
interference from endogenous Gcn4, all experiments described here
were performed with a gcn4D strain, constructed by removing
a 0.8 kb BamHI-PvuII DNA fragment of GCN4 gene and replacing
it with a 1 kb HindIII DNA fragment containing the ºRA3 gene.
GCN4 was then expressed in this genetic background under the
control of the DED1 promoter (Hope and Struhl 1986). The ADA2
gene was disrupted by inserting the same URA3 fragment at a unique
AflII site within the ADA2 coding region. ¸acZ expression assays, in
vitro synthesis of Gcn4 and mobility shift assays were performed
essentially as previously described (Struhl 1991).

Results

Gcn4-induced activation through asymmetric
DNA targets

To exacerbate the natural situation of imperfect Gcn4
binding sites, two asymmetric DNA targets were de-
signed. In target #2A the left half-site and in target
!2T the right half-site, with respect to the TATA
element, were optimal (Fig. 1A). The other half-site was
derived from a target that Gcn4 cannot bind in vitro or
activate transcription in vivo (Kim et al. 1993; N. Tav-
ernarakis and G. Thireos, unpublished observations).
Despite the engineered asymmetry Gcn4 was found to
transactivate through these asymmetric targets in vivo
(Fig. 1B) and to interact in vitro, with affinities compa-
rable to those obtained with the optimum AP1 target
(Fig. 1C). The two engineered DNA targets (#2A,
!2T) were inverted with respect to each other to
facilitate optimal Gcn4 binding either to the left or to
the right of the target. Therefore, target-2T carries
a G at position 0 which is complementary to C0 of
target #2A (G0; Fig. 1A). Similar results were ob-
tained when a !2T variant target carrying a C at
position 0 was employed (not shown).

Interestingly, disruption of the Ada2/Gcn5/Ada3 co-
activator complex caused by introduction of an ADA2
deletion, had a different impact on transcription
through each target. The strength of the promoter
harboring the optimal AP1 site was attenuated to ap-
proximately 50% the normal levels (GCRE, Fig. 1B). In
contrast, transcription was completely dependent upon
Ada2 when the left half-site was optimal. In the oppo-
site configuration, with an optimal right half-site, tran-
scription was insensitive to ADA2 deletion (#2A vs.
!2T, Fig. 1B).

Transcriptional activation by Gcn4 mutant derivatives
with altered binding specificity

To extend the above observations we tested two Gcn4
mutants with altered binding specificities. Each one has
been shown to recognize a specific symmetrically mutated
Gcn4 DNA target (Kim et al. 1993). The W235 Gcn4
mutant derivative binds the sequence AAGACTCTT and
the C242/Q246 mutant recognizes the sequence ATTAC-
TAAT (Fig. 2A). Both mutant proteins bind to the opti-
mal AP1 with equal affinity but fail to cross-recognize
their specific targets; i.e., the W235 Gcn4 mutant deriva-
tive does not detectably bind the sequence ATTACTAAT
that corresponds to the target of the C242/Q246 Gcn4
mutant derivative, and the C242/Q246 Gcn4 mutant de-
rivative does not recognize the W235 specific site (Kim et
al. 1993; our unpublished observations). The wild type
Gcn4 could not bind in vitro or transactivate in vivo
through these mutant DNA sites.
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Fig. 1A—C Requirement for the Ada2 protein for transcriptional
activation by Gcn4 at symmetric and asymmetric targets. A Se-
quence of DNA targets. Numbering of DNA target bases is accord-
ing to Kim et al. (1993). Altered bases are underlined. #2A consists
of a perfect left half-site, whereas in !2T the right half-site is
optimal. In both DNA targets the other half-site derived from the
C242/Q246 Gcn4—specific target, to which wild-type Gcn4 cannot
bind in vitro or transactivate in vivo (Kim et al. 1993). B Transcrip-
tional activation of the above reporter genes by Gcn4 in vivo as
a function of target site and presence (shaded bars) or absence of
Ada2 (open bars). The promoter activities in the presence (#) or
absence (!) of Gcn4, are shown (values are in Miller units and
represent the average of three independent experiments with less
than 10% deviation). C In vitro binding of Gcn4 to the optimum
target (GCRE) as well as to the asymmetric targets #2A and !2T

Hybrid DNA targets were constructed consisting of
two asymmetric half-sites, each one specific for only
one mutant (Fig. 2A). W235 and C242/Q246 Gcn4
mutant derivatives could activate trascription through
such targets in vivo (Fig. 2B) and interact with them
in vitro (Fig. 2C). Activation by each mutant derivative
through its respective target was only partly dependent
on Ada2 (Fig. 2B). Again, when binding to the right
half-site was compromised, Ada2 was essential for tran-
scription. Ada2 was dispensable when right half-site
was optimal (Fig. 2B). Identical results were obtained
by similarly analyzing Gcn4-mediated activation in
gcn5 deletion strains (not shown).

Discussion

Gcn4 binds the symmetric AP1 site as a dimer (Hope
and Struhl 1987; O’Neil et al. 1990; Ellenberger et al.
1992) and, when activating transcription through this

Fig. 2A–C Requirement for Ada2 for transcriptional activation by
Gcn4 mutant derivatives through their corresponding symmetric
and asymmetric DNA targets. A Sequence of targets and their
known specificities for binding Gcn4 and its mutant derivatives.
Numbering of DNA target bases is according to Kim et al. (1993).
Altered bases are underlined. B Transcriptional activation of a lacZ
reporter gene in vivo, as a function of DNA target, Gcn4 mutant
derivative and the presence (shaded bars) or absence of Ada2 (open
bars). The DED1 promoter directed the expression of mutant GCN4
alleles. Genetic backgrounds and assay conditions were as in Fig.
1B. C In vitro binding of W235 and C242/Q246 Gcn4 mutant
derivatives to their optimum targets (!3A, #3T and !2T, #2A,
respectively) and to the asymmetric targets !3A, #2A and !2T,
#3T

site, half of its activation potential depends on the
Ada2/Gcn5/Ada3 co-activator complex (Georga-
kopoulos and Thireos 1992; Tavernarakis and Thireos
1995). However, the absence of this co-activator affects
the transcription of Gcn4-regulated genes differentially
(Georgakopoulos and Thireos 1992). These genes are
transcribed from promoters with asymmetric Gcn4
DNA targets (Hill et al. 1986; Hinnebusch 1990). Here,
we demonstrate that the absence of a co-activator has
a different impact on transcription from non-palin-
dromic sites, depending on the sequence of the DNA
target.

Taken together, our evidence suggests that binding
of the Gcn4 activator to asymmetric DNA targets im-
poses topological constraints on the protein-DNA
complex that perturb interactions with co-activators or
parts of the transcriptional apparatus. The polar nature
of these interactions suggests that functionally different
surfaces of a dimeric activator are exposed towards the
TATA element. Forced binding to a non-cognate left
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half-site rendered Gcn4-induced activation insensitive
to ADA2 deletion, indicating that interaction with the
Ada2/Gcn5/Ada3 complex was abolished. When bind-
ing to the right half-site was compromised, any contri-
bution of other interactions was quenched, resulting in
a strict requirement for this complex to reveal the
residual Gcn4 activity. Therefore, Gcn4 function can be
mediated by at least two pathways in a manner that is
dependent on contact with the DNA target. We pro-
pose that modification of interactions between the ac-
tivator and other proteins by DNA sequence-mediated
constraints underlies the phenomena observed where
the binding site dictates the final transcriptional out-
come (Tan and Richmond 1990; Fujita et al. 1992;
Lipkin et al. 1992; Benbrook and Jones 1994; Lefstin
et al. 1994).

The biological relevance of the observations reported
here derives from their implication of DNA binding
sites in the establishment of polarity in the action of the
activator. This polarity could account for unidirec-
tional function of otherwise symmetric, dimeric ac-
tivators (Hope and Struhl 1987; O’Neil et al. 1990;
Ellenberger et al. 1992), in genomes tightly packed with
genes such as that of yeast (Oliver et al. 1992). Thus, in
the case of the divergently transcribed genes HIS3 and
PE¹56, a Gcn4 binding site located in the middle of
a short intragenic region, consisting of an optimum left
half-site with respect to HIS3 TATA, regulates only
HIS3 (Struhl 1985).
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