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ABSTRACT Many eukaryotic transcriptional activator
proteins contain a DNA-binding domain that interacts with
specific promoter sequences and an acidic activation region
that is required to stimulate ranscription. Transcriptional
enhancement by such activator proteins is often synergistic and
promiscuous; promoters containing multiple binding sites for
an individual protein or even for unrelated proteins can be
10-100 times more active than promoters with single sites. It
has been suggested that such synergy reflects a nonlinear
response of the basic transcription machinery to the number
and/or quality of acidic activation regions. Here, we determine
the transcriptional activity ofJun-Fos heterodimers containing
one or two GCN4 acidic activation regions on promoters
containing one or two Ap-1 target sites. Surprisingly, het-
erodimers with one or two acidic regions activate transcription
with similar efficiency and are equally synergistic (10- to
15-fold) on promoters containing two target sites. Thus, tran-
scriptional synergy does not depend on the number of acidic
activation regions but rather on the number of proteins bound
to the promoter. This suggests that synergy is mediated either
by cooperative DNA binding or by alternative mechanisms in
which the DNA-binding domain plays a more direct role in
transcription (e.g., changes in DNA structure, nucleosome
displacement, or direct interactions with the transcriptional
machinery).

Eukaryotic transcription factors contain distinct DNA-
binding and transcriptional activation functions that are gen-
erally located in separate regions of the protein (1-3). Tran-
scriptional activation domains are often defined by short
acidic regions that function autonomously when fused to
heterologous DNA-binding domains (3-5). Although many
acidic sequences can serve as transcriptional activation re-
gions and negative charge is clearly important (3-8), the level
oftranscriptional stimulation is influenced by other structural
features such as the length of the region and possibly the
a-helical character (8, 9). It has been hypothesized that the
DNA-binding domain serves merely to bring the protein to
the DNA target, whereupon the acidic activation region can
interact with a component(s) of the basic transcription ma-
chinery. Since acidic regions are necessary for yeast activa-
tor proteins to function in mammalian cells (10, 11) and for
mammalian activator proteins to function in yeast cells (5,
12), it is likely that they contact some part of the basic
transcription machinery that is conserved functionally
throughout the eukaryotic kingdom.

Transcriptional enhancement by activator proteins is syn-
ergistic in that promoters containing multiple binding sites
upstream of a "TATA" element are often 10-100 times more
active than analogous promoters containing single binding
sites (for review, see ref. 13). Moreover, transcriptional

synergy is frequently observed when the multiple binding
sites are recognized by distinct, and even evolutionarily
distant, proteins. For example, the combination of the mam-
malian glucocorticoid receptor and the yeast GAL4 protein
stimulates transcription much more effectively than either
protein alone. Such promiscuous synergy between activator
proteins is a fundamental aspect of eukaryotic transcription
and constitutes an important basis for the extraordinary
diverse patterns of gene expression mediated by enhancers.

Cooperative DNA binding of transcription factors to ad-
jacent promoter sites represents a simple mechanism that is
likely to account for at least some instances oftranscriptional
synergy. Such cooperative binding has been observed in vitro
for some proteins (14-16) and generally reflects highly spe-
cific protein-protein interactions that contribute to the over-
all stability of the protein-DNA complexes (17, 18). How-
ever, the apparent requirement for highly specific protein-
protein interactions makes it difficult to invoke cooperative
DNA binding for explaining the promiscuous nature of tran-
scriptional synergy. Moreover, synergistic activation has
been observed in vitro under conditions where the binding
sites for a given activator protein are fully occupied (19, 20).
For all of these reasons, it seems very likely that there must
be alternative mechanisms of synergy beyond cooperative
DNA binding.
One such alternative mechanism is that acidic activation

regions associated with DNA-binding proteins that are bound
to adjacent promoter sequences interact synergistically with
a common target of the basic transcription machinery (for
review, see ref. 13). In such a model, the common target
would respond functionally in a nonlinear fashion to the
number and/or quality of acidic activation regions. Here, we
test this proposal by determining whether transcriptional
synergy depends on the number of acidic activation regions.
To vary the number of acidic regions without changing the
number of DNA-bound proteins, we compare the level of
transcriptional activation mediated by DNA-binding het-
erodimers carrying either one or two acidic regions. In
contrast to the predictions of the above model, the results
indicate that synergistic enhancement does not depend on the
number ofacidic activation domains but rather on the number
of proteins bound to the promoter.

MATERIALS AND METHODS
DNA Manipulations and Construction of Yeast Strains.

DNAs encoding the various chicken Jun derivatives were
derived from YCp88, a ura3 vector that utilizes the dedi
promoter for expression of the proteins (3). JunGa was
constructed by inserting the Xba I-EcoRI fragment encoding
the Jun DNA-binding domain in place of the yeast GCN4
DNA-binding domain of LexA-gcn4-A20 (8) and then replac-
ing the Escherichia coli LexA region with a BssHII-Sal I
fragment containing the dedi promoter fused to AGC-
TACGCGTACAAAGAAAATGAGTATTTCTTCCAGGG-
TAAAAAGCAAAAGAATT that provides the AUG initia-
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tion codon and 12 additional amino acids in-frame with the
GCN4 coding sequence. JunA4 and JunA9 were obtained
from the LexA derivatives (5) by substitution of the LexA
region as described for JunGa. The mouse Fos molecules
(cloned in a derivative of YCp88 that contains trpl as the
selectable marker) were constructed by combining the
BssHII-EcoRI/filled-in fragment carrying the dedi promoter
and the above oligonucleotide sequence, the Fsp I-Xho II
fragment (to which a Sal I linker was added at the Xho II site)
from v-fos (21), and the Sal I-EcoRI fragments of GCN4
deletions that either do (N125) or do not (N71) contain the
GCN4 activation domain (3).
To contruct yeast strains KY371 and KY372, the relevant

DNAs were introduced into the his3 locus of KY329 (22) by
gene replacement. The plasmid carrying the two optimal
GCN4 binding sites (his3-282) was obtained by cloning the
oligonucleotide shown in the bottom line of Fig. 1 as an
EcoRI-Sac I fragment into YIp55-Sc4O99 (23), a derivative
with a deletion between positions -447 and -83 of the
wild-type his3 promoter. The plasmid containing one optimal
GCN4 binding site (his3-281) was obtained by deletion of the
above DNA between the EcoRI and Sal I sites. Plasmid
DNAs containing the various Jun and Fos derivatives were
introduced into KY371 and KY372 by selecting for the
appropriate markers.
RNA Analysis. RNAs from KY371 and KY372 derivatives

were hybridized to completion with an excess of 32P-end-
labeled oligonucleotides for his3 and for dedi (the internal
control) and treated with S1 nuclease as described (24). His3
RNA levels, normalized to dedl RNA levels in the same lane,
were quantitated by densitometry; the level of transcription
activated by GCN4 in strain KY372 was defined as 100.
DNA-Binding Experiments. The EcoRI-Sac I fragment

from the his3-282 promoter, which contains two GCN4
optimal binding sites, was end-labeled and incubated with
various amounts of GCN4 protein produced in E. coli cells
and purified to near homogeneity as described (25). The
resulting protein-DNA complexes were separated from un-
bound DNA by electrophoresis in a 5% native polyacrylam-
ide gel. The percentage of input DNA found in complex I
(contains one bound GCN4 dimer) or complex II (contains
two bound GCN4 dimers) was quantitated by densitometry.
The protein composition of the two electrophoretically dis-
tinct complexes was inferred from the observation that only
complex I is formed on the analogous fragment containing one

optimal binding site (data not shown). Independent binding of
GCN4 to the adjacent sites can be seen most easily under
conditions of moderate occupancy (50 and 100 ng) where the
fraction ofDNA bound in complex II equals the square of the
fraction bound in complex I.

RESULTS
Experimental Design. The crucial issue to be addressed in

this paper is whether synergy depends on the number of
acidic activation domains or on the number ofproteins bound
upstream of the TATA element. Normally, increasing the
number of protein binding sites upstream of the TATA
element results in the concomitant increase of both the
number of acidic regions and DNA-binding proteins at the
promoter. To alter the number of acidic domains indepen-
dently ofthe number ofDNA-binding proteins, we devised an
experimental situation in which transcription was activated
by DNA-binding heterodimers. In this way, acidic activation
regions could be fused to one or both partners of the
heteromeric complex.
To obtain such heterodimers, we fused the GCN4 acidic

activation region (3, 8) to the DNA-binding domains of the
Jun and/or Fos oncoproteins (JunGa and FosGa; Fig. 1). As
controls, we utilized Jun deletions that remove part (JunA4)
or all (JunA9) of the Jun activation region (5) as well as a
deletion of Fos (FosA1). The Jun and Fos DNA-binding
domains perferentially form a heterodimer that binds specif-
ically to a transcription factor AP-1 site (26-29), a dyad-
symmetric sequence that is essentially identical to the GCN4
recognition site (22, 23). Fos is unable to form homodimers
and can only bind DNA as a heterodimer with Jun. Jun
homodimers can be formed, but in yeast cells they are very
inefficient in activating transcription from promoters con-
taining AP-1/GCN4 sites, presumably due to relatively weak
dimerization and DNA-binding activity (5, 22). Thus, the
transcriptional activity of Jun-Fos heterodimers containing
one or two GCN4 acidic regions can be measured directly on
promoters that contain a required AP-1 site(s) without sig-
nificant interference from the contributions of Jun ho-
modimers and Fos homodimers.

Transcriptional Activity of Fos--Jun Heterodimers on Pro-
moters Containing One AP-l Site. Plasmid DNAs capable of
expressing the Jun and Fos derivatives were introduced into
yeast strain KY371, which is deleted for the GCN4 gene and
contains his3-281, an allele with one optimal AP-1 binding site
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FIG. 1. Structure of proteins and promoters. (A) Proteins composed of the indicated regions (numbers correspond to amino acid residues)
of Jun (open box), Fos (hatched box), and GCN4 (shaded box); the DNA-binding and dimerization domains [basic (b) region and leucine (L)
zipper] and acidic activation (Act.) regions are indicated. (B) his3 promoters in wild-type (W.T.) strains [contains the poly(dA-dT) element, GCN4
binding site, Tc and TR TATA elements, and +1, +13, and +22 initiation sites indicated by arrows] and in KY371 and KY372, strains where
the region between positions -447 and -83 has been replaced by the indicated sequence that contains one or two optimal GCN4 binding sites
(crucial residues are capitalized).
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strains were assayed for their levels of his3 (3Q, 31). When tested alone, JunGa showed some activation
1. In the absence of any Jun or Fos derivative, of his3 expression, JunA4 was barely effective, and JunA9 or
Lion was extremely low and in fact the cells either of the Fos derivatives was inactive. Thus, with the
grow in the absence of histidine; this reflects possible exception of JunGa (see below), his3 transcription

F GCN4 protein as well as the upstream pro- cannot be significantly induced by any of the Jun or Fos
homodimers. In addition, the results rule out the possibility
of endogenous yeast proteins that can heterodimerize with
the Jun or Fos derivatives to produce a transcriptionally

o0 000W active complex with the AP-1 binding site.
°,*- -- an 'OI The fact that heterodimers containing a single GCN4 acidic

; (3tD <]< CD <] C) tD <<~<r< region can activate his3 transcription was most clearly illus-
O C C:ChenX c c:ccc C trated by the combination of FosGa and JunA9 (Fig. 2A;

: ---.M compare lanes Sand 6 with lane 12). Neither protein can
activate transcription alone because FosGa is not able to bind
DNA and JunA9 lacks an activation region. Activation by the

-.;--n_+FosGaJunA9 heterodimer depends primarily on the single
+13

GCN4 acidic region fused to FosGa because only 20-30%o as
- +13 much his3 transcription was observed in cells containing

JunA9 and FosAl. Thus, dimerization of the GCN4 acidic
-_- Dod 1 region is not necessary for transcriptional activation._ed 1

Interestingly, all the Fos-Jun combinations that contain
either one or two activation regions stimulated his3 transcrip-
tion to comparable levels (Fig. 2A, lanes 8-12). This result
also confirmed the expectation that Jun homodimers do not

- A n ~~~~~~~significantly contribute to transcription in cells contang
both Jun and Fos derivatives. Specifically, similar RNA
levels were obtained when either JunGa or Jun49 was
combined with FosGa even though JunGa homodimers could

- " W*o - +1 contribute to his3 expression, whereas JunA9 homodimers
could not contribute and might possibly interfere with his3
expression by binding to the AP-1 site. These observations

- +22 indicate that the activation domain is a monomeric structure
- Ded 1 and that the number of acidic regions on a DNA-bound

protein does not significantly affect the level oftranscription.
Transcriptional Activity of Fos-Jun Heterodlmers on Pro-

moters Containing Two AP-1 Sites. When the Jun-Fos com-
binations were introduced into KY372, a strain containing the
his3-282 promoter, which has two adjacent AP-1 sites, his3
RNA levels were approximately 10-fold higher than observed
in the corresponding KY371 derivatives that contain one
AP-1 site (Fig. 2B, lanes 8-12). Again, heterodimers contain-
ing one acidic region activated transcription almost as well
(60-90%) as heterodimers containing two acidic regions (Fig.
2C. Thus, there was a dramatic difference in transcriptional
activation when two acidic domains were located on two
DNA-binding proteins as opposed to the situation when the
same two acidic regions were located on a single DNA-bound
molecule. This demonstrates that transcriptional synergy
does not depend on the number of acidic activation regions
but instead depends on the number of proteins bound to the
promoter. Although the length, quality, and probably number
of acidic domains clearly contribute to the level of transcrip-
tional activation (3, 6-9), they do not appear to be responsible
for the synergistic effects.

Several other observations should be noted. (i) Some
o <i 0 0< synergistic activation was observed with JunGa and Jun&4
0 0 0 0 0 0o o o 2o 2 0 homodimers as well as withJunA9-FosAl heterodimers (the

residual activity was probably provided by the FosAl moi-
o> (> < ha as <] ety), even though the absolute levels of transcription were
c c c c C C low. (ii) Activation by Jun-Fos heterodimers from a single
-~. .2._ 2.: - _ AP-1 site resulted in his3 transcription initiated equally from

the +1 and + 13 sites, a pattern typically associated with
lysis of his3 transcription. RNAs from KY371 deny- constitutive his3 transcription (32). In contrast, Jun-Fos
ontain a hisi promoter witn one optimalindming site vto hoJerivatives, which contain a his3promoterwh two

s activation through two AP-1 sites was initiated with a strongderivatives, which contain a his3 promoter withtwo-.@
sites (B) were hybridizedto 32P-labeled his3 andded preference for the + 13 site, the pattern observed during
is corresponding to the dedi and his3 +1 and +13 activation by GCN4 (Fig. 2A; ref. 32) or by GAL4 (33).
,ndicated. His3 RNA levels, normalized to dedl RNA Synergistic Activation by GCN4. Parallel experiments car-
me lane, are shown in C (100 is defined as the level ried out in strains KY371 and KY372 indicated that wild-type
nN4 in strain KY372). GCN4 protein also synergistically activated transcription;
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levels were 15-fold higher on the promoter con- lated with the number of acidic residues but is influenced by
AP-1 sites (Fig. 2). Transcription activated by other structural features such as the length of the region and
4-7 times more efficient than transcription acti- possibily a-helical character (3, 8). For several reasons

ie Jun-Fos heterodimers. Although this could be including the fact that GCN4 binds to DNA as a dimer (34),
erences in DNA-binding affinity, it more likely it was suggested that activation might require dimerization of
fact that only a portion of the GCN4 activation the acidic region (8). However, the basic observation that
fused to the Jun and Fos DNA-binding domains. Fos-Jun heterodimers containing a single GCN4 acidic re-
omodimeric nature ofGCN4, it is notpossible to gion are efficient transcription factors indicates that the
ieparate the contributions of the DNA-binding GCN4 activation domain is a monomeric structure. Further-
I the transcriptional activation region. However, more, the results indicate that proteins lacking an activation
Limber of GCN4 activation regions present on the region can stimulate transcription if they can associate into
terodimers does not account for synergistic en- heteromeric DNA-binding complexes with partners that con-
it seems unlikely that the number ofGCN4 acidic tain an activation domain. Conversely, the ability of a gene

could explain the synergy mediated by GCN4 itself. product to stimulate transcription does not necessarily indi-
mis Noncooperatively to Adjacent Sites. As men- cate that the protein itself contains an activation function. In
he introduction, cooperative DNA-binding is a fact, conventional mapping of the transcriptional activation
hanism to account for transcriptional synergy. To function on such a protein would instead uncover a motif
s possibility for the case of synergy by GCN4, we necessary for oligomerization and/or DNA binding. Most
standard DNA-binding titrations using E.GCN w importantly, however, the monomeric nature of acidic acti-
rCN4 protein and an oligonucleotide derived from vation domains increases the complexity of regulation that
1 promoter that contains two adjacent binding can be mediated by protein families that contain commondimerization motifs such as the leucine zipper (35) and the)lexes containing one or two bound GCN4 mole- hlxlo-ei 3)
distinguished by their electrophoretic mobility in helix-loop-helix (36).
lamide gels. As shown in Fig. 3, the data are Mslanism ofSynergishic Transcriptional Activation. The

.9 ~~~~results here argue against the prevailing view that synergyccord with noncooperative binding. Independent reflects a nonlinear response of a "common target" to the
3CN4 to the adjacent sites could be seen most number and/or quality of acidic activation regions (13). Werconditions of moderate occupancy (50 and 100 cannot exclude, but consider unlikely, the formal possibility
he fraction of DNA bound in complex II equaled that one activation region can inhibit the activity of a second
if the fraction bound in complex I. Similar results activation region on the same DNA-bound molecule but not
,e I footprinting on other promoters containing on an adjacent bound molecule. The GCN4 activation region
nN4 binding sites have been obtained in this is unstructured and physically separate from the DNA-
y C. R. Wobbe (unpublished data). binding domain (8), and it can function as a monomer; hence,

DISCUSSION it is likely to have considerable flexibility in finding theputative target in the transcription machinery. In this regard,
4 Acidic Activation Domain Is Monomeric. De- the two activation regions in the JunGa-FosGa heterodimer
es ofcthe GCN4 activation domain indicate that lie in opposite configurations with respect to the DNA-
transcriptional stimulation is moderately corre- binding domains. Finally, heterodimers with two GCN4

acidic regions activate somewhat better (30-60%o) than het-
erodimers with only a single acidic region (Fig. 2B).
One explanation for synergistic activation invokes coop-

I I erative DNA binding on adjacent target sites. Although this
model is probably valid for specific situations (14, 16), it does
not easily account for the many examples of synergistic
activation by different (and in some cases evolutionarily
distant) proteins and hence is unlikely to be generally correct.
Cooperative DNA-binding involves specific protein-protein
interactions that are generally mediated by regions of the
protein that are distinct from the DNA-binding domain (14,
17, 18). In contrast, the Fos and Jun moieties here are
extensively deleted such that the potential contacts between
adjacent heterodimers would have to involve the DNA-
binding domains themselves or immediately adjacent regions
of the protein. In this case, we suspect, but cannot demon-
strate, that cooperative binding does not account for the
observed synergy.
For synergistic activation by GCN4, three observations

___________________________________ argue against a cooperative binding mechanism. (i) Such
50 100 150 200 250 300 350 cooperativity has not been observed in DNA-binding exper-

iments carried out in vitro using E. coli-synthesized GCN4
GCN4 (ng) protein and the promoter DNAs described here (Fig. 3). (ii)

Expression of the GCN4 DNA-binding domain lacking the
ncooperative binding of iGCN4. DNA containing two acidic activation region results in repression of many GCN4-
sites was incubated with the indicated amounts of E. regulated yeast genes (3). (iii) At equivalent in vivo protein

(contains one bound GCN4 dimer) or complexfu concentrations as employed here, GCN4 can repress tran-
bound GCN4 dimers) was detercined.Independent scription when bound at a single site located immediatelyboundGCN4dimers)was determined. Indevendent

-I------ . - -1 .T 'lA 1 -II..I
adjacent sites is best seen under conditions of downstream ot the required lAlA element in a gal-hWsi

pancy (50 and 100 ng) where the fraction of DNA promoter (37). These two examples of repression strongly
plex II equals the square of the fraction bound in suggest that in vivo a single binding site is frequently occupied

by GCN4 and hence that cooperative binding cannot increase
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promoter occupancy by a factor of 10. Since the number of
GCN4 acidic regions does not account for synergistic acti-
vation by the Fos-Jun heterodimers, it would seem unlikely
to explain the synergism mediated by GCN4 itself.

In situations where transcriptional synergy is not due to
cooperative DNA binding, we suggest an alternative expla-
nation in which the DNA-binding domain plays a more direct
role in transcription than simply targeting the protein to the
promoter. This idea, though contrary to some suggestions
(13), is supported by the existence ofglucocorticoid receptor
or HAP1 protein derivatives that bind DNA normally but fail
to activate transcription (38, 39). In addition, the GCN4
DNA-binding domain can interact selectively with RNA
polymerase II in vitro (40). Given the constraints imposed by
the results in this paper, several noncooperative binding
models for synergistic enhancement could be imagined. The
DNA-binding domain might alter DNA structure, affect
nucleosome distribution on the chromatin template, or di-
rectly interact with the basic RNA polymerase II transcrip-
tional machinery. By any of these models, the acidic activa-
tion region presumably would carry out a different function
than the DNA-binding domain in the overall process of
transcriptional enhancement.
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