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Summary 

The yeast trans-activator protein GAL4, when ex­
pressed in Hela cells, stimulates transcription from 
several class B (II) eukaryotic promoters containing 
GAL4 binding sites either as the full UASG or as syn­
thetic 17-mers. The characteristics of this activation 
are indistinguishable from those of the SV40 enhancer. 
Transcription was similarly stimulated from either com­
plex promoter regions containing multiple upstream 
elements or from a simple promoter region composed 
of only a TATA box. Addition of a 17-mer GAL4 binding 
site to the SV40 enhancer resulted in a synergistic en­
hancement of transcription in the presence of GAL4. 
Furthermore, chimeras of the human estrogen recep­
tor DNA binding domain and either GAL4 or GCN4 ac­
tivating "acidic" regions can activate a promoter region 
controlled by an estrogen-responsive enhancer. To­
gether, these data indicate that the molecular mecha­
nisms responsible for transcriptional enhancement 
have been conserved from yeast to man. 

Introduction 

The control of gene transcription is achieved through the 
interaction of trans-acting proteins with cis-acting DNA 
promoter elements. The promoter of genes transcribed by 
RNA polymerase 8 (II) in higher eukaryote& can be 
divided into several components, namely, a positioning 
element (e.g., TATA box), upstream elements, and en­
hancer elements (for reviews and references, see Cham­
bon et al., 1984; Serfling et al., 1985; Wasylyk, 1987; 
Hatzopoulos et al., 1987). The TATA box, located approxi­
mately 30 bp upstream of the cap site, interacts with the 
TATA box factor and is necessary for faithful and efficient 
initiation of transcription. However, the promoter regions 
of some genes, notably housekeeping genes, do not con­
tain a TATA box (Reynolds et al., 1984). Upstream ele­
ments, located in the -40 to -110 region, bind specific 
trans-acting factors and are required for efficient tran­
scription. These elements vary among promoters both in 
number and position with respect to the start site, and are 

interchangeable between different promoters (for reviews, 
see McKnight and Tjian, 1986; Dynan, 1987; Maniatis et 
al., 1987). Enhancerelements(for reviews and references, 
see Serfling et al., 1985; Wasylyk, 1987, Hatzopoulos et 
al., 1987) stimulate initiation of transcription from homol­
ogous or heterologous, natural or cryptic promoter ele­
ments, whether or not the activated elements contain a 
TATA box or a functional upstream element (Hen et al., 
1982; Wasylyk et al., 1983). Enhancers are composed of 
one or more motifs, sometimes repeated, which are bind­
ing sites for factors that act synergistically and may be 
cell-specific (for references, see Nomiyama et al., 1987). 
Enhancers exhibit an exceptional positional flexibility in 
that they stimulate transcription irrespective of their orien­
tation or distance both upstream or downstream of the cap 
site, although very often the efllciency of stimulation 
decreases with increasing distance (Wasylyk et al., 1983; 
Wasylyk et al., 1984). 

To date, few regulatory proteins interacting with up­
stream or enhancer elements have been characterized in 
higher eukaryote&. Recent studies (for references, see 
Petkovich et al., 1987) have shown that members of a fam­
ily of nuclear receptors whose function is dependent on 
the binding of specific ligands (e.g., steroid and thyroid 
hormones and retinoic acid) represent trans-acting reg­
ulatory factors that activate transcription of target genes 
by binding to a specific promoter element which exhibits the 
properties of an enhancer (for references, see Yamamoto, 
1985; Kumaretal., 1987; Martinez et al., 1987). Amino acid 
sequence comparison of these receptors, together with 
mutational analyses, have defined two conserved impor­
tant functional domains: a DNA binding domain (region 
C), which determines the receptor specificity for target 
gene transcription, and a functionally independent ligand­
binding domain (region E) (for references, see Kumar et 
a!., 1986; Kumar eta!., 1987). Jn vivo studies have shown 
that human estrogen receptor (hER) mutants, in which 
most or all of the hormone-binding domain is removed, re­
tain only about 5% of the transcriptional activity of the 
wild-type receptor, and yet appear to bind efficiently toes­
trogen responsive elements both in vivo (Kumar et al., 
1987) and in vitro (V. Kumar and P. Chambon, unpublished 
data), thus suggesting that the hormone binding domain 
(region E) may play an important role in the activation 
function of the hER. 

The organization of the class B (II) promoters in the 
lower eukaryote Saccharomyces cerevisiae shows sim­
ilarities to that of the corresponding promoters of higher 
eukaryote&. Yeast promoters are composed of initiation, 
TATA, and upstream activator sequence (UAS) elements 
(for review and references, see Struhl, 1987a). TATA ele­
ments are necessary, but not sufficient, for efficient initia­
tion of transcription from most yeast genes. However, in 
contrast to higher eukaryote&, the distance between yeast 
TATA elements and mANA start sites ranges between 
40-120 bp depending on the promoter. UAS elements, 
which are required lor efficient transcription, exhibit some 
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of the properties of mammalian enhancer elements since 
they function irrespective of their orientation and, to some 
extent, of their distance (up to at least 600 bp)- Like en­
hancer elements, UAS elements can be DNA binding sites 
tor trans-acting regulatory proteins, such as the yeast tran­
scriptional activators GAL4 and GCN4. The GAL4 protein 
binds four related 17 bp sites within the region {UASG) re­
quired for activation of the divergently transcribed galac­
tose metabolizing genes GAL10 and GALt (Giniger et al., 
1985; Bram et a/., 1986; and references therein). More­
over, a synthetic oligonucleotide, the 17-mer, which is a 
near consensus of these sites, binds GAL4 in vitro and ac­
tivates transcription in vivo (Giniger et al., 1985). The 
GCN4 protein induces transcription of several coregu­
lated genes ·,n response to amino acid starvation (e.g., 
HIS3) and binds to specific UAS elements located up­
stream of these genes (see Hope and Struhl, 1986). The 
DNA binding and transcriptional activation domains of 
both GAL4 and GCN4 are clearly separable functional do­
mains. The 74 N-terminal amino acids of GAL4 (Keegan 
et al., 1986) and the 60 C-terminal amino acids of GCN4 
(Hope and Struhl, 1986) are sufficient for DNA binding, 
but fail to activate transcription. Moreover, a hybrid pro­
tein, in which the DNA binding domain of the E. coli LexA 
repressor replaces the GAL4 DNA binding domain (Brent 
and Ptashne, 1985), is able to activate transcription from 

a promoter in which UASG is replaced by the LexA opera­
tor. A similar result was obtained in the case of GCN4 
(Brent and Ptashne, 1985; Hope and Struhl, 1986). Dis­
section of the transcriptional activation function of GAL4 
has revealed two relatively short regions (region I, resi­
dues 148--196, or region II, residues 768-881) that can ac­
tivate transcription (Ma and Ptashne, 1987a). The tran­
scriptional activation function of GCN4 has been ascribed 
to a short region of35-40amino acids of which a 19 amino 
acid core retains some activation function (Hope and 
Struhl, 1986). In both GAL4 and GCN4, the activating 
regions have an acidic character, but do not share any ob­
vious sequence similarity (Ma and Ptashne, 1987a). Re­
cently, Ma and Ptashne (1987b) have shown that other 
apparently unrelated acidic amino acid sequences can 
stimulate transcription when fused to the DNA binding re­
g·lon of GAL4. 

The present study was undertaken with the aim of fur­
ther characterizing the domains responsible for the DNA 
binding and transcriptional activation functions of hER 
and investigating whether similar mechanisms may be in­

volved in activation of transcription in mammalian and 
yeast cells following interaction of enhancer or UAS ele­
ments with their cognate factors. As a first step in such a 
study, it was necessary to investigate whether GAL4 itself 
could function as a transcriptional activator in mammalian 
cells. We report here that the yeast transcriptional activa­
tor GAL4 can efficiently stimulate transcription in human 

Hela cells from several higher eukaryotic promoter 
regions to which either the UASG or a synthetic 17-mer 
has been added. A similar result is described in the ac­
companying paper by Kakidani and Ptashne (1988). We 
also show that chimeric proteins generated by fusion of 
the hER DNA binding domain and either GAL4 or GCN4 

activating regions can efficiently activate transcription 
controlled by an estrogen-responsive enhancer element. 

Results 

UASG Functions as an Enhancer Element in the 
Presence of GAL4 for the HSV-1 Thymidine Kinase and 
the Rabbit 13-Giobin Gene Promoters in Hela Cells 
We investigated first whether GAL4, when expressed in 
mammalian cells, could activate transcription of reporter 
genes containing GAL4-responsive elements. The GAL4 
coding sequence was inserted into the expression vector 
pKCR2 downstream of the SV40 early promoter and the 
13-globin splice site and upstream of the 13-globin/SV40 
polyadenylation signals. As a negative control, the GAL4 
coding sequence was also inserted in the reverse orienta­
tion (see Experimental Procedures). 

Suitable reporter plasmids (UAS-tk-CAT and UASR-tk­
CAT) were constructed by insertion of the UAS8 from the 
GAL1-GAL10 divergent promoter in both orientations up­
stream of the herpes simplex virus (HSV) thymidine ki­
nase {tk) promoter, which is located upstream of the E. coli 
chloramphenicol acetyltransferase {CAT) gene in plasmid 
p8LCAT8+ (see Figure 1A and Experimental Procedures). 
CAT activity was measured following cotransfection into 
Hela cells of activator and reporter pfasmids, along with 
a reference plasmid that contains the 13-galactosidase 
gene under the control of the Reus sarcoma virus pro­
moter {ASV-LacZ). All CAT assays were standardized for 
13-galactosidase activity and quantified by scintillation 
counting. CAT activity was observed in Hela cells co­
transfected with the UAS-tk-CAT reporter plasmid and 
the GAL4 expression vector (Figure 18, Jane 3), but not 
with either the parental expression vector pKCR2 (lane 
8) or pKCR2 containing the GAL4 coding sequence in 
the reverse orientation (data not shown). Furthermore, 
GAL4 stimulated expression of the reporter gene irrespec­
tive of the orientation of the UAS element (compare UAS­
!k-CAT and UASR-tk-CAT), although stimulation was slight­
ly ("-'30%) stronger in the GALlO orientation (see legend 
to Figure 1 and compare lanes 3 and 4). We are unable 
to differentiate as to whether this reflects a preferential ac­
tivation by GAL4 in a particular orientation of UASG or a 
distance effect due to asymmetric distribution of the four 
GAL4 binding sites in UASG· 

To demonstrate that the GAL4 binding sites in UAS8 
were necessary and sufficient for stimulation, a single 
17-mer near-consensus GAL4 binding site (17M) was in­
serted upstream of the tk promoter (17M-tk-CA1; Figure 1A). 
The sequence of this binding site is 5'-CGGAGT ACTGTC­
CTCCG-3' and contains a single base change (G-T) from 
the perfect palindromic consensus to create a Seal site. 
In vitro binding studies have shown that the DNA binding 
fragment of GAL4 (1-147) binds to this sequence about 
3-fold more tightly than it does to the 17-mer (Giniger et al., 
1985) used in the accompanying paper of Kakidani and 
Ptashne (1988) (M. Hollis and M. Ptashne, unpublished 
data). The presence of this single binding site in close ap­
position to the tk promoter was sufficient for GAL4 to 
stimulate CAT activity to a level similar (55%) to that seen 
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Figure 1. GAL4 Stimulates CAT Activity from GAL4-Responsive 

Reporter Genes tn HeLa Cells 

(A) Schematic organization of the GAL4-responslve reporter genes. 
The crs-acting GAL4 respons1ve elements, UASG and 17-mers (17M 
and 17MX; see Expenmental Procedures), are inserted in a polyl1nker 
located at -105 upstream of the HSV tk cap site. The onentatton of 
UASG in UAS-tk-CAT and UASR-tk-CAT is indtcated by the chevron 
that po1nts toward the GALlO gene of the natural GAL1-GAL10 pro­
moter reg ron. The transcription start site of the tk promoter (+1) 1s indi­

cated by an arrow. 
(B) InductiOn of CAT activity. Hela cells were cotranslected with a 
reporter gene (1 ~g) and e1ther an activator gene (HEO or GAL4) or 
the parental vector pKCR2 (1 ~g), together with 4 ~g of the internal con· 
trol plasmid RSV-IacZ. Estradiol (E2, 10 8 M) was added as md1cated 
to activate the estrogen receptor (HEO). Quantitation of labeled ace­
tylated chloramphenirol in parallel experiments where less than 50% 
of the chloramphenicol substrate was utilized indicated the following 
relative levels of CAT activities: UAS-tk--GAT, 100%; UASR-tk-CAT, 75%; 
17M-tk-CAT, 53%;1 17MX2-tk-CAT, 124%. The basal activ1ty in the ab­
sence of GAL4 was of the o!der of 1% 

with the whole UAS8 (see legend to Figure 1 and com­
pare lanes 3 and 5). The last construction 17MX2-tk-CAT, 
which contains a tandem repeat of a perfect palindromic 
17-mer (5'-CGGAGGACTGTCCTCCG-3', 17MX) inserted 
upstream of the tk promoter, showed an even stronger 
stimulation with GAL4 (see legend to Figure 1 and com­

pare lanes 3, 5, 6, and 7). 
In order to estimate the relative magnitude of the stimu· 

lation by GAL4, we compared the level of GAL4-induced 
CAT activity to that induced by the estrogen receptor 
(HEO) using the estrogen-responsive reporter gene vit-tk­
CAT, which contains the ERE of the Xenopus vitellogenin 
A2 gene (Kiein-Hitpass et al., 1986). Previous studies 
have shown that maximal stimulation of 1 11g of vit-tk-CAT 
occurs with 100 ng ofHEO (Kumar et al., 1987). Since here 
1 11g of HEO was cotransfected with 1 11g of vit-tk-CAT, it 

is clear that GAL4 can stimulate the HSV tk promoter as 
strongly as the estrogen receptor (see also Figure 58). A 
50- to 100-fold stimulation was observed (see legend to 

Figure 1). 
To demonstrate that GAL4 could stimulate faithful tran­

scription from a higher eukaryotic gene promoter, we 
constructed a series of reporter plasmids to determine 
directly, at the RNA level, the extent of stimulation by 
GAL4. The first series of reporters were constructed using 
the vector pG1 (Sassone-Corsi et al., 1985), which con­
tains the rabbit 13-globin gene under its own promoter 
with upstream sequences to -109. The entire UASG and 
"Seal site" 17-mer (17M) were cloned into pG1 {Figure 2A) 
and each was cotransfected with the GAL4 expression 
vector. Cytoplasmic ANA was analyzed by quanfltative S1 
nuclease mapping using a 5' end-labeled DNA probe and 
the plasmid pAO (Zenke et al., 1986), which contains the 

SV40 early promoter, as a cotransfected reference plas­
mid. GAL4 stimulated faithfu/13-globin gene transcription 
from either UAS-pG1 (Figure 28, lane 1) or 17M-pG1 (lane 
3), whereas no stimulation was observed using either the 
"reverse" GAL4 expression vector (GAL4R) (lane 2) or 
pG1, which lacks a GAL4-responsive element (lane 4). 
Comparison of the level of 13-globin RNA transcribed from 
the GAL 4-responsive reporter genes and from pG1B (lane 
5), which conta'1ns the SV40 enhancer with a single 72 bp 
sequence inserted immediately upstream of the 13-globin 
promoter (see Figure 2A), indicated thai (GAL4-UASG)­
induced transcription was 25o/o {UAS-pG1) to 65o/o (17M­
pG1) of that achieved with the SV40 enhancer. Note that 
the activation of transcription was higher with the 17-mer 
than with UASG, irrespective of the amount of transfected 
reporter gene (compare lanes 1 and 3 with lanes 10 and 

11). 
Since one characteristic of an enhancer is its positional 

flexibilitY (see lntroductlon), a second series of reporter 
plasmids containing UAS8 or the "Seal site" 17-mer were 
constructed using the vector pG2 (Hen et al., 1986), which 
contains the 13-globin gene upstream flanking sequences 
to -425 {Figure 2A). In each case, the insertion of either 
the UAS8, 17-mer, or SV40 enhancer element at position 
-425 resulted in a decrease of 13-globin transcription 
when compared with the corresponding pG1 constructs 
{Figure 2B). No orientation effect of the UASG was ob­
served at -425, in contrast to the CAT results presented 
earlier where UAS8 was in close apposition to the tk pro­
moter. Presumably, the asymmetry of the location of the 
GAL4 binding sites in UASG is less important at a dis­
tance. The decrease due to moving the control elements 
further upstream was moderate for both the pG2 con­
structs containing UASG (60o/o of that seen at ~109, com­
pare lanes 1 and 6) or the SV40 enhancer (45o/o, compare 
lanes 5 and 9), but was striking with the 17-mer(6%, com­
pare lanes 3 and 8). Thus, it appears that a single 17-mer 
is a weaker enhancer element than the full UAS8. 

Interestingly, when we inserted UAS8 at position +475 
downstream of the 13-globin cap site ( + 1) in plasmid pG2 
(Figure 3A, pG2-UAS), a stimulation of transcription in the 
presence of GAL4 was also observed (Figure 38, compare 
lanes 2 and 3). However, the level of transcribed RNA ap-
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Figure 2. GAL4 Stimulates Faithful Transcrip­
tion from a Rabbit B-Giobin Promoter 
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(A) Schemat1c organization of the GAL4-re-­
sponsive reporter genes (UAS-pG1, UAS-pG2, 
UASR-pG2. 17M-pG1. 17M-pG2, same sym­
bols as in Figure 1) and the SV40 enhancer 
(ENH}-driven ptasmids pG1B and pG28. The 
cis-acting elements (UASG, 17M. SV40 ENH) 
are positioned in polyl1nkers at -109 (with re­
spect to the glob1n cap site) in the pG1 con­
structs and at -425 in the pG2 constructs The 
level of transcription observed, as determ1ned 
by densitometric scanning of the autoradio­
grams, relative to UAS-pG1 alter correction tor 
transcription from the reference plasmid pAO, 
is indicated in parentheses. The rabbit ~-globin 
gene transcription start site (+1) is indicated 
w1th an arrow. SV40 ENH corresponds to the 
SV40 sequence between coordinates 101 and 
270, but with a single 72 bp element (Zenke et 
at.. 1986). 
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(B) Quantitative St nuclease analysis of tran­
scription from the reporter and reference plasm ids shown 1n (A). Either 1 J.lg or 5 J.lg of reporter gene wascotranslected w1th 1 ;<g of the GAL4 activator 
plasmid, or the negative control GAL4R. together with 0.2 )J.g of the reference plasmid pAO. Cytoplasmic RNA was prepared and hybndizad with 
a 5' end-labeled probe complementary to pAO (see Experimental Procedures). After 81 nuclease digestion. the protected probe was analyzed on 
a 6% sequencing gel. EES: early-early start site (+ 1) of the SV40 early promoter of the reference plasmid pAO GLOB + 1: start site of ~-globin 
promoter within the reporter genes. 

peared to be "-'20% of that seen for UASG at -425 (Fig­
ure 38, compare lanes 1 and 3). 

To investigate whether the yeast UASG 17-mer and 
the SV40 enhancer could cooperate to activate the 13-glo­
bin promoter, we constructed 17M-pG28 (Figure 3A) in 
which a "Seal site" 17-mer was located upstream of the 
SV40 enhancer. A 2-fold stimulation of transcription by 
GAL4 was observed when compared with pG28 or 17M­
pG28 cotransfected with the control GAL4A expression 
vector after correction for transcription from the cotrans­
fected reference plasmid pAO (compare lanes 5, 6, and 7 
in Figure 38). Note that this increase is much higher 
than the corresponding sum of the individual transcrip­
tion from 17M-pG2 (lane 4) and pG28 (lane 5), and approx­
imately the same as that observed by duplication of the 
72 bp sequence in the SV40 enhancer (Zenke et al., 1986). 
Thus it appears that a yeast UASG motif, the 17-mer, can 
cooperate synergistically with the SV40 enhancer. 

Transcription from a TATA Box Element Associated 
with a 17-mer Is Stimulated by GAL4 

We show above that GAL4, together with either the yeast 
UASG or a synthetic 17-mer, can stimulate transcription 
from the strong, and relatively complex, HSV-tk and 13-gla­
bin promoters. To investigate whether GAL4 could also 
stimulate transcription from a minimal promoter region, 
we constructed a series of reporter plasm ids containing 
simply the TATA box and cap site elements (positions +33 
to -34) of the adenovirus-2 major late promoter (Ad2MLP) 
located upstream of a promoterless rabbit 13-globin gene 
truncated at position -9 (Figure 4A). "Seal" 17-mers were 
ligated at position -71 into a polylinker sequence located 
upstream of the TATA box. GAL4-induced transcription 
from the Ad2MLP was dependent upon both the presence 
of GAL4 and a GAL4-responsive element (Figure 48, com-

pare lanes 1, 2, and 4). Using transcription from pG18 as 
an internal control, it is clear that the extent of transcrip­
tion from the umonomeric~ (17M-TATA-GL08, lane 2) or "di­

meric" (17M2-TATA-GL08, lane 3) 17-mer reporter genes 
was much weaker than that obtained with UASo located 
upstream of the tk promoter (see Figure 58, lane 7, and 
below). Note that this lower level of transcription most 
probably does not correspond to a lower activation by 
GAL4, but to the very low activity of the truncated Ad2MLP 
promoter (no signal whatsoever could be detected for the 
TATA-GL08 plasmid in lane 1). Interestingly, transcription 
from the 17M2.:J"ATA-GL08 reporter, which contains a dimer 
of the 17-mer whose centers of symmetry are separated by 
28 bp, was approximately 8-fold greater than that seen 
with the 17M-TATA-GL08 reporter that contains a single 
17-mer sequence (see legend to Figure 4A). These results 
suggest that a GAL4-responsive element can cooperate 
with an isolated TATA box element to stimulate transcrip­
tion, and that two GAL4-responsive elements can act syn­
ergistically. 

Chimeric Proteins Containing the Human Estrogen 
Receptor DNA Binding Domain and Either the GAL4 
or GCN4 Activation Domains Stimulate Transcription 
from an Estrogen-Responsive Element 

The above results demonstrate that GAL4, expressed in 
mammalian cells, stimulates transcription from a variety 
of promoters. In order to demonstrate that the same GAL4 
domains are responsible for transcriptional activation in 
both yeast and mammalian cells, we constructed the chi­
meric activator plasmid ER-GAL4 (281/768) (see Figure 
SA). This plasmid contains the DNA sequences encoding 
theN-terminal half of the human estrogen receptor (hER) 
(amino acids 1-281) that includes the DNA binding (but 
not the hormone-binding) domain (Kumar et al., 1987) 
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F1gure 3. A 3'-Located UASo St1mulates Transcription and a 5'-LocatM 
17-mer Cooperates With the SV40 Enhancer 

(A) Schematic organ1zat1on of reporter genes. pG2-UAS: UAS0 was 
inserted into pG2 (see Figure 2) 3' to the rabbit ~-glObin promoter at 
position +475. 17M-pG2B: the 17-mer (17M) was Inserted upstream ot 
the SV40 enhancer 1n pG28 (see legend for Figure 2). 
(B) Quantitative S1 nuclease analysts. The reporter gene (5 ~g for 
lanes 1 to 3 and 1 ~g lor lanes 4 to 7) was cotransfectad w1th 1 ~g of 
the relevant activator gene together w1th 0 2 f'g ot pAO as a reterence 
gene (see legend to Figure 2). The 5' end-labeled probe was the same 
as in Figure 2. Quantitation by densitometric scanning oftheautoradio­
grams ind,cated the follow1ng values after correction for transcription 
from the reference gene pAO: Lanes 1 and 3 (relative to UAS-pG2). 
UAS-pG2, 1000/o, pG2-UAS, 20%·. lanes 4 to 7 (relative to pG2B). 
pG2B. 100%: 17M-pG2. 7%: 17M-pG2B+GAL4 (lane 6), 390%, 17M 
pG2B+GAL4R (lane 7), 210% 

fused to sequences of GAL4 that encode the C-terminal 
activation region II (amino acids 768-881) (Ma and Ptashne, 
1987a). When cotransfected with the estrogen-responsive 
reporter gene vit-tk-globin (see above), EA-GAL4 stimu­
lated transcription to a level .-....so% of that seen with the 
wild-type estrogen receptor (Figure 58, lane 5). Note that 
theN-terminal half of the chimera, which is equivalent to 
the previously described hER mutant HE15 (Kumar et al., 

1987), has only approximately 5o/o the stimulatory activity 
seen with HEO (Figure 58, lane 4). 

Interestingly, this activating region of GAL4 is acidic in 
character, a property that has also been noted for the ac­
tivating region of GCN4 (see Introduction). To test if the 19 
amino acid core of this latter region is also active in mam­
malian cells, we fused the DNA sequences encoding 
these 19 amino acids to those encoding the N-terminal 
half of the hER described above (see EA-GCN4, Figure 
SA). When cotransfected with the estrogen-responsive 
reporter gene vit-tk-globin (Figure 5C) or vit-tk-CAT (Figure 
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Figure 4. GAL4 Cooperates with a Minimal Promoter 

(A) SchematiC organization oi the reporter genes. The 17-mer GAL4-
binding site 17M is present as 91!her a monomer (17M:rATA-GL08) or 
dimer (17M2-TATA-GLOB) upstream of the Ad2MLP (-34 + 33 region) 
that contams just the TATA bo~ and cap site (+1). GLOB represents the 
promoterless rabbit ~-globin gene truncated at posit1on -9. 
(B) Quantitative S1 nuclease analysis of trancnption from the reporter 
genes shown in (A). Five micrograms of reporter gene was cotrans­
fected with 1 ~g of the activator gene together with 0.5 ,.g of pGtB (see 
legend to Figure 2) as a reference gene. A 5' end-labeled probe com­
plementary to the TATA-GLOB plasm1d was used. The start sites of 
GAL4·1nduced transcnp!ion (Ad2ML~ + 1) and reference transcription 
from pG1B (GLOB, +1) are indicated. Densitometric scanning of the 
autoradiograms indicated the following levels of relative transcriptiOn 
after correction for transcr~ption from the reference gene pGtB. TATA­
GLOB, <5%; 17M-TATA-GLOB, 100%; 17M2-TATA-GLOB, 840%. 

50), EA-GCN4 stimulated transcription from the tk pro­
moter to a level that was approximately 15% of that ob­
served with HEO (Figure 5C, compare lanes 2 and 4; Fig­
ure 50, compare lane 2 with lanes 5 and 6). Again, the 
stimulation brought about by HE15 using vit-tk-globin (Fig­
ure 5C, lane 3) or vit-tk-CAT (Figure 50, lanes 3 and 4) was 
about 5% of that seen with HEO. Thus, the acidic regions 
of GAL4 and GCN4 responsible for activation of transcrip­
tion in yeast are also functional in human Hela cells. 

It should be noted that we have not determined either 
the levels of the activator proteins EA-GAL and EA-GCN4 
in the above experiments or whether the maximum level 
of stimulation by these activators was reached. However, 
previous work has shown (Kumar et al., 1987) that, under 
the present conditions, the stimulation of transcription of 
vit-tk-globin by HEO or HE15 is maximal. 

Discussion 

The Yeast UASG Exhibits Properties Indistinguishable 
from Those of Higher Eukaryotic Enhancers 
in Hela Cells Producing the GAL4 Activator 
The results displayed in Figures 1 and 2 demonstrate that 
the yeast UASo element activates transcription from ei­
ther the HSV tk or rabbit 13-globin gene promoters when 
the GAL 4 activator is synthesized in He La cells. Moreover, 
the same UAS0 motifs appear to be responsible fortran­
scriptional activation both in yeast and Hela cells, since 
stimulation of transcription by GAL4 could also be medi-
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Figure 5. GAL4 and GCN4 Activating Regions Stimulate Transcription in Hela Cells 

(A) Schematic organization of the act1vators. ER-GAL4 (281f76.8): the N-terminal halt (HE15jamino acids 1-281]: Kumar et at., 1987) of the human 
estrogen receptor (ER) containing the DNA-binding domain (shown shaded; amino acids 185-250) IS fused to the activating region II of GAL4 (am1no 
acids 768-881). ER-GCN4 (281/107-125): HE15 is fused to the core of the activating region of GCN4 (amino ac1ds 107-125). (B) Quantitative S1 
nuclease analysis of transcription using either the estrogen-respons1ve (vit-tk-GLOB) or GAL4-responsive (UAS-tk-GLOB) reporter genes. F1ve micro­
grams of reporter gene was cotransfected with 1 Jlg of the relevant activator plasmid together w1th 0.5 1-1g of pGIB as a reference gene. A 5' end-labeled 
probe complementary to tk-globin (Kumar et at., 1987) was used The start s1tes of the reporter (lk +I) and reference (GLOB + 1) transcripts are 
indicated. Estradiol (E2) was added as indicated Quantitation by densitometric scanning of the autorad1ograms indicated the following relative levels 
of transcription after correction for transcription from the reference gene pGtB: HEO( +E2). 100%; HE15, 3%; ER-GAL4, 50%, GAL4, 270%. (C) 
Quantitative St nuclease anai)ISis of transcriptJOn using the estrogen-responsive reporter gene vit-tk-globin and either HEO. HE15, or ER-GCN4. 
Five micrograms of vit-tk-globin was cotranslected with 1 Jl9 of the relevant activator plasmid together with 0.5 1'9 of pGtB as a reference gene. 
Estradiol (E2, to-a M) was added as indicated. The 5'--end-labeled probe and symbols were as in (B). Quantitation by densitometric scanning of 
this and sim1lar autoradiograms gave the following relative level of transcription after correction for transcription from the reference gene pGtB: 
HE0(+E2), 100%; HE15, 5%; ER-GCN4, 13%. (D) Stimulation of the estrogen-responsive reporter gene vit-tk-CAT by HEO, HE15. or ER-GCN4. 
Estradiol (E2, to-aM) was added as indicated. Other details are as in Figure 1. Ouant1ta!JOn yielded the follow1ng relative values: HE0(+E2), tOO%, 
HE15, 4%; ER-GCN4, 14%. 

ated by a synthetic 17-mer whose sequence was similar to 
those of the four motifs recognized by GAL4 in UASG. 

The enhancing properties of UASG in Hela cells are in 
all respects indistinguishable from those of the SV40 en­
hancer, which is typical of higher eukaryotic enhancers 
(see Introduction). UASG stimulates transcription equally 
well in either orientation relative to the HSV tk or !}-globin 
promoters, and moving it 300 bp further upstream re­
sulted in only a moderate decrease of transcription. In 
all cases the stimulatory activity of UASG on the )3-globin 
promoter was of the same order of magnitude as that 
achieved by the SV40 enhancer on the same promoter. 
The observation (Figure 2) that a single 17-mer was more 
active than the full UASG element when in close apposi­
tion to the )3-globin promoter, but much less active when 
moved upstream by 300 bp, reflects most probably both 
the known decrease in activity of enhancers as they are 
moved away from the activated promoter elements 0Nasy­
lyk et al., 1983; Wasylyk et al., 1984; Augereau and Wasy­
lyk, 1984), and the well-known synergism that occurs be­
tween the individual motifs that may be present in an 
enhancer element (Zenke et al., 1986; Schirm et al., 1987; 
Ondek et al., 1987; Nomiyama et al., 1987; see lntroduc-

lion for references). In this respect, we note that UAS8 
contains four GAL4 binding sites similar to the 17-mer that 
act synergistically (Giniger and Ptashne, 1988), but that 
even in our constructions, where UASG is in close apposi­
tion to the .B-globin promoter, the nearest GAL4 binding 
site is located 80 bp upstream of the 5' end of this pro­
moter. 

Interestingly, a stimulation of transcription was also ob­
served when UASG was located downstream of the )3-glo­
bin gene promoter, although the amount of synthesized 
ANA was lower than that observed with UASG situated at 
a comparable distance upstream of this promoter (Figure 
3). Whether this difference reflects a lower efficiency of 
activation by a "downstream" UASG or a decrease in sta­
bility of the modified )3-globin RNA is unknown. Previous 
experiments using yeast promoters in yeast cells have 
failed to reveal a "downstream effect" of UAS elements, 
which was thought to reflect a significant difference be­
tween yeast UAS and higher eukaryotic enhancer ele­
ments (for references, see Struhl, 1987a). Our results indi­
cate that in this respect also, there may not be any intrinsic 
difference between UAS and enhancer elements. 

In common with higher eukaryotic enhancers, UASG 
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or the 17-mer can stimulate transcription from different 
promoters, i.e., the HSV tk and the )3-globin promoters, 
which contain unrelated upstream elements. Kakidani and 
Ptashne (1988) show that the unrelated MMTV promoter 
can also be stimulated by GAL4. Moreover, as in the case 
of SV40 (Hen et al., 1982; Wasylyk et al., 1983; Wasylyk, 
et al., 1984) or other mammalian (Wirth and Baltimore, 
1987) enhancers, GAL4 can activate transcription con­
trolled by a TATA box in the absence of any upstream pro­
moter element (Figure 4). Note in this respect that a 17-mer 
dimer located upstream of the Ad2MLP TATA box was ap­
proximately 8-fold better than a 17-mer monomer for stimu­
lation of transcription, suggesting again that multimerized 
17-mer motifs, like mammalian enhancer motifs, act syner­
gistically in Hela cells. It is worth mentioning here that the 
TATA box-less promoter of the housekeeping gene HMG­
CoA reductase (Reynolds et al., 1984), bearing a UASG 
approximately 300 bp upstream of the mANA start site, 
could also be stimulated by GAL4 in Hela cells {our un­
published data). This is reminiscent of the property of the 
SV40 enhancer which can activate transcription controlled 
by the Sp1-binding GC bOxes of the SV40 early promoter, 
in the absence of any nearby TATA box (Barrera-Saldana 
et al., 1985; Takahashi et al., 1986). 

Finally, the similarity between the action of UAS and 
higher eukaryotic enhancer motifs is further demon­
strated by the observation that a UASG 17-mer and the 
SV40 enhancer can synergistically stimulate transcription 
from the )3-globin promoter in Hela cells synthesizing 
GAL4 {Figure 3). A similar synergism between a 17-mer 
and the glucocorticoid responsive element of MMTV is 
reported in the accompanying paper by Kakidani and 

Ptashne (1988). 

The Same Activating Regions of the Yeast GAL4 and 
GCN4 Act!-,ators Are Responsible for Enhancement 
of Transcription in Yeast and in Hela Cells 
As recalled in the Introduction, the DNA-binding and acti­
vation functions of GAL4 and GCN4 in yeast are separa­
ble. In bOth cases, the activating regions have been 
characterized using hybrid proteins containing the DNA 
binding domain of theE coli repressor LexA and various 
GAL4 or GCN4 segments, together with an appropriate 
"reporter'' gene bearing the LexA operator. Our results 
show clearly that the same GAL4 and GCN4 regions that 
are responsible for activation of transcription in yeast also 
activate transcription in Hela cells when fused to a trun­
cated hER (HE15) that contains the DNA binding domain 
but has little of the activation functions of the receptor (Ku­
mar et al., 1987). It is noteworthy that the GAL4 activating 
region II, which is quite efficient in yeast (Ma and Ptashne, 
1987a), is also very efficient at stimulating transcription 
from the tk promoter controlled by the vitellogenin ERE 
when fused to the hER DNA-binding domain [ER-GAL4 
(2811768); Figure 5]. That the GCN4 19 amino acid long 
sequence also stimulates transcription in Hela cells is 
even more striking, since this acidic stretch represents 
only the core of the GCN4 activating region in yeast (Hope 
and Struhl, 1986). The fact that the chimeric protein con­
taining the hER DNA-binding domain and GAL4 activating 

region II stimulates ERE-controlled transcription almost 
as efficiently as the wild-type estrogen receptor (HEO), 
whereas a truncated hER (HE15) containing the DNA 
binding domain but not the hormone-binding domain 
stimulates transcription only very poorly, clearly supports 
our previous conclusion (Kumar et al., 1987) that the 
hormone-binding domain of hER is not required for the 
DNA binding domain to bind to an ERE, but is important 
for efficient activation of transcription. The observation 
that the hER DNA binding domain can function when 
linked to totally unrelated activating regions in chimeric 
activators should be useful to further characterize this 
DNA binding domain. 

It has been pointed out previously that both the GAL4 
and GCN4 activating regions correspond to acidic re­
gions, and several unrelated short acidic regions have 
been shown to function in yeast as substitutes for the 
GAL4 activating regions (Ma and Ptashne, 1987b). No ob­
vious sequence homology is apparent when comparing 
these acidic regions, but the possible presence of an am­
phipathic a-helix is a feature common to many of them, in­
cluding the GAL4 region I and GCN4 activating regions 
(Giniger and Ptashne, 1987). However, the activating re­
gion II of GAL4 does not appear to be capable of forming 
such an amphipathic a-helix (Giniger and Ptashne, 1987). 
Region E of the hER, which is essential for efficient activa­
tion of transcription (see above and Kumar et al., 1987), 
may also contain a putative a-helix with amphipathic 
character (amino acids 469 to 486). In this respect, hybrid 
proteins resulting from the fusion of the GAL4 DNA bind­
ing domain and various segments of region E should be 
useful in identifying the activating domain present in this 

region of the hER. 

Molecular Mechanism of Transcriptional 
Enhancement in Eukaryotes 
The observation that a yeast UAS element and its cog­
nate activator protein can stimulate higher eukaryotic 
promoters in human Hela cells with characteristics indis­
tinguishable from those of a higher eukaryotic enhancer 
element indicates that these elements are functionally 
identical, and suggests very strongly that the underlying 
molecular mechanisms of stimulation of transcription are 
similar in both cases. This suggestion is further supported 
by the finding that the same activating regions of the yeast 
activators GAL4 and GCN4 function in yeast and human 
cells when linked to heterologous DNA binding domains. 
Based on studies performed with the SV40 enhancer, 
Takahashi et aL (1986) have suggested that protein factors 
bound to enhancer elements stimulate transcription by in­
teracting with proteins bound to the other promoter ele­
ments. Ptashne (1986) has suggested that DNA-bound 
GAL4 could stimulate transcription in yeast by a similar 
mechanism. It this were true, it would follow that the same 
type of contacts exist in yeast and in Hela cells between 
GAL4 and these other proteins. In this respect, it would be 
interesting to investigate whether there is any stereoalign­
ment requirement for GAL4 to stimulate transcription from 
higher eukaryotic promoter elements. Since a promoter 
region composed of a simple TATA box linked to a 17-mer 
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GAL4 recognition site can still be stimulated by GAL4, it 
is clear that proteins interacting with higher eukaryotic 
promoter upstream elements are not necessary targets for 
GAL4. Protein interactions may thus involve some fun­
damental components of the transcription machinery, 
such as the RNA polymerase or those factors that are ab­
solutely required for initiation of transcription, e.g., the 
TATA box factor (note, however, the stimulation of the TATA 
box-less HMG-CoA reductase promoter mentioned above). 
A high degree of conservation of the salient features of 
these factors during evolution is not inconceivable, since 
RNA polymerase B (II) itself appears to be well conserved 
between yeast and higher eukaryotes (see Ahearn et al., 
1987 for references). Enhancer factors may also have 
been conserved during evolution, as suggested by the ho­
mology between the yeast GCN4 activator and the on­
cogene JUN, which appears to be related to the higher 
eukaryotic enhancer factor AP1 (see Struhl, 1987b and 
Short, 1987 for references). Further studies with higher 
eukaryotic enhancer factors are necessary to investigate 
the possible presence and function of acidic regions simi­
lar to those present in the yeast activators. It should be 
stressed, however, that alternative mechanisms may exist 
whereby UAS or enhancer elements, together with their 
cognate factors, may function without directly interacting 
with components of the transcription machinery (e.g., in­
teraction with the nuclear matrix or modification of chro­
matin structure; for reviews and references, see Chambon 
et al., 1984; Wasylyk, 1987; Hatzopoulos et al., 1987). 
Nevertheless, our results indicate that the mechanisms 
that are involved in transcriptional enhancer function must 
be very similar in yeast and man. 

Experimental Procedures 

Plasmid Constructions 

All DNA constructions were per1ormed using standard procedures 
(Maniatis et al., 1982). The act1vator plasmids pKCR2-GAL4 and 
pKCR2-GAL4R were constructed by ligating the 2.9 kb Hindlll frag­
ment of pLKC15 (Silver et al.. 1984) into the EcoRI site of the expression 
vector pKCR2 (Breathnach and Harris, 1983) using synthetic Hlndiii­
EcoRI linkers. For reporter plasmids UAS-tk-CAT and UASR-tk-CAT 
(see legend to F1gure 1), the UAS0 of the GALt-GAL tO divergent pro­
moter was excised as a 365 bp Bglll fragment from plasmid pRY24{Yo­
cum et al., 1984) and inserted in both orientations into the BamHI site 
of plasmid pBLCAT8+ {Kiein-Hitpass et al., 1986). 17M-tk-CAT was 
constructed by ligation of the Hindllt-Smal fragment of pM HIOO (which 
contains in pUC18 the synthetic "Seal Me" 17-mer 5'-CGGAGTACT­
GTCCTCCG-3' [17M]) into the polylinker of pBLCAT8< (at -114 with 
respect to the tk cap site), which had been blunt-ended with Klenow 
enzyme at the BamHI site and then cut at the Hindlll site. A perfect 
palindromic synthet1c 17-mer {t7MX) within the following sequence 
5'-AGCTTCGGAGGACTGTCCTCCG-3' was ligated as a dimer into 
the polylinker Hindlll site { -140) of pBLCAT8+ to generate 17MX2-
Ik-GAT (Figure lA) To prepare reporter genes lor the St nuclease 
analysis {Figure 2A), the 365 bp Bglll UASG fragment was subcloned 
in both orientat1ons into the BamHI site of Bluescribe Mt3+ (Strat­
agene) to give BSM-UAS and BSM-UASR. UASG was excised from 
BSM-UAS with Smal and Xbal. and inserted into the Smal and Xbal 
sites of the polylinker of plasmid pG1 (Sassone-corsi et al., 1985) 
to yield UAS-pGt. For the pG2 (Hen et al., 1986) vectors, the UAS.:, 
fragment was excised from BSM-UASR and BSM-UAS with Sacl and 
Xbal, then ligated into the Sacl and Xbal sites of the potylinker of pG2 
to give UAS-pG2 and UASR-pG2, respectively (see legend to Figure 
2). The "Seal site" 17-mer (17M) was excised from pMHtOO as above 
and ligated into the Hindi II and Smal sites of pGt to give 17M-pGt. The 

remaining reporter genes containing the "Seal site" 17-mer (17M) were 
constructed by ligating synthetic oligonucleotides corresponding to the 
sequence 5'-CTAGAGGTCGGAGTACTGTCCTCCGACT-3' 1nto the 
polylinkerXbal Sites ofpG2, pG2B, and TATA-GLOB {see legend to Fig­
ure 4) to produce 17M-pG2, 17M-pG2B, 17M-TATA-GLOB, and 17M2-
TATA-GLOB, respectively. TATA-GLOB was a k1nd gift from Dr. J. White. 
The 3' reporter gene, pG2-UAS (Figure 3). cons1sts of the 365 bp Bglll 
UASc fragment inserted 1nto the unique BamHI Site (+475) of pG2. 
The chimeric activator plasmid ER-GAL4(281/768) (F1gure 5) was con­
structed by l1gating the GAL4 580 bp Nari-Hindlll fragment (conta1ning 
activating region II) from pKCR2-GAL4 into the Clai-Hindlll sites of the 
hER mutant HE25 (Kumar et al., 1987). For the ch1meric act1vator plas­
mid ER-GCN4 {281/107-125) (Figure 5), 7 synthetic oligonucleotides 
correspond1ng to the 19 amino acid core of the GCN4 activating region 
(amino ac1ds 107 to 125: see Hope and Struhl, 1986) were "shotgun" 
ligated into the Xhoi-Sacl sites of the hER mutant HE22 (Kumar et al., 
1967}. All constructions were checked both by restriction enzyme anal­
ysis and dideoxy sequencing pnor to transfection 

HeLa Cell Transfectlons and CAT Assay 

Hela cells were mainta1ned in Dulbecco's modified Eagle's medium 
(DMEM) with 5% fetal calf serum that had been treated with dextran­
coaled charcoal to remove steroid hormones, as previously described 
(Kumar et al., 1986). Cells were transfected at 30%-50% confluence 
in 9 em Petri dishes w1th a total of 20 ~g of DNA using the calcium phos­
phate precipitation techn1que {Kumar et al., 1986). For the CAT assays, 
1 ~g of each of the activator and reporter plasm ids, together with 41-lg 
of the reference RSV-IacZ plasmid (see Bonnerot et at., 1987) and 14 
~g of carrier DNA (131uescnbe Mt3-), were transfected per plate. The 
precipitate was removed after 24 hr, and the cells refed with medium. 
When appropriate, estradiol was added to the medium to 1o·a M. Af­
ter a further 24 hr. the cells were harvested, rinsed.lysed by five cycles 
of freeze-thaw, and centr1fuged at 10.000 x g for 20 min. The ~-galac­
tosidase activity was measured in the e>ctracts by the method of Her­
borne! et al. (1984). Extracts corresponding to 5 U of ~-galactosidase 
activity were used lor the CAT assay with 0.1 1-1Ci j14C] chlorampheni­
col (50 mCilmmol, Amersham) for 1 hr at 37"C, followed by chromatog­
raphy on 0.2 mm silica gel TLC plates (Merck Kieselgel 60F254). For 
quant1ficat1on of the results, the CAT assay was run with 0.2 f-!C' {14C] 
chloramphenicol at 37"C for 30 min, the acetylated bands excised, and 
counted in 5 ml scintillant. Under these conditions, the assay was 
within the linear range. 

RNA Preparation and Quantitative 51 Nuclease Mapping 

HeLa cells were transfected as above with 1 f-lg of activator plasmid, 
1 or 5 f-lg of reporter plasmid (as indicated in the legends to the figures), 
and 0.2 or 0.5 1-1g of the reference plasmids pAO (Zenke et al., 1986) 
or pGtB, respectively. Carrier DNA (as above) was added to 20 1-1g. 
Cells were harvested 40-48 hr after transfect1on (to·8 M estradiol was 
added 24 hr after transfection, when appropriate), and the cytoplasmic 
RNA isolated by 0.5% Nonidet P40 lysis (Groudine et al., 1981) Single­
sfranded DNA probes were prepared by primer extension along single­
stranded M13 DNA templates conta1ning either the 1142 bp Hindiii­
Dral fragment from vit-tk-globin (Kumar et al., 1967}, the cv1470 bp 
EcoRI fragment from pAO (Zenke et al., 1986), or the cvt250 bp EcoRI 
fragment from the Ad2MLP TATA-GLOB plasmid. The primer used was 
complementary to bases +39 to +60 of the rabbit ~-globin gene 
(Zenke et al., 1986) and was 5' end-labeled with -y.p2P]ATP pnor to ex­
tenSIOn. The labeled DNA was cut with EcoRI and the single-stranded 
probes ISOlated from a 6% sequenc1ng gel byelectroelution. For quan­
titative 51 nucleasa analysis (Zenke et al., 1988). tO 1-1g of RNA was 
hybridized with 20,000-30,000 cpm of probe in 50% (v/v) lormamide/ 
04 M NaCI/40 mM PIPES (pH 6.5)11 mM EDTA overnight at 42"C, then 
digested with 100 U of St nuclease (Appligene) at 25"C tor 3 hr 1n 
30 mM NaAc (pH 4.5)13 mM ZnS04/300 mM NaCI The protected frag­
ments were run on a6% sequencing gel and quantified by densitomet­
ric scanning of the autoradiograms exposed tor vanous periods. 
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Summary 

We constructed genes encoding the DNA binding re­
gion of the bacterial LexA repressor fused to the v-fos 
and c-fos oncogene products. The resulting LexA-Fos 
fusion proteins activated transcription in yeast. Tran­
scription activation by these proteins was as strong as 
transcription activation by proteins native to yeast. 
LexA-Fos fusion proteins only activated transcription 
of genes when they were bound to LexA binding sites 
inserted upstream of those genes. Transcription was 
activated less strongly by similar proteins in which the 
DNA binding region of LexA was fused to vMyc and 
cMyc. Transcription was not activated by native LexA 
or by proteins containing the DNA binding domain of 
LexA fused to bacteriophage 434 repressor or yeast 
MATa2 protein. These results demonstrate that Fos 
proteins activate eukaryotic gene expression when 
they are bound to promoter DNA, and thus suggest 
that Fos proteins exert some of their effects because 
they stimulate transcription of cellular genes. Regula­
tion of transcription by Fos and Myc proteins in yeast 
provides a phenotype that may facilitate genetic anal­
ysis of the function of these proteins in higher or­
ganisms. 

Introduction 

The viral and cellular los and myc oncogenes encode in­
teresting proteins. Perhaps the most striking property of 
these gene products {here called Fos and Myc proteins) 
is that overexpression of either of them in normal rat fibro­
blasts, together with expression of the activated ras on­
cogene product, transforms the cells and endows them 
with the ability to form tumors in living animals (Land et 
aL, 1983; Ruley, 1983). In addition to this tumorigenic ef­
fect, expression of large amounts of either Fos or Myc pro­
teins in a variety of cell types allows the cells to grow in· 
definitely in cell culture {reviewed in Bishop, 1985, and 
Weinberg, 1985). ln contrast to the effects the proteins 
have when expressed inappropriately, little is known 
about the effects of their normal expression. Transcription 
of cellular fos and myc genes is often induced in response 
to treatments that stimulate cell growth {Kelly et aJ., 1983; 
Greenberg and Zilf, 1984). Moreover, c-fos transcription is 
induced by a number of treatments that cause cell differ­
entiation or potentiate nerve cell activity (Kruijer et al., 
1985; Greenberg et al., 1985, 1986). 

Still less is known about the mechanisms by which Fos 
and Myc proteins exert their effects. It is known that the 
proteins are phosphorylated, localized to the cell nucleus, 
and possess an affinity for DNA (Donner et al., 1982; Watt 
et al., 1985; Renz et al., 1987). One plausible idea for the 
Fos proteins is that they exert their effects by altering gene 
expression (see, for example, Varmus, 1987). Similarly, it 
is possible that Myc proteins might exert some of their ef­
fects on cell growth because they alter gene expression 
(see, for example, Kingston et al., 1985; Bishop, 1985; 
Weinberg, 1985), although alternative roles for Myc in 
RNA processing and DNA replication have also been pro­
posed {see, for example, Sullivan et al., 1986; Studzinski 
et al., 1986). 

A strong formulation of the transcriptional regulatory hy­
pothesis for Fos and Myc proteins is that these proteins 
might immortalize cells and cause cancer because they 
bind to the promoter regions of specific genes and acti­
vate or repress their transcription. There is some evidence 
that supports this idea. Both Fos and Myc proteins report­
edly cause "'ransactivation," respectively stimulating tran­
scrip!lon of transiently expressed transfected mouse a 1 
collagen and human hsp70 genes (Setoyama et aL, 1986; 
Kingston et aL,1984; Kaddurah-Daouk et al., 1987). In­
terpretation of these results has been clouded by the fact 
that transactivation has not been shown to depend on a 
direct interaction between the oncogene products and the 
promoters of the genes whose transcription they report· 
edly stimulate. However, three recent findings make such 
interactions plausible. First, Fos or an antigenically similar 
protein has been found to be associated with the promoter 
of at least one gene, the adipocyte aP2 gene (Distel et 
al., 1987). Second, another nuclear localized oncogene 
product, v-jun, binds to specific sites on DNA (Struhl, 
1987) and is homologous to the c-jun product, which also 
binds specific sites on DNA and which presumably is the 
transcription factor AP-1 (Bohmann et al., 1987). Finally, 
both Fos and Myc proteins contain sequences that might 
be involved in site-specific DNA binding, homologous to 
the DNA binding portions of GCN4 and v-jun (Yogi et al., 
1987). 

Here we present an analysis of transcription activation 
by Fos and Myc proteins. These experiments relied on re­
cent research on control of transcription in yeast. Up­
stream of most yeast genes (for example, the GAL1 gene 
shown or the CYC1 gene), there is a stretch of nucleotides 
called a UAS, or upstream activation site. UAS's contain 
binding sites for transcription activator proteins such as 
GAL4, HAP!, and GCN4 {Giniger et al., 1985; Pfeifer et al., 
1987; Hill et al., 1986) (Figure 1a). Deletion of the UAS 
abolishes transcription (Figure 1b) (Lalonde et al., 1986; 
West et al., 1984). We recently expressed new transcrip­
tion activators in yeast in which the DNA binding portion 
of the E. coli LexA repressor protein was fused to GAL4 
and GCN4. These new proteins, LexA-GAL4 and LexA­
GCN4, stimulate transcription of genes if and only if a 
LexA operator is inserted into nearby upstream DNA (Fig-


