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Yeast upstream activator protein GCN4 can stimulate
transcription when its binding site replaces the TATA
element
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We replaced the required TATA element of a yeast
gal-his3 promoter by a binding site for GCN4, a protein
that normally activates transcription when bound
upstream of a TATA element. Surprisingly, GCN4
efficiently activates his3 transcription from wild-type
initiation sites, though in a pattern associated with
constitutive his3 transcription rather than GCN4
upstream activation through a TATA element. Tran-
scriptional stimulation by GCN4 requires both the DNA-
binding domain and the acidic activation function but is
not affected by changing the spacing or helical relation-
ship between the GCN4 binding site and the mRNA start
sites. GCN4 is not sufficient for this TATA-independent
activation; a sequence in the gal fragment distinct from
the GAL4 binding sites is also required. Thus, GCN4
functions both when bound upstream of a TATA element
and also when bound at the position of a TATA element.
In the latter case, we suggest the possibility that GCN4
might be able to stimulate transcription by an alternate
mechanism that does not involve a conventional TATA-
binding transcription factor.
Key words: eukaryotic promoters/RNA polymerase 11/tran-
scriptional activation/TATA-binding protein/upstream
activator protein

Introduction
A typical eukaryotic RNA polymerase II promoter consists
of at least two kinds of cis-acting DNA sequences, upstream
elements and TATA elements (reviewed by McKnight and
Tjian, 1986; Struhl, 1987a; Guarente, 1988). TATA
elements, located near mRNA initiation sites and resembling
the sequence TATAAA, are important for transcription and
are believed to interact with a component of the basic
transcription machinery. Upstream elements (called
enhancers or UASs) are usually located relatively far
upstream of the transcription initiation sites, behave in an
orientation and distance-independent manner, and are target
sites for various activator proteins. Yeast activators stimulate
transcription in mammalian cells (Kakidani and Ptashne,
1988; Webster et al., 1988) and vertebrate activators
stimulate transcription in yeast cells (Lech et al., 1988;
Struhl, 1988), thus suggesting a common molecular
mechanism for transcriptional activation in eukaryotic
organisms.
The GCN4 activator protein of the yeast Saccharomyces

cerevisiae binds specifically to many genes involved in amino

acid biosynthesis and coordinately stimulates their tran-
scription (Hope and Struhl, 1985; Arndt and Fink, 1986).
GCN4 binds as a dimer to the target site [consensus
ATGA(C/G)TCAT], and both the dimerization and specific
DNA-binding functions are localized within the 60 C-
terminal amino acids (the full length protein is 281 amino
acids) (Hill et al., 1986; Hope and Struhl, 1986; 1987). In
addition to the DNA-binding domain, transcriptional stimu-
lation in vivo requires a separate activation function that is
localized to a short region of 35-40 amino acids rich in
acidic residues (Hope and Struhl 1986; Hope et al., 1988).
Moreover, different acidic portions of GCN4 are equally
functional, suggesting that transcriptional activation functions
consist of acidic regions with minimal primary requirements.
Similar conclusions have been reached from mutational
analyses of the GAL4 activator protein and from selection
of functional activation regions from Escherichia coli DNA
sequences (Ma and Ptashne, 1987a,b; Gill and Ptashne,
1987).
A crucial question is how short acidic regions activate

transcription and how this mechanism is integrated into the
overall pattern of gene regulation given that activator proteins
such as GCN4 and GAL4 all influence the same RNA
polymerase. From the short size and the non-stringent
primary sequence requirements, it has been suggested that
the activation region does not possess a catalytic function,
but rather serves as a surface for interacting with a
component(s) of the general transcription machinery (Hope
and Struhl, 1986). Experimental support for a specific
interaction mechanism comes from the observation that
GAL4 is unable to activate transcription by T7 RNA
polymerase in yeast cells; in contrast, a poly(dA-dT)
element does stimulate transcription by T7 RNA polymerase
(Chen et al., 1987). From these observations, we argued
against a model in which acidic activation regions interact
with basic histones and stimulate transcription by affecting
chromatin structure. Thus, TATA-binding proteins (Davison
et al., 1983; Parker and Topol, 1984; Sawadogo and
Roeder, 1985) and RNA polymerase II are the two obvious
candidates for targets of interaction by GCN4 and other
upstream activator proteins.

In one popular model, the TATA-binding protein is viewed
as a component of the basic RNA polymerase II machinery
and upstream activator proteins stimulate this otherwise
inefficient machinery by contacting the TATA-binding
protein. Such an interaction is supported by the fact that a
mammalian upstream activator and TATA-binding protein
bind cooperatively to DNA (Sawadogo and Roeder, 1985).
In addition, two functionally different TATA elements have
been identified in the his3 promoter region, TR and Tc
(Struhl, 1986), and saturation mutagenesis of the TR pro-
moter element has strongly suggested that TR and Tc are

binding sites for distinct proteins (Chen and Struhl, 1988).
It has been suggested that GCN4 might function by inter-
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acting with a TR binding protein (Struhl, 1987a) since
GCN4 activates transcription in combination with TR but
not with Tc.

Alternatively, GCN4 and other activator proteins might
stimulate transcription by contacting RNA polymerase II
directly. In this model, interactions between upstream
activators and TATA-binding proteins are not crucial,
although they may occur. A number of eukaryotic promoters
do not appear to contain TATA sequences, thus suggesting
that factors other than the conventional TATA-binding
protein can interact with RNA polymerase II. For example,
the yeast 7RP3 promoter apparently lacks a TATA sequence,
but contains a GCN4 binding site at position -32 where
a TATA element would normally be expected (Aebi et al.,
1984; Zalkin et al., 1984). In addition, the largest subunit
of RNA polymerase H from yeast to man contains a
conserved seven amino acid sequence repeated many times
at the C-terminus (Allison et al., 1985; Corden et al., 1985).
This 'tail' is required for transcriptional activation in vitro
(Dahmus and Kedinger, 1983) and in vivo (Nonet et al.,
1987; Allison et al., 1988; Bartolomei et al.,1988), although
it is not important for the basic RNA polymerizing activity.
It has been proposed that the tail might interact with upstream
activator proteins, an idea that could provide an additional
explanation beyond cooperative DNA binding for the
synergism often observed in activation.
The experiments in this paper were designed to address

the issue of whether GCN4 activates transcription by
contacting the TATA-binding protein or RNA polymerase.
We reasoned that if GCN4 stimulated transcription by
contacting RNA polymerase, then perhaps it would activate
transcription in the absence of a TATA element when a
GCN4 binding site was located at the position normally
occupied by the TATA sequence. The TR element
(TATAAA) of a gal-his3 promoter containing the UASG
element for galactose induction was replaced by the GCN4
binding site to create a novel promoter with two conventional
upstream elements and no TATA element. We find that the
GCN4 binding site can substitute for the TR element and
then characterize the requirements for transcription from this
novel promoter. The results are discussed with respect to
molecular models of transcriptional activation and to
strategies of promoter organization.

Results
A GCN4 binding site can functionally replace the TR
(TATAAA) element
We have previously described a gal-his3 hybrid promoter,
his3-G17, in which transcription is totally dependent on an
oligonucleotide containing the his3 TR element (Chen and
Struhl, 1988; see Figure 1). In the absence of the TR
oligonucleotide, the 365 bp gal segment, which contains four
binding sites for the GAL4 activator protein (Bram and
Kornberg, 1985; Giniger et al., 1985), is unable to stimulate
his3 transcription. With the TR oligonucleotide inserted
between this gal upstream element and the his3 mRNA
initiation sites, his3 transcription is strongly induced when
cells are grown in medium containing galactose but not when
grown in medium containing glucose. As expected from
TR-mediated transcription, initiation from the his3 + 12 site
is strongly preferred over initiation from the +1 site. Almost
all single base-pair substitutions of the TATAAA sequence
in the TR oligonucleotide abolish his3 transcription.
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Fig. 1. DNA structures. (A) Structure of the wild-type his3 promoter
region as determined by extensive mutational analysis (Struhl, 1986;
Struhl et al., 1985). Constitutive his3 transcription depends on a
poly(dA-dT) upstream element and the Tc TATA element and is
initiated with nearly equal frequency from the + 1 and + 12 sites.
GCN4 activated transcription depends on the GCN4 binding site and
the T4 TATA element, and it is initiated with a strong preference from
the + 12 site. The important sequences for GCN4 and TR function,
determined by saturation mutageneses (Hill et al., 1986; Chen and
Struhl, 1988), are shown below their respective elements. (B) Some of
the promoters used in this investigation; these are derived from
previous gal-his3 fusions or his3 deletion mutants. The gal box
represents the 365 bp DdeI-Sau3A DNA fragment from the gal 1-10
promoter region containing four GAL4 binding sites, and the gcn4, TR
and lex boxes are EcoRI or EcoRI-SacI oligonucleotides (see
Materials and methods). The levels of his3 expression were determined
by growth in the presence of aminotriazole (Hill et al., 1986; Hope
and Struhl, 1986; Hope et al., 1988) and are indicated as follows:
+ + +, wild-type growth in 20 mM aminotriazole (corresponds to
maximal GCN4 induction of the wild-type his3 gene); + +, slow
growth in 20 mM but wild-type growth in 10 mM aminotriazole
(corresponds to normal basal level of his3 expression); +, slow
growth in 10 mM aminotriazole (-20-50% of the normal basal
level); -, no growth at 5 mM aminotriazole (<5-10% of the normal
basal level).

An oligonucleotide containing the GCN4 binding site from
the wild-type his3 gene GGATGACTCTTTTTT was
inserted in place of the TR element in his3-G17; i.e.
between the gal fragment and position -24 with respect to
the his3 RNA coding region (Figure 1). This novel promoter,
designated his3-GG1, contains two conventional upstream
elements (the GAL4 and GCN4 binding sites) and no TATA
elements. DNA containing his3-GGI was introduced into
yeast strain KY320 in such a way that it replaced the original
chromosomal his3 gene in single copy at the wild-type locus.

Surprisingly, this novel promoter efficiently activates his3
transcription. In the presence of 20 mM aminotriazole,
conditions that require significant expression of the his3 gene,
the strain containing his3-GGI grows almost as well as a
strain containing the wild-type his3 gene. This indicates that
the level of transcription from his3-GGl is nearly as high
as that obtained when GCN4 activates transcription from its
normal position upstream of the TATA element. Quantitative
S1 nuclease analysis using dedi RNA as an internal control
(Figure 2) indicates that the amount of his3 RNA in the
his3-GG1 strain (lanes 11 and 12) is similar (less than a factor
of 2) to that obtained from the constitutive his3 promoter



A GCN4 binding site replaces the TATA element

1 2 3 4 5 6 7 8 9 10 11

a-

_

4-.edl

Fig. 2. Quantitation of his3 RNA levels. Yeast strains containing the
indicated his3 alleles were grown in broth (non-inducing conditions) or

in minimal medium containing 10 mM aminotriazole (inducing
conditions) with glucose or galactose as carbon sources. RNAs from
these strains were hybridized to completion with an excess of 32p-
labeled oligonucleotides for his3 and the dedl internal control, and the
products were treated with S1 nuclease: wild-type his3 in glucose
medium in non-inducing (lane 1) or inducing (lane 2) conditions;
his3-G17 (contains TR) in broth containing glucose (lane 3) or

galactose (lane 4); his3-G2 (lacks any TATA element) in medium
containing glucose (lanes 5 and 7) or galactose (lanes 6 and 8) in non-

inducing (lanes 5 and 6) or inducing (lanes 7 and 8) conditions;
his3-GGI (contains the GCN4 binding site in place of the TR element)
in broth containing glucose (lane 9) or galactose (lane 10), or inducing
conditions containing glucose (lane 11) or galactose (lane 12). The
positions of his3 RNAs initiated at positions + 1 and + 12 and the
dedi control RNA are indicated.

that is GCN4-independent (lane 1); this corresponds to
20-40% of the maximal GCN4-induced level of the wild-
type his3 gene (lane 2).
The following lines of evidence indicate that his3

transcription is due to activation by GCN4 protein. First,
transcription from his3-GG1 depends on the GCN4 binding
site, but not on hypothetical TATA-like elements within the
gal fragment, because transcription is not detectable in the
absence of the GCN4 binding site (lanes 5-8). Second,
activation depends on GCN4 rather than some fortuitous
function interacting with the GCN4 binding site because
transcription from the his3-GG1 promoter is only observed
in the presence of aminotriazole (lanes 11 and 12), not in
its absence (lanes 9 and 10). Aminotriazole causes amino
acid starvation, which results in the synthesis of GCN4; due
to a translational control mechanism, GCN4 is not
synthesized under normal growth conditions (Hinnebusch,
1984; Thireos et al., 1984). Third, replacement of the
GCN4 binding site with an oligonucleotide containing the
E. coli LexA binding site, allele his3-GL1, eliminates his3
expression except in the presence of a plasmid capable of
expressing the LexA -GCN4 hybrid protein (Figure 1).
LexA-GCN4 activates transcription from his3-GL1
somewhat less efficiently than it activates transcription from
his3-GG1. This difference almost certainly reflects the higher
affinity of GCN4 to its target site as compared to the LexA
DNA-binding domain to its operator (Hope and Struhl, 1985;
Hurstel et al., 1988).

Interestingly, transcription from his3-GGl is initiated from
both the + 1 and + 12 sites with a slight preference for the

+ 1 site (lanes 11 and 12). In contrast, when GCN4 induces

transcription from the wild-type his3 promoter in combina-
tion with the TR element, initiation occurs primarily at the

+12 (lane 2), a preference also observed in galactose
induction through the TR element (lane 4). The his3-GG1
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Fig. 3. His3 RNA in strains containing varied helical turns between
the gcn4 and initiation sites. Yeast strains containing the following his3
alleles were grown in glucose medium with 10 mM aminotriazole
except for the wild-type strain (grown in the absence of aminotriazole)
and RNAs were analysed as described in Figure 2: his3 wild type

(lane 1); his3-GG2 (lane 2); his3-GG3 (lane 3); his3-GG4 (lane 4);
his3-GG5 (lane 5); his3-GGl (lane 6). Densitometric scanning
indicates that when normalized to the amount of dedi RNA in each
lane, his3 RNA levels and the ratio of the + 1 to + 12 transcripts in
lanes 2-6 differ by less than a factor 50% (about twice as much
RNA was loaded in lanes 3 and 4). The wild-type strain contains
about twice as much his3 RNA as the strains containing the his3-GG
alleles.

initiation pattern, resembles that mediated by the constitutive
his3 promoter (see Discussion).

Varying the spacing and helical relationship between
the GCN4 of LexA binding sites and the his3
initiation sites does not affect transcription
In his3-GGl, the center of the GCN4 binding site is close
(41 bp) to the +1 initiation site, suggesting that GCN4 might
interact with proteins around the initiation sites such as RNA
polymerase H. Such an interaction might be influenced by
the distance between the GCN4 binding site and mRNA
initiation site and/or the helical relationship between these
two sites. To test this possibility, the distance between the
GCN4 binding site and the mRNA initiation site was varied
by +11, +7, +5 and -13 with respect to the original
his3-GGI allele by altering the downstream insertion point
of the oligonucleotide to -35, -31, -29 and -1 1. Strains
containing the resulting derivatives (his3-GG2, GG3, GG4,
GG5) grew at equivalent rates as the original his3-GGl strain
in medium containing 20 mM aminotriazole. Quantitative
RNA analysis indicates that these strains have similar his3
RNA levels and that the pattern of initiation site selection
is not affected (Figure 3), Thus, his3 expression is not

significantly affected by variations in distance, even when

the GCN4 binding site is moved to -11; i.e. only 28 bp
from the + 1 initiation site. We also changed the distances
between the LexA binding site and the his3 initiation site

by inserting the lexA oligonucleotide at -1 1, -24, -31 and

-35 (alleles his3-GL2, GL3, GL4, GL5). As assayed by
growth in the presence of aminotriazole, his3 expression is

still dependent on the presence of the LexA-GCN4 hybrid
protein, but is not influenced by the spacing or by the

variation of the helical turns.

The acidic activation region of GCN4 is required
Does transcription from his3-GG1 require the normal

transcriptional activation function that is necessary when
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Fig. 4. Activation of N-terminally deleted GCN4 proteins. The structures of various N-terminally deleted GCN4 proteins are shown with the black
bar representing the acidic transcriptional activation region and the shaded bar representing the C-terminal DNA-binding and dimerization domain.
The abilities of these derivatives to activate his3 transcription when the GCN4 binding site is at its regular location is the wild-type his3 promoter
(data of Hope and Struhl, 1986) or at the downstream location in place of the TATA element as in his3-GGl are indicated as described in the legend
to Figure 1.

GCN4 is bound upstream of a TATA element, or is a
different part of the protein involved? To investigate whether
similar regions of GCN4 are required for activating
his3-GG1 and the wild-type promoter, we tested the
properties of N-terminal deletion proteins that had been used
previously to define the transcriptional activation region
(Hope and Struhl, 1986). The GCN4 DNA binding function
is located in the C-terminal 60 amino acids and the
transcriptional activation function is fully retained in the 175
C-terminal amino acids (GCN4 contains a total of 281 amino
acids). Deletions containing the DNA-binding domain but
lacking the transcriptional activation region do not stimulate
transcription and indeed can actually repress transcription
in certain promoters.
A strain containing the his3-GG1 allele but lacking the

entire GCN4 structural gene was transformed with 13
plasmids carrying serial N-terminal deletions of GCN4, and
the level of his3 transcriptional activation was assessed by
growth in the presence of aminotriazole (Figure 4). As
expected, the full-length GCN4 protein activates his3 trans-
cription from his3-GG1, although to a slightly less extent
compared to the wild-type his3 promoter. This directly
confirms transcription from his3-GGI depends on GCN4.
All derivatives lacking the GCN4 acidic transcriptional ac-
tivation region fail to stimulate his3 transcription. Three
derivatives (gcn4-C 197, C 186, C175) do not stimulate
transcription from his3-GG1 although they appear fully func-
tional for activation of the wild-type his3 promoter.
We performed a similar analysis using previously

described C-terminal deletions of LexA-GCN4 (Hope and
Struhl, 1986; see Figure 5). Although LexA-GCN4
activates transcription from his3-GL1 (Figure 1), the LexA
binding site version of the novel promoter, almost all the

264

deletion mutants appear to be inactive in this situation. Some
of these deletions can activate transcription from a promoter
containing the lexA operator upstream of a normal TATA
element, but in that situation they are only 20% as efficient
as LexA-GCN4 (Hope and Struhl, 1986; Figure 5). For
this reason the apparent failure of these derivatives to ac-
tivate his3-GLI may simply reflect a problem of detection.
In this regard, LexA-gcn4-N125, the only deleted derivative
that activates transcription from his3-GLl, shows an
anomalously high activity when the lexA operator is upstream
of the TATA element (Hope and Struhl, 1986; Hope et al.,
1988). Thus, although LexA hybrid proteins activate
his3-GLl less efficiently than when the lexA site is upstream
of a TATA element, the relative activities of these proteins
follow the same pattern on the two promoters. These results
corroborate those obtained with the N-terminally deleted
GCN4 proteins and they suggest that similar, but possibly
not identical, regions of GCN4 are required for activation
in our construct and wild-type promoter.

Transcription depends on the gal fragment but not on
GAL4 protein
Unlike all previously described gal-his3 promoters (Struhl,
1984; Chen and Struhl, 1988), his3 transcription from both
his3-GGI and his3-GLI is efficient when cells are grown
in glucose medium (Figures 1 and 2). One possibility of this
observation is that GCN4 alone is sufficient to activate
transcription when its binding site is at the position of the
TATA element. However, when the gal fragment is removed
as in his3-A92 (Figure 1), his3 transcription is abolished.
Previously described deletions of the native his3 promoter
(his3-A38, 39, 43) lacking the TATA region but containing

GCN4
Derivatives

Activation DNA Binding
GCN4-wt

gcn4-C26'a

gcn4-C243

gcn4-C21 0

gcn4-C1 97

gcn4-Cl 86

gcn4-C1 75

gcn4-Cl 63

gcr4-C 141

gcn4-C1 31

gcn4-C1 14

gcn4-C83

gcn4-C60

gcn4-C37

LIZ.Z.Z

.-- -1. -I

L--, --l..

f ffmffl.l L-77:7

1111,11-momill
.:.,

I....

a.F,rlzm



A GCN4 binding site replaces the TATA element

Lex-GCN4
Derivatives

Lex(1 - 87)
Lex-GCN4-wt

Lex-gcn4-N281

Lex-gcn4-N270

Lex-gcn4-N249

Lex-gcn4-N222

Lex-gcn4-N 194

Lex-gcn4-N1 87

Lex-gcn4-Nl81

Lex-gcn4-N1 50

Lex-gcn4-N1 27

Lex-gcn4-N1 25

Lex-gcn4-N1 20

Lex-gcn4-N77

Lex-gcn4-N71

Lex-gcn4-N43

Lex-N84

Lex-N82

GCN4-wt

-.ctiiation DNA Binding

GCN4 Amrir .Cids
Presc-

In Vivo GCN4 Activity
Regular Downstream
Location Locaton

12 -1'-'

12 -
-

12 -<

12 1-_':

1 2 -

1 2

4-++

+ 4-

l 2 -

12 -

12 -

12 - I-

12 -

12 -

12 -

12 - -

.....1

1 - 2

Fig. 5. Activation by C-terminally deleted Lex-GCN4 proteins. The structures of various C-terminal deletions of LexA-GCN4 are shown with the

black bar representing the acidic transcriptional activation region and the shaded bar representing the C-terminal DNA-binding and dimerization

domain. The abilities of these derivatives to activate his3 transcription when the lexA binding site is upstream of a TATA element (listed as ,(-

galactosidase activities as determined by Hope and Struhl, 1986) or at the downstream location in place of the TATA element as in his3-GLI are

indicated as described in the legend to Figure I for description of phenotypes (the designation i indicates very poor growth in 10 mM

aminotriazole).

the GCN4 binding site close to the initiation sites also do
not activate transcription (Struhl, 1982). Thus, some genetic
element within the 365 bp gal fragment is also required for
GCN4 to activate transcription from his3-GGl.
The fact that GAL4 does not bind to UASG in glucose

medium suggests that something other than GAL4 is required
for transcription from his3-GG1. To prove this, we generated
a deletion of the GAL4 structural gene in the his3-GGl strain
by replacing the intact GAL4 gene with a DNA fragment
that has the LEU2 gene inserted in the middle of the GAL4
coding sequence. The resulting gal4 deletion strain grew well
in the presence of 20 mM aminotriazole, thus indicating that
GALA is not involved in transcription from the his3-GG1
promoter and that a previously unidentified functional
element(s) in the gal fragment plays an important role.

Discussion
GCN4 can activate transcription when bound to

upstream or downstream elements
Although GCN4 normally activates transcription when bound

upstream of a TATA element, the major result of this paper
is that a GCN4 binding site can functionally replace the TR
element to permit transcriptional activation of a gal-his3
promoter. Several lines of evidence indicate that transcription
from this novel promoter is not artifactual. First, tran-

scription depends on GCN4 (or LexA-GCN4 when TR is

replaced by a LexA binding site), and it requires sequences
in addition to the GCN4 DNA-binding domain. Second, it

is initiated exclusively from the proper his3 mRNA start sites
(the significance of the initiation pattern will be discussed
below). Third, transcription is efficient in that it occurs at

the wild-type his3 basal level, an amount typical for an

average yeast promoter, and only - 2- to 3-fold below that
observed for maximal GCN4 activation of the wild-type his3
promoter. Fourth, transcription is not due to a fortuitous
TATA element in the gal fragment or the GCN4
oligonucleotide because his3 RNA was not observed in the
absence of the oligonucleotide nor in galactose medium in
the absence of GCN4. Finally, although his3-GGl is an

artificially constructed promoter, it appears to be organized
like the native 7TP3 promoter which has a GCN4 binding
site very close to the mRNA start sites and no conventional
TATA sequences.

Although removal of the previously described acidic
activation region prevents transcription from his3-GGl or

his3-GLl, certain derivatives that retain this region also fail
to activate these promoters (Figures 4 and 5). While it is

possible that different regions of GCN4 are required for

activation from normal or novel promoters, we disfavour
this explanation because two separate regions of GCN4
would have to be invoked to explain the results with the N-

and C-terminal deletions. Alternatively, the apparent
discrepancies might simply reflect a problem related to the

fact that GCN4 activates his3-GG1 and his3-GLI less

efficiently than the wild-type his3 promoter. In this view,
the requirements for an acidic activation region would be

qualitatively similar but quantitatively more stringent for
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transcription from his3-GGl or his3-GL1. This explanation
completely accounts for the phenotypes of the C-terminal
deletions of LexA-GCN4, including the high activity of
LexA-gcn4-N125. To account for the phenotypes of N-
terminal deletions such as gcn4-C175, C186, and C197, it
is necessary to suggest that a fully functional GCN4
activation region requires additional residues beyond those
defined from previous studies (Hope and Struhl, 1986; Hope
et al., 1988).

Multiple proteins can activate transcription from the
downstream promoter element
Due to its presence as a downstream element in most
eukaryotic promoters, the TATA element is often viewed
as a target site for a common factor that is part of the basic
transcription machinery. However, we have suggested that
the his3 TR and Tc elements interact with distinct proteins
with different sequence specificities for DNA binding that
nevertheless perform a related 'downstream element'
function (Struhl, 1986; Chen and Struhl, 1988). The work
here supports this hypothesis because a different sequence
can functionally replace the TATAAA oligonucleotide at the
same location, and activation through this sequence requires
a defined activator protein.
The properties of his3-GG1 indicate that the GCN4

binding site behaves more like the his3 Tc element than the
TR element (Struhl, 1986). In gal-his3 promoters,
activation through TR depends on GAL4 and occurs
primarily at the + 12 initiation site. In contrast, activation
through the GCN4 binding site in his3-GG1 requires a
different upstream sequence in the gal fragment and his3
transcripts are initiated at both the +1 and + 12 sites with
a slight preference for the + 1 site, an initiation pattern
characteristic of constitutive his3 transcription mediated
through Tc. However, the GCN4 binding site is probably
not equivalent to Tc because transcription is not observed
in several derivatives such as his3-A39 (Struhl, 1982; Figure
1) in which the GCN4 binding site is downstream from the
same sequences that stimulate constitutive his3 transcription
through Tc.
As yeast mRNA start sites are determined primarily by

specific 'initiator' sequences near the mRNA start sites (Chen
and Struhl, 1985; Hahn et al., 1985; Nagawa and Fink,
1985; McNeil and Smith, 1986), it is not surprising that
transcription from his3-GGl is initiated from proper his3
sites and that the initiation pattern is not very sensitive to
the location of the GCN4 binding site. However, selectivity
of initiation sites can be influenced by the distance from the
TATA element; indeed, the strong preference for initiation
at the + 12 site when transcription depends on the his3 TR
element is due to the closeness of TR to the +1 site (Struhl,
1986). Nevertheless, activation by the putative TR protein
or by GCN4 yields a different initiation pattern even though
both binding sites are at the same position. Most likely, each
protein has its own requirements for the distance between
its binding site and the mRNA initiation sites.
The idea that the downstream element function can be

carried out by multiple proteins, including conventional
upstream activator proteins, can easily account for transcrip-
tional activity from promoters lacking the conserved
TATAAA sequence. The yeast TRP3 promoter lacks the
conserved TATAAA sequence and instead contains a GCN4
binding site 28 bp upstream of the mRNA start site that

presumably mediates induction in response to amino acid
starvation (Aebi et al., 1984; Zalkin et al., 1984). The
mammalian HMG-CoA reductase and HPRT promoters lack
TATA-like sequences, but contain sequences resembling SP1
binding sites located close to initiation sites (Melton et al.,
1984; Reynolds et al., 1984); perhaps SPI a normal
upstream activator (Gidoni et al., 1985), is used as a
downstream element in these promoters. Finally, trans-
activation of certain viral promoters by ICP4 or EIA is
mediated through a specific class of TATA elements that
appears to contain sequences adjacent to the standard TATA
homology (Homa et al., 1988; Simon et al., 1988).

At least two promoter elements are required, but not
all combinations are functional
The GCN4 binding site alone does not constitute a functional
promoter because his3-GG1 activates transcription only in
the presence of the gal fragment. The 365-bp gal fragment
contains several negative elements in addition to the four
GAL4 binding sites (Struhl, 1985; West et al., 1987).
However, as activation does not depend on GALA, there
must be at least one other positive element in the gal fragment
responsible for the transcription activity. From deletion
analysis, this element maps - 30-50 bp downstream from
the GALA binding sites (C.J.Brandl and K.Struhl, unpub-
lished results), and for purpose of discussion will be termed
Q. Thus, even when GCN4 functions from a downstream
position, at least two promoter elements are necessary for
transcription.
Although GCN4 and GALA can function with TR, and Q

can function with GCN4, other combinations of these
proteins are nonfunctional (Figure 1). First, GALA and
GCN4 cannot function together since his3-GG1 is not subject
to galactose induction, and derivatives of his3-GG1 that lack
the Q site but not the GAL4 sites are transcriptionally inactive
(C.J.Brandl and K.Struhl, unpublished data). This is
consistent with previous observations that multiple GCN4
or GALA binding sites do not activate transcription in the
absence of a TR element. Second, Q and TR cannot function
together because his3-G17 does not activate transcription in
glucose medium. Third, GAL4 and Q cannot function
together because gal-his3 fusions lacking the TR element
are transcriptionally inactive. A comparison of his3 pro-
moters containing various combinations of elements does not
reveal a simple rule for promoter element compatibility.

Implications for the molecular mechanism of GCN4
activation
We consider two models, both of which make the common
and reasonable assumption that the conventional TATA-
binding protein is part of the basic transcription machinery
and presumably is associated with RNA polymerase II
(Figure 6). In this discussion, RNA polymerase II includes
auxillary initiation factors in addition to the core enzyme.
In model 1, the interaction between GCN4 and the TATA-
binding protein is the crucial step for activation, and GCN4
does not directly contact RNA polymerase II. In model 2,
GCN4 and the TATA factor each interact with RNA
polymerase; this model does not exclude potential inter-
actions between GCN4 and the TATA-binding protein.
The experiments described here do not distinguish between

these models for the common situation where GCN4 is bound
upstream of a TATA element. However, the observation that
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Fig. 6. Models for interactions among GCN4, the TATA-binding
protein and RNA polymerase. In both models, GCN4 (two black ovals
representing the dimeric DNA-binding domain) and the TATA-binding
protein (dark shading) are shown binding to their target DNA
sequences, and RNA polymerase II (light shading) is shown as
interacting with the TATA-binding protein. In model 1, the crucial
interaction (thick arrow) is between GCN4 and the TATA-binding
protein. In model 2, the crucial interaction (thick arrow) is between
GCN4 and RNA polymerase II; interactions between GCN4 and the
TATA-binding protein (thin dashed arrow) are not essential for this
model but may occur. See text for discussion.

GCN4 can activate transcription when its binding site
replaces a conventional TATA element (TR) suggests the
possibility that a contact between GCN4 and the TR factor
might not be necessary in all circumstances. The possibility
that GCN4 and the TR protein could interact in the absence
of the TR binding site seems unlikely because it cannot
account for the drastic effects of point mutations in the TR
element (Chen and Struhl, 1988) nor for the Tc-like
initiation pattern observed from the his3 GGl promoter.
A modified version of model 1 is that the presumptive

protein bound at the Q site carries out the TATA function,
and the relative positions of the upstream and downstream
promoter elements are reversed. To account for the data
however, this interpretation requires at least two novel
features. First, ifQ were a TATA-like factor, it would have

the property of being able to activate transcription in
combination with GCN4 but not with GAL4. Moreover,
GCN4 would be able to activate his3-GGl transcription from
the downstream position, whereas in the same promoter
GAL4 would not activate from its normal upstream location.
Second, there is no precedent for an upstream activator
protein stimulating transcription when bound between the
TATA element and the mRNA initiation sites. For these
reasons, we disfavour but cannot exclude the modified
version of model 1.

Instead, we suggest that the ability of GCN4 to activate
transcription even when its binding site is extremely close
to the mRNA initiation sites might reflect a direct contact
between GCN4 and RNA polymerase (model 2). Our current
model is that RNA polymerase II needs at least two
qualitatively different contacts by promoter-binding proteins,
a view that explains why at least two promoter elements are
necessary and why only certain combinations of proteins
function together. However, this simple picture is clearly
insufficient to account for the transcriptional properties of
all his3 promoters that have been characterized here and
elsewhere. These additional complexities might reflect
interactions between the upstream and downstream activator
proteins or they might be due to constraints about where
particular elements can be placed in order to retain their
functionality.

Materials and methods

The procedures for DNA manipulations, DNA sequencing, transformation
of yeast cells, RNA preparation, and quantitative SI nuclease analysis with
oligonucleotide probes have been described previously (Chen et al., 1987;
Chen and Struhl, 1988). In all gal-his3 promoter DNAs, the 365 bp gal
fragment with four GAL4 binding sites is fused at various positions within
the his3 promoter region via an EcoRI linker (Struhl, 1984; Chen and Struhl,
1988). The DNA molecule containing the his3-GG1 promoter was derived
from DNA containing his3-G17, the allele in which the gal segment is fused
directly to an EcoRI-Sacl oligonucleotide containing the TR element (Chen
and Struhl, 1988). In his3-GGl, the TR oligonucleotide was replaced by
an EcoRI-SacI oligonucleotide containing the wild-type GCN4 binding site
from the his3 promoter (GGATGACTCTTTTTT; Hill et al., 1986). To
generate the his3-GG2, GG3, GG4 and GG5 alleles, an oligonucleotide
containing the same GCN4-binding site but flanked by EcoRI sites on both
ends was inserted into Eco RI sites of appropriate gal -his3 fusions (Struhl,
1984) such that the insertion points were at -35, -31, -29 and -35.
The five his3-GLl alleles were generated in a similar manner except that
a self-complementary EcoRI oligonucleotide (AATTCGTACTGTATGT-
ACATACAGTAC) containing the lexA operator was used. In his3-A92,
the GCN4 binding site was fused directly to -447, a position within the
pet56 structural gene that does not contain any promoter elements (Struhl
et al., 1985). In most experiments, DNA molecules were introduced into

yeast strain KY320 (Chen and Struhl, 1988) such that they replaced the

normal his3 locus. For testing the N-terminal GCN4 deletions, the his3

locus of KY803 (Hope and Struhl, 1986) was replaced by the his3 GG1
allele by successive gene replacement events (Struhl, 1987b); plasmids
capable of expressing the GCN4 derivatives (Hope and Struhl, 1986) were

then introduced. The level of his3 expression in the resulting cells was

determined by growth in the presence of aminotriazole as described pre-
viously (Hill et al., 1986; Hope and Struhl, 1986; Hope et al., 1988). The

levels of his3, and dedi RNAs were quantitated by scanning the auto-

radiograms with a Beckman DU-6 spectrophotometer. For each deter-

mination, the intensity of the his3 band(s) was normalized to that of the

internal dedi control. In addition, the relative specific activities of the his3

and dedl probes were determined using control RNA from wild-type cells

(with probes of equal specific activity, the dedl:his3 RNA ratio is 5).
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