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.turation Mutagenesis of the Yeast h 
Regulatory Site: 
Transcriptional 

Requirements 
Induction and 

for 
for 

Binding b i  GCN4 Activator Protein 

Expression of the yeast his3 and other amino acid biosyn- 
thetic genes is induced during conditions of amino acid 
starvation. The coordination of this response is mediated 
by a positive regulatory protein called GCN4, which 
binds specifically to regulatory sites upstream of all coreg- 
ulated genes and stimulates their transcription. The nu- 
cleotide sequence requirements of the his3 regulatory site 
were determined by analysis of numerous point muta- 
tions obtained by a novel method of cloning oligonucleo- 
tides. Almost all single base pair mutations within the 
nine base pair sequence ATGACTC'IT significantly re- 
duce his3 induction in vivo and GCN4 binding in vitro, 
whereas changes outside this region have minimal effects. 
One mutation, which generates a sequence that most 
closely resembles the consensus for 15 coregulated genes, 
increases both the level of induction and the aftinity for 
GCN4 protein. The palindromic nature of the optimal 
sequence, ATGACTCAT, suggests that GCN4 protein 
binds as a dimer to adjacent half-sites that possibly 
overlap. 

T RANSCRIPTIONAL REGULATION OF GENE EXPRESSION IS 
mediated by activator or repressor proteins that bind specifi- 
cally to regulatory DNA sequences. The expression of un- 

linked genes can be regulated in unison if they contain similar 
regulatory sequences that are recognized by a common activator or 
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repressor. In prokaryotic organisms, regulatory sites are associated 
with palindromic sequences whose "half-sites" are seven to nine 
bases in length ( 1 4 ) .  This symmetry is believed to be important 
because these regulatory sites are recognized by dimers of the 
cognate DNA binding proteins (5-9). However, even in these well- 
studied regulatory sites, the structural requirements are poorly 
defined because they are based primarily on a relatively small 
number of point mutations. Positions of transcriptional control 
elements for some eukaryotic genes have been established but, 
although some inferences have been drawn from DNA sequence 
comparisons, the functional determinants have yet to be defined. 

In bakers' yeast, Saccharomyces cerevisiae, the general control 
system coordinately regulates the expression of unlinked genes 
encoding amino acid biosynthetic enzymes from different pathways 
(10). That is, all genes regulated by general control are transcription- 
ally induced in unison above the basal level (two- to tenfold, 
depending on the gene) during conditions of amino acid starvation. 
Extensive deletion analysis of his3, a coregulated gene, has defined 
the cis-acting elements necessary and sufficient for promoter func- 
tion and for regulation by general control (Fig. 1). Basal level his3 
expression requires a TATA element located 35 to 55 nucleotides 
upstream of the transcription initiation site and a poly(dA-dT) 
sequence located between - 115 and - 129 (11, 12). A separate 
genetic element, located between -84 and -104 is necessary for 
positive regulation of his3 in response to amino acid starvation (13). 

The authors are in the Department of Biological Chemisw, Haward Medical School, 
Boston, MA 02115. The present address of D. E. ~ i f i  is Genetics Institute, 87 
Cambridge Park Drive, Cambridge, MA 02140. 

RESEARCH ARTICLES 451 



This regulatory region contains the sequence TGACTC, which is 
repeated, with minor variation, five additional times between - 130 
and -260. 

The TGACTC sequence is presumed to be the critical cis-acting 
element for genes under general control. It is present within the 
promoter region of all coordinately regulated amino acid biosynthe- 
sis genes examined (13-26). Deletion analyses of his3 (13) and his4 
(15) indicate that at least one copy of TGACTC is required for 
regulation by general control. When a synthetic oligonucleotide 
containing the TGACTC sequence is inserted into the cycl promoter 
region, cycl expression, which is ordinarily regulated by glucose and 
heme, becomes subject to general control (27). Finally, GCN4, a 
positive regulatory protein that is critical for coordinate induction 
(28, 29), interacts directly with the his3 TGACTC sequence and 
binds specifically to the promoter regions of three other coregulated 
genes (30). 

We now report the nucleotide requirements for positive regula- 
tion of hk3 by general control. Base pair substitution mutations 
throughout the his3 regulatory region were obtained and then 
analyzed for their effects on his3 induction in vivo and on binding by 
GCN4 protein in vitro. 

Isolation and phenotypic characterization of his3 point muta- 
tions. The nucleotide sequence of the his3 promoter region (31) 
(including the regulatory site) is shown in Fig. 1 along with the 
structures of several his3 derivatives. In order to generate a large 
number of single base pair substitutions throughout the desired 
region, we used a local mutagenesis procedure in which degenerate 
oligonucleotides are synthesized and then cloned (32) (Figs. 1 and 

2). A degenerate oligonucleotide is a synthetically derived mixture 
of oligonucleotides whose heterogeneous central portions are 
bounded at their 5' and 3' ends by common sequences recognized 
bv restriction endonucleases. In .the cases described below. the 
central portions were mutage~lized versions of the his3 regulatory 
region. These degenerate oligonucleotides were converted to the 
double-stranded fbrm by the method of mutually primed synthesis 
(33) (Fig. 2) and then cloned into appropriate his3 derivatives in 
order to replace the DNA between -85 and -102 (GGAT- 
GACT-). In this wav. we were able to obtain a 

4 ,  

diverse collection of base pair substitution mutations from the 
products of a single DNA synthesis. 

Mutations of the his3 regulatory region were obtained in four 
different wavs. (i) We decided to saturate the conserved TGACTC , \ ,  

sequence with single base changes. Six oligonucleotide mixtures 
were synthesized, each containing the three sequences correspond- 
ing to all oossible mutations of one of the TGACTC nucleotides. " 
The degenerate oligonucleotides and a wild-type control oligonucle- 
otide were cloned as Eco RI-Sac I fragments (Fig. 1 and Table 1). 
(ii) In order to determine whether the nine dT residues immediately 
following the TGACTC core affect his3 induction, Eco RI-Sac I 
oligonucleotides containing the core and 0, 3,4,  and 6 dT residues 
were introduced into the his3 promoter region. The resulting 
derivatives differ not only in the number of d~-residues, but also in 
the spacing between the core and the messenger RNA (mRNA) 
start sites (Table 2). Similarly, we analyzed a derivative in which the 
GGA residues immediately preceding.the core were removed. (iii) 
We used a single degenerate oligonucleotide to ckeate a variety of 

A pet56 his3 dedl - B -250 

TGAGCGCTAGGAGTCACTGCCAGGTATCGTTTGAACACGGCATTAGTCAGGGAAGTCaTAACACAGTCC 

Fig. 1. Structures of his3 derivatives. (A) 
Structures (drawn to scale) of cloned his3 
segments. Sc2812 is a 6.1-kb DNA frag- 
ment containing the intact pet56, his3, and 
dedl genes (locations and orientations are 
defined by arrows). Restriction endonu- 
clease cleavage sites for Eco RI (R), Bam 
H I  (B), Xho I (X), Xba I (Xb), Sal I (S), 
and Sac I (C) are shown (the parentheses 
around the lefunost Eco RI site indicates 

-2p0 -170 
TTTCCCGCAATTTTCTTTTTCTATTACTCTTGGCCTCCTCTAGTACACTCTATATTTTTTTATGCCTCG 

mt56 I 

- 5,0 - 310 -1,o I his3 -r 

CACATAATGAATTATACATTATATAAAGTAATGTGATTTCTTCGAAGAATATACTAAAAAATGAGCAGG 

C 
-1:O -1,lO -100 -90 -70 

I I 
GTAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACT~TTTTTTTTTCTTAGCGATTGGCATTAT wild type 

GTAATGATTTTCATTTTTTTTTTTCCggaattc gagctcgTTAGCGATTGGCATTAT Sc3384 (A 88) 
that it has been mutated). (B) Nucleotide 

GTAATGATTTTCATTTTTTTTT~TCCggaattcGGATGACTCTTTgagctcgTTAGCGATTGGCATTAT his3-145 sequence of the divergent his3-pet56 pro- 
moter region corresponding to his3 nude- GTAATGATTTTCATTTTTTTTTTTCCggaattcGGATGACTCTTTTTTTTTCTTAGCGATTGGCATTAT hk3-162 
otides -273 to + 3. The locations of the 
his3 regulatory site (bold lines under and over the sequence), related Sc3364. The DNA sequence of each phage was determined by the chain 
sequences (bold underline), upstream elements for constitutive expression termination method (39). Eco RI-Xho I fragments from DNA derivatives 
(thin lines under and over the sequence), and his3 and pet56 mRNA containing point mutations within the core were subcloned into YIp55- 
initiation sites (arrows) are indicated. (C) Nucleptide sequence between Sc3384 (36). Variants of the his3 regulatory region containing 0,4, and 6 T 
- 135 and -67 of various derivatives. Wild-type nucleotides are indicated residues downstream from the core were synthesized individually and cloned 
with capital letters and nucleotides corresponding to restriction sites are in an identical fashion. YIp55 hybrid DNA's containing the his3 mutations 
shown as small letters. To create point mutations in the core of the his3 were cleaved with Xba I and introduced into yeast strains KY117 (40) or 
regulatory region, we synthesized sevefi different oligonucleotides contain- KY603 (agcdl-101 derivative of KY117) by selecting for uracil prototrophy. 
ing recognition sequences for Eco RI at the 5 '  end and Sac I at the 3' end. The resulting strains, which contain a single copy of the transforming DNA 
One of these oligonucleotides contained the wild-type sequence between integrated at the his3 locus, were grown in nonselective medium for ten 
-91 and - 103 and corresponds to his3-145. At the appropriate step during generations, and ura- segregants were selected by their ability to grow on 
each of the remaining six DNA syntheses, the wild-type nucleotide precursor plates containing 5-fluoroorotic acid (41). Approximately 50 percent of 
at one predetermined position in the TGACTC core was replaced by an these segregants were His+, thus indicating that the original his3-A200 allele 
equimolar mixture of the three "mutant" precursors. Thus, each DNA was replaced by the his3 point mutation of interest. It was expected that 
synthesis yields a mixture of three oligonucleotides that represent all three point mutants in the regulatory region would be His' because his3-1\88, 
point mutations at a specific position within the core. The oligonucleotides which deletes the entire regulatory site, does not aEect the basal, uninduced 
were converted to the double-stranded form by mutually primed synthesis level of his3 expression and hence permits growth in the absence of histidine 
(33) (Fig. 2), cleaved with Eco RI and Sac I, and inserted into M13mp19- (37). 
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single and multiple base pair changes throughout the region be- 
tween -85 and -101. Each base within this region was mutated at 
a rate of 10 percent by programming the synthesis reaction with 
four mixtures, each composed of one major (90 percent) nucleotide 
precursor and equal amounts of the three remaining precursors (10 
percent of the total). The degenerate oligonucleotide was cloned as 
an Eco Rl-Dde I fragment (Fig. 2), and a collection of single and 
multiple base substitutions as well as the wild-type sequence were 
obtained (Table 3). (iv) We designed four degenerate Eco RI-Dde I 
oligonucleotides to produce almost all of the remaining mutations 
of interest (Table 4). 

The degenerate oligonucleotides were cloned so that the resulting 
molecules were identical to the wild-type hzs3 gene except for the 
region derived from the oligonucleotide. The mutant DNA's were 
introduced into yeast cells in such a way that they precisely replaced 
the normal his3 allele on chromosome XV (see legend to Fig. 1). 
The phenotypes conferred by the point mutations were assessed by 
the growth properties of strains and by direct measurements of his3 
mRNA. The strains were tested initially for their ability to grow on 
medium containing aminotriazole (NH2T), a drug that causes 
histidine starvation because it is a competitive inhibitor of the his3 
gene product (34, 35). Mutants containing a defective his3 regula- 
tory site grow slowly as compared to those containing a functional 
site because they are unable to induce his3 expression in response to 
starvation conditions. The relative levels of his3 transcription were 
determined by quantitative S1 nuclease mapping with the dedl 
RNA as an internal control (12, 31). Under normal growth 
conditions, his3 transcription is initiated equally from positions + 1 
and + 12. However, under conditions of amino acid starvation, the 
amount of the + 12 transcript (and a minor transcript at +22) is 
increased by a factor of 5, whereas the + 1 transcript is unaffected 
(36) (Fig. 3). Thus, the relative levels of the + 12 and + 1 transcripts 
during conditions of amino acid starvation provides a sensitive 
measurement for the ability of any particular mutation to induce his3 
expression. 

Each nucleotide of the TGACTC core is essential for hh3 
induction in vivo. The growth properties of strains containing Eco 
RI-Sac I oligonucleotides that represent 15 out of the 18 possible 
point mutations within the TGACTC core (his3-146 to his3-160) 
are listed in Table 1. Each of the 15 point mutations within the 
TGACTC core confers sensitivity to aminotriazole. Thirteen of 
these strains are extremely sensitive to aminotriazole, a phenotype 
which is similar to strains in which the proximal TGACTC element 
is deleted (37). Strains containing his3-158 or his3-159 (in which the 
final C is changed, respectively, to T or A) are slightly less inhibited. 
In contrast, strains containing a wild-type oligonucleotide (hk3-144 
and his3-145) grow in the presence of aminotriazole. 

These results indicate that any point mutation within the core 
inactivates the hzs3 regulatory site, and therefore prevents induction 
in response to amino acid starvation. This was confirmed by directly 
measuring the levels of the + 1  and + 12 transcripts (Fig. 3). The 
his3-145 strain, which contains the wild-type oligonucleotide, shows 
a clear induction of the + 12 transcript, whereas strains containing 
any of the 15 point mutants (his3-146 to hk3-160) show equal levels 
of both the + 1 and + 12 transcripts. For some of these mutations, 
we also analyzed RNA from cells that were not starved for amino 
acids (Fig. 3). In all cases, basal expression levels for the wild-type 
and the hzs3 point mutants were indistinguishable. This indicates 
that the point mutations do not affect constitutive, basal his3 
expression. 

Sequences on both sides of the TGACTC core are essential for 
hh3 induction. The core, although essential, is not sufficient to 
constitute a functional his3 regulatory site (Table 2). First, his3-161, 
which removes all nine T residues downstream from the core, is 

functionally defective as assayed by aminotriazole sensitivity or by 
mRNA quantitation. This indicates that at least some of the T 
residues downstream from the core are necessary for the his3 
regulatory site. Derivatives his3-145 and his3-144, which contain 
three or four T residues, are functional in both assays, although his3 
induction occurs only to approximately 60 to 70 pe;cent that of wild 
type. Transcriptional induction of hzs3 alleles containing six or nine 
T residues (his3-143, hzs3-162) is indistinguishable from that of the 
wild-type allele. Second, his3-A83, with a deletion which replaces 
the three purine residues upstream of TGACTC by the three 
pyrimidine residues from the Eco RI site, is unable to induce his3 
transcription during amino acid deprivation (37). As his3 sequences 
upstream of - 102 and the Eco RI linker between - 103 and - 109 
do not influence his3 induction, at least some of these purine 
residues are critical for a functional his3 regulatory site. 

Additional information concerning the importance of nucleotides 
flanking the core comes from the phenotypes of mutations produced 
by Eco RI-Dde I oligonucleotides (Table 3 and Fig. 3). As would 
be expected, a strain containing the wild-type oligonucleotide (his3- 
162) cannot be distinguished from the wild-type strain, whereas 
strains containing mutations within the core are sensitive to amino- 
triazole and fail to induce his3 transcription. However, his3-171 and 
his3-172 (in which the second T residue after the core is changed to 
C and G, respectively) induce his3 transcription very poorly, and 

Table 1. Saturation mutagenesis of the core. For each his3 allele, the 
nucleotide sequence of the regulatory region cloned between the Eco RI and 
Sac I sites is shown, and mutations are underlined. Aminotriazole (NH2T) 
sensitivity is represented as follows: + + indicates growth at wild-type rates 
in 10 to 20 mM NH2T and slow growth at 40 mM NH2T, + indicates 
growth at all concentrations but at slightly slower rates than wild-type at 20 
to 40 mM NH2T, t indicates no growth above 20 mM NH2T and slow 
growth in 10 mM NH2T, and - indicates no growth at 10 mM and slow 
growth at 4 mM NH2T. The mRNA levels were determined from the 
autoradiogram of Fig. 3. The entries represent the ratio of the + 12 transcript 
to the + 1 transcript. For binding by GCN4 protein, entries are represented 
as + + for wild-type binding ability, + for binding that is detectably below 
the maximal level, + for weak, but possibly detectable binding, and - for no 
detectable binding. ND indicates not determined. 

his3 allele Sequence NH2T RNA GCN4 

wild + 
his3-A88 

his3- 144 

his3- 145 

his3-146 

his3-147 

his3- 148 

his3- 149 

his3-150 

his3- 15 1 

his3-152 

his3-153 

his3-154 

his3-155 

his3-156 

his3-157 

his3-158 

his3-159 

h i d -  160 

GGATGACTCTTTT* ++ 5.1 ++ 
deleted - 1.0~ - 

GGATGACTCTTTT + 2.9 + 
GGATGACTCTTT + 3.2 + 
GGATGACACTTT - 0.8 - 

GGATGACCCTTT - 1.0 - 
GGATGAC,GCTTT - 1.1 - 

GGAAGACTCTTT - 0.8 - 
GGACGACTCTTT - 1.0 - 

GGATGUTCTTT - 0.7 - 

GGATGAXTCTTT - 0.7 - 
GGATCACTCTTT - 0.7 - 
GGATAACTCTTT - 0.9 - 
GGATXACTCTTT - 0.8 - 
GGATGTCTCTTT - 0.6 - 

GGATGCCTCTTT - 0.8 - 
GGATGACTXTTTT f 1.1 N D ~  

GGATGACTATTTT f 1.2 N D ~  

GGATGACTGTTTT - 0.8 N D ~  

'The wild-type sequence does not contain the Eco RI or Sac I sites flanking the core. 
t Data from (37). +Identical point mutations (cloned as Eco RI-Dde I oligonucle- 
otides) were tested as shown in Table 3. 
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Table 2. Phenotypic analysis of deletions. The nucleotide sequence between 
-109 and -80 is shown for each his3 allele. The TGACTC core is 
underlined, capital letters indicate wild-type nucleotides, and small letters 
indicate nucleotides from the Eco RI and Sac I sites. The upstream deletion 
endpoints are listed for derivatives above the wild type, and the downstream 
deletion endpoints are shown for derivatives below the wild type. The 
phenotypes are listed as described in Table 1. 

his3 allele Sequence Endpoint NH2T RNA GCN4 

his3- 143 

his3- 144 

hrs3- 145 

his3- 16 1 

wild-type 

his3-A83 

his3- 162 

his3-A82 

his3-A81 

ggaattcGGA2GACETTTTTTgagctcGTTAG 

ggaattcGGA-TTTT g a g c t c G T T A G  

ggaattcGGA-TTT g a g c t c G T T A G  

g g a a t t c G G A T G G X  g a g c t c G T T A G  

A C C T A G C G G A ~ . T T T T T T T T T C T T A G  

g g a a t t c  E 2 G K T T T T T T T T T C T T A G  

ggaattcGGA-TTTTTTTTTCTTAG 

a a t t c T C G G A m T T T T T T T T T C T T A G  

ACCTAGCGGA-TTTTTTTTTCTTAG 

-88 ++ 4.8 ++ 
-90 + 2.9 + 
-91 3.8 + 
-94 i 0.9 i 

None ++ 5.1 ++ 
9 i 1.0* i 

-102 ++ 5.9 ++ 
-104 ++ D ++ 
-115 T+ ND ++ 

*Data from (37) 

they are strongly inhibited by aminotriazole although not quite to 
the extent of point mutations within the core. A change of A to G 
just upstream of the core, his3-164, appears to confer an induction 
similar to that of wild type. Changes in any of the distal seven T 
residues 3' to the core have no effect on induction. 

Similar nucleotide requirements for his3 induction and GCN4 
binding. GCN4 protein, synthesized by transcription and transla- 
tion in vitro, binds directly to the core of the his3 regulatory site 
(30). Moreover, analysis of sequentially deleted his3 DNA's indicates 
that the ability to activate transcription in vivo directly correlates 
with the ability to bind GCN4 protein in vitro (30). We extended 
these results by analyzing the mutations described in the previous 
sections. For each derivative, his3 DNA fragments were incubated 
with 35S-labeled GCN4 protein, and the products were analyzed by 
electrophoresis in nondenaturing polyacrylamide gels to assay the 

formation of GCN4 protein-DNA complexes. The concentrations 
of DNA and protein in these experiments were chosen such that a 
small decrease in the binding constant would cause a clear reduction 
in the intensity of the band due to protein-DNA complex formation 
(30) (Fig. 4). 

Analysis of the deletion templates (Fig. 4 and Table 2) gave the 
following results. With respect to sequences upstream of the core, 
GCN4 binding is normal when there are three or more wild-type 
nucleotides (for example, his3-162, hzs3-A82, and his3-A81). How- 
ever, a derivative containing the core but no upstream nucleotides 
(his3-A83) binds GCN4 protein very weakly. With regard to the T 
residues downstream from the core, derivatives containing six (his3- 
143) or nine (his3-162) T residues bind GCN4 protein indistin- 
guishably from the native gene, derivatives containing three or four 
T residues (his3- 145 and his3- 144) bind somewhat less well, and the 
derivative with no T residues (his3-161) binds weakly if at all. These 
results indicate that DNA sequences flanking both sides of the core 
are necessary for GCN4 binding. 

Point mutants of the TGACTC sequence are unable to bind 
GCN4 protein (Fig. 4). This is true for all derivatives originally 
obtained with the Eco RI-Sac I (Table 1) or the Eco RI-Dde I 
(Table 3) oligonucleotides. Point mutants upstream of the core 
appear unaffected in binding ability as are mutations in the last seven 
T residues. However, both point mutations of the second T residue 
appear to result in reduced binding capability. 

The results indicate that, even at nucleotide resolution, the 
structural requirements for transcriptional activation and DNA 
binding are very similar. Without exception, mutations that abolish 
hzs3 induction also fail to bind GCN4 protein whereas mutations 
that confer his3 inducibility are able to bind GCN4 protein. These 
observations suggest that binding of GCN4 protein to the his3 
regulatory site directly mediates transcriptional regulation by gener- 
al control. 

DNA sequence comparisons to other coregulated genes. To 

Ddel EcoRl 
5 ' CG-GAGTCATCC-G 3 ' 

\1 Anneal Y 1 ~ 5 s - S C ~ Z X X  

CG~AAAAAAAAACAGTCATCCGBBTTI~G 
GCTTAAGCCTAATGAGAAAAAAAAA~GC ECORI 

Xhol 

\1 Klenow, dNTP T T 
CGCTAAGAAAAAAAAACAGTCATCCGAATTCGGATTACTCTTTTTTTTTCTTAGCG 
GCGATTCTTTTTTTTTGTCAGTAGGCTTAAGCCTAATGAGAAAAAAAAA~GC ux 

Ddel, EcoRl ID ,Ddel xhol ( R ) f 1 3  yip5s-sc3384 H s 

WAAAAAAAAACAGTCATCCG ~ G G A T T A C T C T T T T T T T T T G  ' B D  his3 

~TTTTTTTTTGTCAGTAGGB GCCTAATGAGAAAAAAAAAGBBT + 

Fig. 2. Degenerate mutagenesis of the his3 regulatory region. The top line of 
the left part of the figure indicates the Eco RI-Dde I activated oligonucleo- 
tide containing 17 central bases (bold) that were synthesized with 90 percent 
of the base indicated and 3.3 percent of the other three bases. Shown below 
is the mutually primed synthesis procedure (33) used to convert the 
oligonucleotide mixture to the double-stranded form suitable for cloning. 
The large, boldfaced residues indicate specific base pair substitution muta- 
tions of the regulatory region. The Eco RI-Dde I oligonucleotide mixture 
was combined with the 9-kb Eco RI-Xho I fragment of YIp55-Sc3384 and 
the 0.9-kb Dde I-Xho I fragment of Sc2676 (the relevant parts of these 
molecules are indicated in boldface) to produce the desired molecules 
(indicated as YIp55-S~42~xx). The same procedure was used to generate the 

mutations listed in Table 4 except that the degenerate, central regions of the 
four oligonucleotides were different. YIp55 was constructed by cloning the 
1.1-kb Hind I11 urd3 fragment (42) into pUC8 (43). The locations of the 
amp, u ~ d ,  and his3 genes as well as various restriction endonuclease sites 
[abbreviated as in Fig. 1 except for Dde I (D) and Hind I11 (H)]. The 
positions of Dde I sites located outside of the 1.8-kb his3 Bam HI fragment 
are not shown. For each derivative, the nucleotide sequence of the his3 
regulatory region was determined with double-stranded plasmid DNA as a 
template (44). DNA's were introduced into yeast cells such that the cloned 
his3 sequences replaced the chromosomal his3 allele as described in the legend 
to Fig. 1. 
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obtain more information on the importance of the flanking nuclo- 
tides, we compared promoter sequences of other genes subject to 
general control. Previous comparisons (13, 15, 16) were complicat- 
ed by the inability to distinguish functional regulatory sites from 
defective ones. For example, although the W promoter region 
contains five additional sequences that resemble the W regulatory 
site, none of these are bound by GCN4 protein (30). 

Our results indicate that each of the TGACTC nucleotides is 
critical for a.functional W regulatory site. We therdbre searched 
for perfect core sequences on both strands between 50 and 350 
nudeotides 5' to transcription start sites in 15 coregulated genes 
(Fig. 5). Although many of these genes have multiple imperfect 
copies, a perfect core sequence was found in 13 genes, 11 of which 
contain only a single perfect core. The hrjl promoter contains two 
perfea core sequences (both listed in Fig. 5), and the hid promoter 
contains three perfect core sequences. However, only the proximal 
bid copy is listed because induction mediated by the other two 
cooies is 50- to 100-fold below the maximum level (2n. Thus. 

the four positions just after the core, the most common nudeotides 
are ATIT (at least ten matches at each position). In addition, there 
is a slight preference for T residues even W e r  downstream, 
especially the residue corresponding to position -86 of the hid site. 
Interestingly, although the ttp5 and dv2 promoters do not contain a 
perfect core sequence (the final C is an A for ttp5 and the central C is 
a T for &2), the flanking nudeotides are an excellent match to the 
consensus. This suggests that a regulatory site with an imperfect 
core can be functional if all the other residues are favorable. Thus, 
we propose that the expanded consensus for the regulatory site for 
general control is RRTGACTCATTT (R is a purine). Interestingly, 
none of the 16 sites listed in Fig. 5 are identical to the consensus 
sequence. The W site differs only at position -93, which contains a 
T &due instead of the more conseked A. 
A point mutation that increases &id induction and GCN4 

binding. To test the validity of our proposed consensus more 
explicitly, we cloned four degenerate Eco RI-Dde I oligonucleo- 
tides and obtained almost all the remaining mutations within the 
critical region. The results of the phenotypic analyses (Table 4 and 
Figs. 3 and 4) confirm the strong correlation between W induction 
in vivo and GCN4 binding in vitro and are summ& below. The 
three remaining changes in the TGACTC core are defdve  in his3 
induction and GCN4 binding, although the phenotype of htj3-190 
may be slightly less severe. Upstream of the core, the two new 
mutations of the G at - 101 behave indistinguishably from the wild- 
type gene, whereas the A to C change at - 100 produces a somewhat 
defective regulatory site. Double mutations at positions - 101 and 
-100 tend to have more deleterious effects than the analogous 
single mutations. Mutations in any of the three proximal T residues 
downstream of the core, his3-186, W-187, and W-188, dearly 

&e previous comparisons, it is likely that the DNA &quencA 
listed in Fig. 5 represent the regulatory sites for induction during 
amino acid starvation. 

This list of presumptive functional regulatory sites makes it clear 
that the nucleotides Aanking the core on both sides show consider- 
able sequence conservation (Fig. 5). The two nucleotides before the 
core are usually purines (13 out of 16 cases for each position), and 
an A residue immediately precedes the core in 8 out of 16 cases. In 

show d e f m  in binding and induction, but these are less extreme 
than those conferred by mutations in the core. 

The most interesting mutation is htj3-189, which generates a 
sequence identical to the consensus shown in Fig. 5. Hid-189 is the 
only one among the 57 mutations examined that increases the level 
of kc? inducti&. A strain containing W-189 grows extremely well 

-*- Fig. 3. RNA analysis. In strains containing a variety of mutations in the hir3 
regulatory region, levels of hir3 mRNA produced during inducing condi- 
tions were determined by quantitative S1 nuclease mapping with the level of 
&dl RNA as an internal control (12, 31). The locations of the &dl RNA 
and the hir3 + 1, + 12, and +22 transcripts are indicated. Inducing condi- 
tions were achieved with strains containing thegdl-I01 allele. This allele 
abolishes the translational control of@ mRNA and results in a constitu- 

l - O w ~  . , a tively high level of GCN4 protein (45,46). As this situation causes induced . -  - -  
; 2 levels of all ~~regulated genes even during growth in broth, it is equivalent to 
: L L . c i  conditions of amino acid starvation. For some of the hi? mutations, the 

basal level of hi? transcription was determined with the use of strains 
containing a wild-type GCDl allele. For each mutation, the inducibility, 
which is defined by ratio of the + 12:+ 1 transcripts, was quantitated by 
xannine the autoradiomam with a suectmphotometer (Bedunan DU-6). 
The rati; is internally c&troIled beca& it is determined with a single pro&; 
hence. it is indeoendent of amount of RNA  laced in each lane. The error is 
approkrnatcly 1 2 5  percent. The amount 6 f  RNA added in each lane, 
determined by the intensity of &dl band on a lighter exposure of this 
autoradiogram, was roughly equivalent except for lanes (i) representing h3- 
171, -172, -173, which contain approximately twice as much RNA; (ii) the 
hi?-143 lane in the middle which contains about 50 percent more RNA, and 
(iii) lanes representing h3-158, -159, and -170, which contain approximate- 
ly two to three times less RNA. Within experimental emr ,  the levels of the 
+ 1 transcript (relative to &dl) are similar. The unusually low level of the 
dcdl RNA in the bid-145 lane in the middle part of the figure is probably an 
artifact resulting from incomplete extraction of the larger 2.3-kb &dl RNA 
as compared to the 0.7-kb his3 RNA's. In the experiment at the bottom of 
the figure, the specific activity of the dcdl probe was roughly five times lower 
than the hi? probe, thus accounting for the relatively low band intensities. 
The level of the + 1 transcript produced by the hi?-189 mutation may be 
slightly above that of the wild type. HIS3 refers to the wild-type his3 allele. 
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in the presence of 40 mM aminotrimle, and it has a mRNA 
induction ratio of 8.6. Moreover, k.3-189 DNA binds more tightly 
to GCN4 protein as evidenced by the increased intensity of the band 
representing protein-DNA complexes. These observations support 
the correlation between transcriptional induction and GCN4 bind- 
ing, and they indicate that the optimal k.3 regulatory site is defined 
by the consensus sequence RRTGACXCATIT. The fact that 
increased GCN4 binding results in higher tramaiption levels also 
suggests that GCN4 protein levels are limiting for k.3 expression in 
vivo, even during conditions of amino acid starvation. 

Fig. 4. GCN4 protein bin- to kc3 mutant DNA's. The assay for complex 
formation between GCN4 protein and the mutated kc3 binding sites was 
pelformed as described (30). [ 3 5 S ] M e t h i e - l a l e d  GCN4 protein was 
generated by transuiption in vitro of pSP64-Sc4313 (previously d e d  
pSP64-GCN4) with the use of SP6 RNA polymerase and subsequent 
translation in vim in a wheat germ extract. For each hir7 mutation, the DNA 
fragment bounded by the Eco RI site at - 102 and the Bam HI site at + 1318 
was cloned into pUC9 (43). The resulting molecules were prepared by a 
rapid lysate procedure and cleaved with Pvu I1 and Rsa I prior to incubation 
with GCN4 protein. In this way, the kc3 regulatory region is c e n d y  
located within a fragment of approximately 600 bp. On nodenaturing 

lyacrylamide gels, the electrophoretic mobility of the protein is increased 
complex formation with the DNA (arrow indicates the position of the 

complex). From titration "periments and h the dissociation constant 
(approximately 10-'OM) (30), the concentrations of DNA (4 nM) and 
protein (0.2 df) were chosen. The GCN4 protein used for the analysis in 
part D was prepared independently and had a two- to threefold lower 
specific activity. Although the DNA was in excess of the protein, it was still 
only just sufKcient to drive approximately 30 to 70 percent of the protein 
into complex formation. Thus, a small change in bhdmg &ty would cause 
a noticeable in- or decrease in the amount of protein complexing with 
the DNA. 

Table 3. Degenerate mutagenesis of the his? regulatory region. For each kc3 
dele, the nucleotide sequence of the regulatory region cloned between the 
Eco RI and Dde I sites is shown with mutations underlined. Phenotypes arc 
listed as described in Table 1. 

hid allele Sequence NHZT RNA GCN4 

GGATGACTCTTTTTTTTT 

GmTGACTCTTTTTTTTT 

GGGTGACTCTTTTTTTTT 

GGAAGACTCTTTTTTTTT 

GGATXACTCTTTTTTTTT 

GGATGACGCTTTTTTTTT 

GGATGACGCTTTTTTTTT 

GGATGACTATTTTTTTTT 

GGATGACTGTTTTTTTTT 

GGATGACTZTTTTTTTTT 

GGATGACTCTGTTTTTTT 

GGATGACTCTGTTTTTTT 

GGATGACTCTTATTTTTT 

GGATGACTCTTTTTTATT 

GGATGACTCTTTTTTTTG 

GGZTGGCTCTTTTTTTTT 

GGAGGACTCTTATTTTTT 

GGAEGACTCTTTTTTTTG 

GGATAACACTTTTTTTTT 

GGATXACTCGTTTTTTTT 

GGATGETCTATTTTTTT 

GGATGAATCTTGTTATTT 

GGAGGACACTACTTTTTT 

++ 5.9 ++ 
++ 5.9 ++ 
++ 4.6 ++ 
- 1.0. - 
- 1.1 - 
N D N D  - 
ND 1.5 - 
* 1.2 i 

f 1.9 f 

N D N D  - 
- 1.0 - 
* 2.1 ? 

++ 5.0 ++ 
++ 5.6 ++ 
++ 4.9 ++ 
- N D N D  
- N D N D  
- N D N D  
- N D N D  
- N D N D  
- N D N D  
- N D N D  
- N D N D  

Molecular nature of the bid regulatory site. We have analyzed 
30 of the 33 possible single base pair changes within an ll-bp 
region as well as some additional mutations. The major sequence 
determinant of the k.3 regulatory site is the 10-bp region between 
- 100 and -91, ATGACTCTTT. Each position can be mutated to 
produce ddects in bid induction and GCN4 binding, whereas any 
of the single base pair changes outside this region do not cause 
detectable effects in vivo or in vitro. Moreover, this sequence 
corresponds extremely well to the region that is protected fiom 
deavage by deoxyribonuclease I (DNase I) upon GCN4 binding 
(30). 

The core nucleotides TGACTC are critical because all changes are 
deaimental to and most changes abolish function. The residue 
immediately downstream h m  the core, -93, is dearly important 
baause alterations can either increase or decrease the functionality 
of the site. Although -93 of the wild-type gene is the only position 
within the k.3 regulatory site that differs from the proposed 
consensus, a T residue is found at this position in 30 percent of the 
sequences in Fig. 5. Thus, both the mutational analysis and the 
proposed consensus indicate that a T is tolerated at this position 
although it is less optimal than an A. The T residue at -92 is 
relatively important because all three possible changes cause marked 
hctional defects. The outermost residues, - 100 and -91, appear 
to be less important because certain changes do not result in mutant 
phenotypes. Finally, although single substitutions in apparently 
conserved residues outside the 10-bp region (Fig. 5) do not appear 
to have functional effects, the phenotypes of double mutations and 
small deletions suggest that the upstream purine residues and the 
downstream T residues, can influence bid induction and GCN4 
binding. 

The optimal k.3 regulatory site and the proposed consensus 
sequence for the coregulated genes is a short palindrome centered 
around the internal C in the core (ATGACTCAT). By analogy with 
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Table 4. Phenotypic analysis of additional point mutations. For each his3 
allele, the nucleotide sequence of the regulatory region cloned between the 
Eco RI and Dde I sites is shown with mutations underlined. Phenotypes are 
listed as described in Table 1. The + + + entries indicate fast growth at 40 
mM NHzT and increased binding to GCN4 protein. 

his3 allele Sequence NH2T RNA GCN4 

GGATGACTCTTGTTTTTT 

GGATGACTCTATTTTTTT 

GGATGACTCGTTTTTTTT 

GGATGACTCBTTTTTTTT 

GGATGAGTCTTTTTTTTT 

GGATGGCTCTTTTTTTTT 

GGAGGACTCTTTTTTTTT 

GGGTGACTCTTTTTTTTT 

GEATGACTCTTTTTTTTT 

GGATGACTCTTTTTTTTT 

GG TGACTCTTTTTTTTT 

GLXTGACTCTTTTTTTTT 

GUTGACTCTTTTTTTTT 

GXTGACTCTTTTTTTTT 

prokaryotic regulatory sites (1-9), this symmetry strongly suggests 
that GCN4 protein binds as a dimer to half-sites. Recently, we have 
demonstrated that GCN4 protein indeed binds to his3 DNA as a 
dimer (38); using a mixture of the wild-type and a deleted GCN4 
protein, we observed three distinct protein-DNA complexes corre- 
sponding to binding by both possible homodimers and the hetero- 
dimer. DNA sequence recognition by a dimer provides a simple 
explanation for the apparent bidirectionality of the regulatory site 
(27). 

Gene Seauence Position Ref. 

his1 A G C G T G A C T C T T C C C G G A A  -171 16 

his1 G A G G T G A C T C A C T T G G A A G *  -74 16 

his3 C G G A T G A C T C T T T T T T T T T  -103 13 

his4 A C A G T G A C T C A C G T T T T T T  -140 15 

arg3 G T C G T G A C T C A T A T G C T T T  -296 21 

arg4 T G A A T G A C T C A C T T T T T G G  -127 18 

cpal T T C T T G A C T C G T C T T T T C T  -29et 24 

cpa2 C G A A T G A C T C T T A T T G A T G  - 2 9 7 t  24 

t p 5  A G A A T G A C T A A T T T T A C T A  -66 14 

1rp3 T C G T T G A C T C A T T C T A A T C  -35 17 

2  T T G C T G A C T C A T T A C G A T T  .72 19 

i lv l  G A G A T G A C T C T T T T T C T T T *  - 1 4 2 t  23 

I G C G A T G A T T C A T T T C T C T G  -35et 22 

leu1 T A G A T G A C T C A G T T T A G T C  -209 20 

leu4 T A A G T G A C T C A G T T C T T T C  -105 25 

161 A T G A T G A C T C T T A A G C A T G  -80 26 

- - r r T G A C T C a t t t - - - t -  Consensus 

Fig. 5. Consensus for the general control regulatory site. DNA sequences 
corresponding to his3 positions - 103 to -85 for 16 prospective regulatory 
sites from 15 genes under general control. The TGACTC core is underlined 
and the position of the up&eam most nucleotide with respect to the mRNA 
start site is indicated. The nucleotide freauenw for each base   air is shown 
below w ~ t h  the most common resldue mderhied. Hlghly cons'erved nucleo- 
tldes are shown as cap~tal letters, conserved resldues are shown as small 
letters, and nonconserved posltlons are ~ndcated by dashes. (*) Posltlons 
w ~ t h  respect to the AUG translat~onal mitlatlon codon (t) Sequence present 
m opposlte orlentatlon with respect to the mRNA start slte 

Although the half-sites recognized by prokaryotic regulatory 
proteins are typically seven to nine bases inlength (1-4), the half- 
sites inferred to be involved in GCN4 binding appear to consist of 
only four bases (5'-ATGA-3') that are separated by a single 
nucleotide. However, it seems likely that the central C residue 
contacts GCN4 protein because it is critical for efficient binding and 
cannot be replaced by a G, its symmetrical counterpart. Although 
other interpretations cannot be excluded, we suggest that this 
central C is actually part of the half-site. In this view, GCN4 
monomers would bind to overlapping, but not identical half-sites. 
This suggests the possibility that the proteh-DNA interactiohs may 
not necessarily be identical at each of the two half-sites. Definitive 
proof of this model requires x-ray crystallographic analysis of 
protein-DNA complexes. 
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