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In Saccharomyces cerevisiae, the coordinate induction of his3 and other amino acid biosynthesis genes is
mediated by the binding of GCN4 activator protein to specific promoter sequences. The his3 regulatory region
contains the sequence TGACTC, which with some variation is repeated six times upstream of the mRNA
initiation site. The requirements for maximal his3 induction were examined with a series of sequential 5'
deletion mutations as well as a set of small internal deletions. Deletions encroaching as far downstream as
position -142 behave indistinguishably from the wild-type gene, thus indicating that the two proximal copies
of the regulatory sequence are sufficient for maximal induction. Deletions with breakpoints between -137 and
-99 confer inducibility, but not to the normal wild-type level. A deletion ending immediately upstream of the
proximal TGACTC sequence (position -99) shows some constitutive expression that is independent of the gcn4
gene product. Deletions extending to -94 or beyond do not produce detectable levels of his3 mRNA. Small
internal deletions that only remove the proximal regulatory sequence and a 1-base-pair deletion of the thymine
residue at -99 abolish induction, but do not affect the basal level of transcription. These results indicate that
the proximal copy between -99 and -94 is absolutely required for his3 induction, whereas the copy between
-142 and -137 is required only for the maximal level of induction and is inactive by itself. From these and
other observations, we suggest the possibility that these related regulatory sequences may be targets for two
distinct proteins.

Under normal growth conditions, the Saccharomyces
cerevisiae his3 gene is transcribed with equal efficiency from
two distinct initiation sites (defined as + 1 and + 12) at a basal
level of one or two mRNA molecules per cell (18, 20).
Extensive deletion analysis indicates that constitutive his3
transcription depends on a poly(dA-dT) upstream element
located between -113 and -129 as well as a TATA element
located between -35 and -55 (14, 17).
When yeast cells are starved for any one of several

different amino acids, they respond by coordinately inducing
the transcription of many amino acid biosynthesis genes
scattered throughout the genome (reviewed in reference 10).
Under these circumstances, his3 transcription is induced by
an overall factor of 3 above the basal level (20). Surprisingly,
the his3 transcript initiating at + 12 (and a minor transcript
initiating at +22) is induced by a factor of 5, whereas the + 1
transcript is not induced at all (19).
By analysis of a set of his3 deletion mutations for their

ability to induce transcription in response to amino acid
starvation, a cis-acting regulatory region was located be-
tween -83 and -103 (15). This region contains the sequence
TGACTC, which is present in the promoter regions of
essentiagly all genes regulated by amino acid starvation (1,
4a, 6, 15), and which is also critical for the induction of his4
transcription (1, 8). The TGACTC regulatory sequence is a
target for the specific binding by the GCN4 activator protein
(9).

It has been noted that the TGACTC sequence, with minor
variations, is often repeated at a promoter of a given
coregulated gene (1, 6, 15). Analysis of his4 derivatives
suggested that there are three copies that serve as functional
regulatory sites and that multiple copies are necessary for
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maximal induction (8). However, the interpretation of these
experiments is complicated for two reasons. First, the his4
deletions were not controlled for the distance between the
different TGACTC sequences or their distance to the TATA
element. Second, many of the derivatives strongly affected
the basal level of transcription and hence produced variable
induction ratios. As the elements necessary for basal level
his4 transcription were not defined, it was sometimes dif-
ficult to interpret the relationship between effects on basal or
inducible his4 transcription.
The his3 promoter region contains two TGACTC se-

quences (positions -99 to -94 and -258 and -263) as well
as four other sites with only a single deviation (-142 to
-137, -181 to -176, -216 to -221, and -225 to -230) (18)
(Fig. 1). Although some of these copies are oriented in the
opposite direction with respect to the mRNA initiation sites,
it appears that the TGACTC sequence can function in either
orientation (8).
The observation that a deletion removing the region

between -83 and -103 abolishes his3 induction suggests
that the proximal copy is critical and that the remaining five
copies are irrelevant (15). This interpretation is strongly
supported by the fact that in vitro GCN4 protein binds with
an affinity of 10-10 M to the proximal copy, whereas it fails
to bind detectably to any of the other copies (9). Thus, one
might predict that the proximal TGACTC sequence and the
TATA element would be sufficient for maximal his3 induc-
tion.

In this study, we analyzed a series of deletion mutations
that successively remove sequences upstream of the his3
TATA element for their ability to induce his3 transcription.
In addition, we examined small deletions of the proximal
TGACTC sequence including a 1-base-pair deletion of the
upstream-most thymine residue. The results indicate that
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FIG. 1. DNA structures. The shaded bar at the top represents a 6.1-kbp EcoRI-Sall fragment (with a mutated EcoRI site) that contains
the intact pet56, his3, and dedl genes (18). The location and orientation of the transcripts are indicated by arrows above the shaded bar, and
restriction endonuclease cleavage sites are indicated as vertical lines below the bar (R, EcoRI; B, BamHI; X, XhoI; Xb, XbaI; S, Sall). The
shaded bars beneath Sc2812 represent the structures of the sequential and internal deletion mutations. The bottom half of the figure shows
the nucleotide sequence of the his3 coding strand of the promoter region (18). The coordinates above the sequence are determined with
respect to the upstream-most his3 initiation site which is defined as +1. Features of the DNA sequence include the his3 and pet56 initiation
sites (thick arrows) (18), the poly(dA-dT) upstream element for constitutive expression (thin lines above and below the sequence) (17), and
the six TGACTC and related sequences (thick lines below the sequence). The three most distal copies of this sequence are oriented in the
opposite direction with respect to the mRNA initiation sites.

although the proximal copy is essential for his3 induction, it
is not sufficient for achieving the maximal wild-type level.

MATERIALS AND METHODS

Yeast strains. The yeast strains used in these experiments
were KY117 (a ura3-52 ade2-101 Iys2-801 trpl-Al his3-A200)
(17), KY114 (a HIS3 derivative of KY117) (17), KY466 (a
ura3-52 Iys2-801 his3-A200 gcdl-J), and KY498 (a ura3-52
trpl-Al lys2-801 his3-A200 gcn4-2). The his3-A200 mutation
deletes the entire his3 structural gene and promoter region
(17). Generally, these strains were grown at 30°C in liquid
suspension or on 2% Bacto-Agar plates (Difco Laboratories,
Detroit, Mich.) in YPD broth or in minimal medium contain-
ing 2% glucose and appropriate supplements (16). Strains
containing the gcdl-J mutation are temperature sensitive for
growth (22); hence, they were propagated at 23°C.

Construction of hybrid DNA molecules. The procedures for
constructing hybrid DNA molecules have been described
previously (16-18). All the molecules contain a 6.1-kilobase-
pair (kbp) segment of yeast chromosomal DNA with the
entire pet56-his3-dedl gene region cloned in the ura3+
vectors YIp5 or YIp55 (18) (Fig. 1). The nucleotide se-
quences of the his3 deletion alleles are shown in Fig. 2; they
were created as follows.
For the set of sequential 5' deletions, the 1.8-kbp BamHI

fragment containing the entire his3 gene, Sc2676 (18), was
treated for various amounts of time with Bal 31 nuclease.
The resulting collection of fragments was treated with DNA
polymerase I to blunt the ends, ligated to an octanucleotide

EcoRI linker (GGAATTCC), cleaved with EcoRI and XhoI,
and ligated between the EcoRI and XhoI sites of YIp5-
Sc3319 (4a). The deletion endpoints of these derivatives
were determined by the DNA sequencing (13) of M13mp9
(11) hybrids containing the relevant EcoRI-BamHI frag-
ments. The DNA corresponding to his3-A85 (deleted to -83)
was generated by partially cleaving pUC8-Sc2676 DNA (9)
with DdeI, blunting the ends with DNA polymerase I,
ligating an octanucleotide Sacl linker (CGAGCTCG), and
cloning the 1.4-kbp SacI-BamHI fragment into M13mpl9.
As expected, the artificially introduced Sacl site is immedi-
ately adjacent to the EcoRI site in the vector polylinker. The
EcoRI-XhoI fragment containing the his3 structural gene
was cloned into YIp5-Sc3319 as above.

Internal deletions were generated by ligating the 5.4-kbp
BamHI-SaIl vector fragment of YIp55-Sc2812 (18), the
3.7-kbp EcoRI-SalI fragments of appropriate 5' deletion
mutations described above, and the 340- to 370-base-pair
EcoRI-BamHI fragments containing the region from -447 to
a position close to the proximal TGACTC sequence. To
obtain this last set ofDNA fragments, YRp14-Sc2857 (which
contains an EcoRI linker at position -35) (14) was cleaved
with EcoRI and treated for various times with Bal 31
nuclease. The resulting collection of fragments was treated
with DNA polymerase I to blunt the ends, ligated to an
EcoRI linker, cleaved with EcoRI and BamHI, ligated
between the EcoRI and BamHI sites of M13mp9, and
subjected to DNA sequence analysis.
The 1-base-pair deletion of position -99 (his3-142) was

obtained by extending a 15-nucleotide primer containing

.....................sequential deletions

R

. ..
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-150 -14 0 -130 -12 0 -110 -100 -90 -80

CTCTATATTTTTTTATGCCTCGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGC
TTTATGCCTCGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGC

TATGCCT.CGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACTC.TTTTTTTTTCTTAGCGATTGGC
ATGC.CTGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGAI.GAC.TTTTTTTTTTCTTAGCGATTGGC

TGCCTCGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGC
CGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGAI.GA =TTTTTTTTTCTTAGCGATTGGC

GATTTTCATTTTTTTTTTTCCACCTAGCGGAITGACTTTTTTTTTTCTTAGCGATTGGC
TTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGC

GCGGAZGACTCTTTTTTTTTCTTAGCGATTGGC
TGACTaTTTTTTTTTCTTAGCGATTGGC

CTTTTTTTTTCTTAGCGATTGGC

gagctcgTTAGCGATTGGC
GCGATTGGC

CTCTATATTTTTTTATG.CCTCGTGAATGATTTTCATTTTTTTTTTTCC ggaattcc GCGATTGGC hIs3-A90

CTCTATATTTTTTTATGCCT.GTGAATGATTTTCATTTTTTTTTTTCC ggaattcc TGACTCTTTTTTTTTCTTAGCGATTGGC hIS3-A91
CTCTATATTTTTTTATGCCTCGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACT ggaatt cc GCGATTGGC hIs3-A87

CTCTATATTTTTTTATGCCTCGTGAATGATTTTCATTTTTTTTTTTCC ggaattcgagctcg TTAGCGATTGGC his3-A88

CTCTATATTTTTTTAIGCCTCGTGAATGATTTTCATTTTTTTTTTTCCACCTAGCGGA GACTCTTTTTTTTTCTTAGCGATTGGC his3-142

FIG. 2. DNA sequences of his3 deletion mutations. The his3 nucleotide sequence of the coding strand between -157 and -72 is shown
for each derivative. For the sequential deletions (top), the upstream most nucleotide is joined to the octanucleotide EcoRI linker,
GGAATTCC. For the internal deletions (bottom), the deleted regions are indicated by spaces, and the linker replacements are shown in small,
italic letters.

point mutations at position -99 on M13mp7-Sc2676' (18).
After DNA sequence analysis, we failed to recover any point
mutations at this position, but we did obtain the 1-base-pair
deletion. The 1.8-kbp BamHI fragment from this derivative
was then recloned in the correct orientation into YIp55-
Sc2812.

Introduction of deletion DNAs into yeast cells. YIp5 or
YIp55 hybrid DNAs were cleaved with XbaI and introduced
into yeast cells as described previously (18). The transform-
ing DNAs represent the only his3 alleles in the resulting
strains due to the his3-A200 mutation in the hosts. Trans-
formants containing a single copy of the introduced DNA
integrated at the his3 locus were identified by genomic
hybridization (data not shown). For the internal deletions
and his3-142, gene replacement of the his3-A200 allele was
performed as described previously (18).
RNA analysis. Three different strains containing a given

his3 deletion allele were grown in YPD broth to an A600 of
1.5. Transformants of KY117 were used to measure the
constitutive basal level of his3 expression, transformants of
KY466 (gcdl-J) were used to measure induced mRNA
levels, and transformants of KY498 (gcn4-2) were used to
analyze transcription in the absence of the GCN4 product.
The procedures for isolation of RNA, synthesis and purifi-
cation of 5'-end-labeled probes, DNA-RNA hybridization,
nuclease Si treatment, and product analysis by gel electro-
phoresis have been described previously (17, 18). In brief,
mRNA from appropriate strains was hybridized to comple-
tion with an excess of single-stranded his3 and dedl DNA
probes, each labeled at their 5' ends with 32P. The levels of
the his3 and dedl mRNA species were quantitated by
scanning the autoradiograms with a DU-6 spectrophotome-
ter (Beckman Instruments, Inc., Fullerton, Calif.). As dedl
mRNA levels are unaffected by amino acid starvation (17,
20), the his3 levels shown in Tables 1 and 2 have been
normalized to the dedi levels.

RESULTS

Sequential deletion analysis. In previous work (17), we
generated a series of sequential 5' deletion mutations which
contain the entire his3 mRNA coding region, the TATA
promoter element, and a variable number of base pairs
upstream from the TATA region. By joining these his3
segments to position -447, the resulting molecules were
equivalent to the wild-type petS6-his3-dedl chromosomal
region except that sequences between -447 and a particular
point near the his3 promoter region were deleted (Fig. 1 and
2). The sequences upstream of -447 are located within the
petS6 structural gene and were shown not to influence his3
transcription. Yeast strains containing single copies of the
deletion mutant DNAs at the his3 locus were grown in broth
and analyzed for his3 mRNA levels. In this way, the
constitutive basal levels of his3 mRNA produced in these
derivatives were compared with that of the wild-type his3
gene (17). The results of these experiments are summarized
in Table 1.

In this paper, we analyze these and several new his3
derivatives for mRNA levels during inducing conditions.
The new derivatives, which had deletion endpoints between
-137 and -156, were obtained to investigate the role of the
second copy of the his3 regulatory sequence. By standard
methods, the deletion DNAs were introduced in a single
copy at the his3 locus of strain KY466 (ura3-52 his3-A200
gcdl-1). The gcdl-J allele in this strain abolishes the trans-
lational control of gcn4 RNA and results in a constitutively
high level of GCN4 protein (5, 21). This situation causes
induced levels of all coregulated genes even during growth in
broth, and it is equivalent to conditions of amino acid
starvation (22).

his3 mRNA levels were determined by a quantitative Si
nuclease procedure by using the level of dedi RNA as an
internal control (17, 18). The observation that his3 induction

his3-A74
his3-A76
hIs3-A77
his3-A78
his3-A79
his3-A75
his3-A80
his3-A81
his3-A82
hIs3-A83
his3-A84
his3-A85
his3-A89
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TABLE 1. Sequential deletion mutations

his3 mRNA levelsb
Allele DNA Endpointa (+ 1, + 12 transcripts)

fragment
Wild typec gcn4-2 gcdl-l

HIS3+ Sc2812 1.0, 1.1 0.8, 0.4 1.0, 5.0

his3-A72 Sc3403 -192 0.9, 1.0 0.6, 0.3d 1.0, 4.8

his3-A&74 Sc3387 -157 1.0, 1.0 0.6, 0.3 0.8, 4.5

his3-A76 Sc3399 -146 NTe NT 0.9, 4.6

his3-A77 Sc3400 -144 NT NT 1.0, 5.2

his3-A78 Sc3401 -143 NT NT 1.1, 5.2

his3-A79 Sc3402 -142 NT NT 1.0, 5.0

his3-A75 Sc3365 -137 1.0, 1.2 0.7, 0.3d 1.0, 2.4

his3-A80 Sc3366 -130 1.0, 1.0 0.7, 0.4 0.9, 2.2

his3-A&81 Sc3367 -115 0.2, 0.2 NT 0.4, 0.9

his3-A82 Sc3368 -104 0.2, 0.2 0.2, 0.2d 0.2, 1.0

his3-A&83 Sc3369 -99 0.2, 0.2 0.2, 0.2 0.3, 1.1

his3-A84 Sc3386 -94 <0.1 <0.1 <0.1

his3-A85 Sc3370 -83 <0.1 <0.1 <0.1

his3-A89 Sc3371 -80 <0.1 <0.1 d <0.ld
a Indicates the nucleotide position at which the EcoRI linker was joined.
b Normalized to the amount of dedi RNA in the same hybridization

reaction. The error is approximately ±25%.
c The level of the wild-type gene in the wild-type strain was defined to be

1.0; this corresponds roughly to one mRNA molecule per cell (20).
d Hybridization data not shown.
e NT, Not tested.

is associated with a fivefold increase of the + 12 (and minor
+22) transcript but no increase of the + 1 transcript (19)
provides a sensitive method for distinguishing between con-
stitutive and inducible modes of expression. As the relative
levels of these transcripts are determined directly, even a
twofold increase of the +12 over the + 1 transcript (corre-
sponding to a total induction of only 50%) is easily observed.
The results of this experiment are shown in Fig. 3 and are
summarized below.
Under inducing conditions, deletion mutations that re-

move sequences as far downstream as -142 (such as his3-
A79) behave indistinguishably from the wild-type his3 gene.
Specifically, the levels of the +1 and +22 transcripts are
approximately equal, and the level of the +12 RNA is five
times higher. In contrast, derivatives with endpoints at -137
or -130 (his3-A75 and -A80) do not induce his3 transcription
to the wild-type level. Nevertheless, these deletions confer
partial inducibility because the +12 mRNA is two to three
times more abundant than the +1 transcript. Deletions
his3-A81, -A82, and -A83 are also partially inducible, and the
absolute levels are about two- to threefold lower. Finally,
more extensive deletions (his3-A&84 and -A&85) do not have
detectable levels of his3 mRNA. These results indicate that
(i) sequences necessary for maximal induction of his3 tran-
scription are located entirely within the 142 nucleotides
adjacent to the mRNA start, (ii) sequences necessary for
partial induction are located within the adjacent 104 nucle-
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FIG. 3. RNA analysis of sequential deletions. Total RNA (ap-
proximately 50 ,ug) from gcdl-l strains (KY466 transformants)
containing the following his3 deletion mutations was hybridized to
an excess of single-stranded his3 and dedi probes and treated with
S1 nuclease. Lanes: A, A85; B, A84; C, A83; D, A82; E, A81; F, A80;
G, A72; H, wild type; J, A74; K, A76; L, A77; M, V78; N, A79; 0,

A75. The positions of bands corresponding to the his3 +1, +12, and
+22 transcripts and the dedi transcripts are indicated. The band
between the his3 and dedi RNAs is due to a trace contamination of
double-stranded his3 probe.

otides, and (iii) sequences between -142 and -137 and
probably -99 and -94 are important for induction.
Some of the sequential deletion mutations were also

introduced into yeast strain KY498, which contains a gcn4
mutation and hence is unable to induce transcription in
response to amino acid starvation (7, 12). The phenotypic
pattern of the various his3 deletions in the gcn4-2 strain
resembled that observed for constitutive expression (Fig. 4
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FIG. 4. RNA analysis of sequential deletions in a gcn4-2 back-
ground. Total RNA (approximately 50 ,ug) from gcn4-2 strains
(KY498 transformants) containing the following his3 deletion muta-
tions was hybridized to an excess of single-stranded his3 and dedl
probes and treated with S1 nuclease. Lanes: A, A74; B, A80; C, A83;
D, A84; E, A85; F, wild type; G, RNA from strain KY114 (wild-type
gene in wild-type background). The positions of bands correspond-
ing to the his3 +1 and +12 transcripts and the dedi transcripts are
indicated. The band between the his3 and dedl RNAs is due to a
trace contamination of double-stranded his3 probe.
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FIG. 5. RNA analysis of internal deletions. RNA (50 ,ug from
wild-type strains and 20 ,ug from gcdl-l strains) containing the
following internal deletion mutations was hybridized to an excess of
single-stranded his3 and dedi probes and treated with Si nuclease.
Lanes: A and F, A90; B and G, A91; C and H, A87; D and I, A88; E
and J, his3-142. Strains represented in lanes A to E contain a gcdl-l
background (KY466 transformants), and strains represented in lanes
F to J contain a wild-type background (KY117 transformants). The
positions of bands corresponding to the his3 + 1 and + 12 transcripts
and the dedi transcripts are indicated.

and Table 1). In particular, deletions down to -130 are
indistinguishable from the wild-type gene, further deletions
down to -99 have approximately 20 to 40% of the normal
his3 mRNA level, and more extensive deletions have less
than 10% of the wild-type level. Interestingly, the wild-type
gene and some of the deletion mutations seemed to have
slightly lower RNA levels in the gcn4-2 strain as compared
with the wild-type strain, and the level of the + 12 transcript
appeared to be preferentially reduced by a small factor with
respect to the +1 transcript. This may suggest that GCN4
protein may play a minor role in constitutive his3 expres-
sion.

Small deletions of the proximal TGACTC element abolish
inducibility. The original localization of the his3 regulatory
element between -83 and -103 was based on the pheno-
types resulting from deletion mutations that removed rela-
tively large regions of DNA and hence significantly altered
the spacing relationships between promoter elements and
mRNA initiation sites (15). The smallest deletion that abol-
ished his3 induction was 53 base pairs. Although spacing
alterations generally had little effect on his3 expression (14,
15), it was desirable to analyze the phenotypes of small
deletions that remove or disrupt the proximal TGACTC
element.
Four new internal deletions, in which 10 to 30 base pairs of

the native his3 gene are replaced by 8-base-pair EcoRI or
Sacl oligonucleotide linkers (Fig. 2), were obtained as de-
scribed in Materials and Methods. Three of these derivatives
destroy the proximal TGACTC sequence, and one derivative
(his3-A91) replaces 10 base pairs just upstream of the prox-
imal TGACTC with an EcoRI linker. As described above,
the mutant DNAs were introduced into wild-type and gcdl-J
strains such that they precisely replaced the normal his3
chromosomal locus. The resulting strains were grown in
broth and analyzed for his3 mRNA levels. The results are
shown in Fig. 5 and summarized in Table 2.

In a wild-type genetic background, i.e., normal condi-
tions, all five internal deletion mutations behaved indistin-

guishably from the native his3 gene. However, in a gcdl-l
background, these mutations were unable to induce his3
expression above the basal level. The his3-A91 allele, which
replaces sequences just adjacent to the proximal TGACTC
may have slightly elevated levels of his3 mRNA under these
conditions. Thus, small deletions of or near the proximal
TGACTC do not affect the basal level of his3 transcription,
but they abolish inducibility under conditions of amino acid
starvation.

Single-base-pair deletion at position -99 prevents his3
induction. In our attempts to create point mutations of the
proximal TGACTC sequence, we initially employed the
primer extension method described by Zoller and Smith (23).
For various reasons, some of which we do not understand,
these attempts were unsuccessful. However, in the course of
these experiments, we did obtain a 1-base-pair deletion of
the thymine residue at -99 (his3-142), which changed the
TGACTC sequence to AGACTC (Fig. 2). After replacement
of the his3 locus, his3 mRNA levels conferred by the
his3-142 allele were examined as described above. This
mutation had little, if any, effect on the basal level of
expression, and it failed to induce his3 transcription in
response to starvation conditions (Fig. 5).

DISCUSSION

Two copies of the element are necessary and sufficient for
maximal induction. The observation that his3-A79, which
deletes sequences upstream of -142, behaves indistinguish-
ably from the wild-type gene indicates that the two proximal
copies of the TGACTC sequence are sufficient for maximal
his3 induction. Conversely, this result indicates that the four
distal copies are unnecessary for induction. Thus, these
distal copies appear to be nonfunctional derivatives of the
his3 regulatory element, although it is possible that they
could be functional in other contexts.
The two regulatory sequences present in his3-A79 include

a perfect (TGACTC) copy between -99 and -94 and an
imperfect (TGCCTC) copy between -142 and -137. The
imperfect copy is important for maximal induction because
his3-A75, which is identical to his3-A79 except for the
deletion of five additional residues, does not fully induce his3
transcription. The perfect copy is absolutely required for
induction because small deletions, including a 1-base-pair
deletion, abolish inducibility. This result also indicates that
the imperfect copy, together with the four far upstream
copies, is inactive in the absence of the perfect copy. In
contrast, the perfect copy is sufficient for partial induction

TABLE 2. Internal deletion mutations

his3 mRNA levels'
DNA (+ 1, + 12 transcripts)Allele fragment Endpointa

Wild
typec gcdl-J

HIS3+ Sc2812 1.0,1.0 1.0, 5.0
his3-A&90 Sc3260 -109/-80 1.0,1.2 0.8,1.1
his3-A91 Sc3261 -109/-99 0.8,1.0 1.1, 1.5
his3-A87 Sc3269 -95/-80 1.0, 0.8 1.0, 0.7
his3-A88 Sc3384 -109/-83 1.1, 0.9 1.0, 0.9
his3-142 Sc3401 -100/-98 0.9, 0.6 0.8, 0.7

aNucleotide positions between which the natural his3 sequence was
deleted. The deleted region in his3-A90, -A91, and -A87 was replaced by an
EcoRI linker, and the deleted region in his3-A88 was replaced by an EcoRI
and SacI linker.

b As in Table 1, footnote b.
c As in Table 1, footnote c.
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because deletions down to -99 show an increase in the level
of +12 transcription during starvation conditions.
Our sequential deletion mapping of the his3 regulatory

sequences yields qualitatively similar results to the analyses
of the his4 promoter. Maximal levels of his4 induction are
achieved with a promoter containing a proximal TGACTC
element centered at position -140 and two closely spaced
distal elements centered at -185 and -200 (1). Deletions
that remove both distal copies but retain the proximal copy
are inducible, but not to the maximal level. In accord with
analogous his3 deletions, some of these derivatives also
reduce the basal level of his4 expression.
One apparent difference between his3 and his4 induction

seems to be the requirement for the proximal copy. Unlike
the his3 situation where very small deletions of the proximal
copy abolish inducibility, relatively large deletions of the
his4 proximal copy that retain both distal copies are still
inducible (8). However, the absolute level of transcription in
such derivatives is 50- to 100-fold below the maximal induc-
tion level (8). Our interpretation of these results is that the
his4 distal copies are extremely defective regulatory se-
quences, whose effects can only be seen in large deletions
that remove the elements for constitutive transcription. We
predict that these sequences will be bound very weakly by
GCN4 protein, which would explain both the low levels of
expression and the inducibility. Although both his4 distal
copies are perfect TGACTC sequences unlike the imperfect
his3 distal sequence, the adjacent residues in the distal his4
copies are poorly matched to the consensus for regulatory
sequences found in 15 amino acid biosynthesis genes (4a). In
contrast, both the his3 and his4 proximal copies are well
matched to the consensus, and by themselves are capable of
induction levels that are only two- to three- fold below the
maximal level.
Thus, it appears that the his3 and his4 promoters are

organized in a very similar manner. In both cases, at least
two regulatory sequences are necessary for maximal induc-
tion levels, but the proximal copies are clearly more impor-
tant. One difference between these promoters, however,
concerns the sequences for constitutive transcription. Al-
though the sequences for constitutive his4 transcription have
yet to be defined, this promoter does not contain a poly(dA-
dT) region similar to that which is critical for the basal level
of his3 expression (17).

Functional distinctions between the proximal and distal
regulatory sequences. Repeated sequences in eucaryotic pro-
moter regions are often essential for the maximal level of
transcription, and in some cases they have been shown to be
multiple binding sites for a given protein (2, 3). Presumably,
the effects on transcription involve an increase in the local
concentration of recognition sites that facilitates protein
binding or cooperative interactions between bound proteins.
However, several observations are suggestive of func-

tional distinctions between the proximal and distal his3
regulatory sequences. Unlike the proximal copy which is
sufficient for partial induction, the distal copy is inactive by
itself. Moreover, in previous work we demonstrated strong
binding of GCN4 protein to the proximal copy and no
detectable binding to the distal copy (or any of the other four
copies) (9). The DNase I footprinting experiments indicated
that the affinity of GCN4 protein for the distal copy is at least
50-fold lower than that of the proximal copy, and they
showed no evidence for cooperation.
The imperfection of the distal copy, TGCCTC instead of

TGACTC, is likely to account for its relative inactivity. In
the presence of all five upstream copies, a 1-base-pair

substitution that changes the proximal copy to TGCCTC
abolishes induction in vivo and GCN4 protein binding in
vitro (4a). Nevertheless, despite the apparently defective
nature of the distal copy, the results in this paper clearly
indicate that it is important for achieving the maximal level
of his3 transcription during inducing conditions.

This apparent anomaly can be explained in two ways. One
possibility is that in contradiction to our DNA-binding
experiments (9), GCN4 protein does bind the distal copy in
vivo, possibly by using cooperative interactions that we
have been unable to detect in vitro. An alternative explana-
tion, which we favor, is that an additional DNA-binding
protein recognizes similar DNA sequences and binds to the
distal copy. This latter suggestion is reminiscent of the
model for cycl activation in which related DNA sequences
confer distinct regulatory patterns and respond to different
trans-acting factors (4).
While direct evidence for this hypothesis is lacking, sev-

eral observations are suggestive. First, his3-A83 confers a
low basal level of expression that is independent of the
poly(dA-dT) element and the wild-type gcn4 allele. Since
his3-A84, a deletion of 5 additional base pairs that removes
the proximal TGACTC, fails to confer this residual basal
level of transcription, this suggests that the proximal
TGACTC sequence acts as a weak upstream regulatory
element in a gcn4-independent manner. Second, although
his3-A83 and his3-A82 have indistinguishable phenotypes,
his3-A83 DNA is weakly bound by GCN4 protein in vitro
(4a), unlike his3-A82 DNA which is bound as well as the
native gene (9). This may mean that sequences immediately
upstream of -99 are important for GCN4 action, but may be
less important for binding by a separate factor. Third, in
derivatives lacking sequences upstream of -102 and hence
the poly(dA-dT) element and the imperfect distal copy, his3
expression is increased by a mutation that changes the
proximal sequence to TGACTT (19). However, the identical
mutation abolishes his3 induction in the presence of all five
distal copies (4a). One interpretation of these observations is
that specific changes within a common recognition sequence
could differentially affect binding by GCN4 and the hypo-
thetical protein. Thus, these functional distinctions between
the native proximal and distal copies and between muta-
tional forms of the proximal copy suggest that the TGACTC
sequence may interact with two distinct proteins.
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