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Sequence-specific initiator elements focus initiation of
transcription to distinct sites in the yeast TRP4
promoter
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Transcription from the yeast TRP4 promoter initiates at
two basal (i127 and i76) and three GCN4 dependent (i31,
i25 and i12) initiator elements. All of these elements
contain not more than one deviation from the earlier
proposed initiator consensus sequence PuPuPyPuPu, a
pyrimidine nucleotide flanked on either side by two
purine nucleotides. A point mutation analysis of these
elements in various combinations was performed and
revealed that the central pyrimidine nucleotide and at
least one of the 3' flanking purine nucleotides of the
PuPuPyPuPu consensus sequence are essential but alone
not sufficient to define a functional initiator element.
Multiple cryptic transcription start sites, which function
independently whether they are located on the coding
or the non-coding strand, can replace the function of
mutated initiator elements and therefore the overall
level of transcription initiation is not affected. The
sequence specificity is identical for basal and GCN4
dependent initiator elements demonstrating that they are
functionally homologous. These fmdings imply that the
role of initiator elements is to 'focus' the start point(s)
of transcription to distinct sites located in the region
between the site(s) of the assembly of the transcriptional
complex and the start codon of translation.
Key words: amino acid biosynthesis/initiator element/
promoterlSaccharomyces cerevisiae/transcription initiation

Introduction
In yeast, transcriptional regulation of RNA polymerase
II promoters requires three different types of DNA
sequence elements, namely upstream (UAS), TATA and
initiator (I) elements (reviewed by Guarente, 1987, 1988;
Struhl, 1987, 1989).
Upstream elements are short DNA sequences, typically

10-30 bp in length, which work in a distance and
orientation independent manner - 100-600 bp upstream
from the transcription initiation site; they act as targets for
specific DNA binding proteins that activate or repress
transcription. Most eukaryotic RNA polymerase II promoters
also contain a TATA element, consensus TATAAA, which
is necessary but not sufficient for accurate initiation of
transcription in vivo and in vitro (Dynan and Tjian, 1985;
Struhl, 1987). Functional TATA elements are located
between UAS and mRNA initiation site(s) and mediate the
first step in the pathway of transcription initiation by binding

the general transcription factor TFIID (Buratowski et al.,
1988, 1989; Van Dyke et al., 1988).
The transcription initiator (I) element is the primary

determinant of where transcription begins in yeast (for
review see Struhl, 1989). Yeast mRNA initiation sites are
determined primarily by specific initiator sequences, and not,
as in many genes of higher eukaryotes, by the distance
(25-30 bp) from the TATA element (Chen and Struhl,
1985). The spacing between yeast initiation sites and
TATA elements is much more flexible and somewhat
larger, although there are limits to the distance over which
a TATA element can act ( - 40-120 bp). The DNA
sequence requirements for yeast initiator elements are
poorly understood, although it is clear that many different
sequences can carry out the function. Two possible initiation
site consensus sequences, TCG/AA and PuPuPyPuPu, a
pyrimidine flanked by at least two purines on each side, have
been shown to function as an initiation site when inserted
at one location upstream of the yeast CYC7 gene (Hahn
et al., 1985). Using random oligonucleotide mutagenesis
McNeil and Smith (1986) found a preference for 5' ends
at A residues preceded by a short track of pyrimidine
residues. Healy et al. (1987) surveyed sequences within a
2-3 bp range of 99 published yeast initiation sites and argue
that the sequence PyAAPu is a functional start site element.

In many genes from Drosophila melanogaster the highly
conserved sequence 5'PyATCAG/TTPy3' has been found
as a transcription initiator element (Hultmark et al., 1986),
whereas in mammals the transcription initiation sequence
5'PyPyCAPyPyPyPyPy3' has been identified in multiple
genes carrying a TATA box (Corden et al., 1980). An
'initiator' (Inr) as a transcription control element was
recently described for the lymphocyte-specific terminal
deoxynucleotidyl transferase gene (Smale and Baltimore,
1989), where TATA and Inr elements were shown to be
functionally similar (Smale et al., 1990). Additional
subunit(s) or domain(s) of the mammalian transcription
factor TFIID were suggested to be required for mediating
transcriptional activation via Inr elements (Nakatani et al.,
1990; Smale et al., 1990).
The 'general control' system of yeast connects tran-

scriptional derepression of >30 unlinked amino acid bio-
synthetic genes to the physiological signal 'amino acid
starvation' (reviewed by Hinnebusch, 1988). Typical amino
acid biosynthetic promoters are dual promoters that can be
regulated by two control systems, namely 'general' and basal
(Struhl, 1986; Amdt et al., 1987). Different upstream,
TATA and initiator elements are required for controlling the
basal or 'general' control response. The upstream activator
protein GCN4 is the key regulator in the 'general control'
system of yeast (Hinnebusch and Fink, 1983; Thireos
etal., 1984).
The TRP4 gene of Saccharomyces cerevisiae encodes for

the enzyme anthranilate phosphoribosyl transferase (EC
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Fig. 1. 7RP4 gene promoter region. UAS elements for GCN4
dependent transcription are indicated and GCN4 responsive elements
(GCREI, GCRE2 and GCRE3) are represented as boxes (Mosch
et al., 1990). Initiator elements for basal transcription (i127 and i76)
and for GCN4 dependent transcription (i31, i25 and i12) are indicated.

2.4.2.18) and is subject to the 'general control' system in
yeast (Furter et al., 1986, 1988; reviewed by Braus, 1991).
TRP4 expression is regulated by GCN4 via two UAS
elements that act together synergistically to derepress the
TRP4 gene (Braus et al., 1989; M6sch et al., 1990). The
TRP4 promoter contains completely separate initiator
elements for basal (i127 and i76) and GCN4 dependent (i31,
i25 and il2) transcription (Figure 1; Furter et al., 1988;
Mosch et al., 1990). This is in contrast to other described
GCN4 dependent promoters (e.g. the yeast HIS3 and HIS4
genes), where basal and GCN4 dependent transcription
initiate from identical initiator elements or where part of the
basal initiator elements are used by the GCN4 dependent
promoter (Chen and Struhl, 1985; Nagawa and Fink, 1985).

i127 i121 i113 i110

W t ..TCAGTAAACATAAACTCTGTTGCA..

1 ..TcAG..cATAAACTCTGTTGCA..

*
2 ..TCAGAAAACATAAACTCTGTTGCA..

3 ..TCAGUAAACATAAACTCTGTTGCA..

**
4 ..TClTAAACATAAACTCTGTTGCA..

5 ..TCAGTI.QCATAAACTCTGTTGCA..

*6**G
6 ..TCIA.CIACATAAACTCTGTTGCA..

7 ..TCUffIACATAAACTCTGTTGCA..

8 ..TCILQIIACATAAACTCTGTTGCA..

9 ..TCAGQAAACATAAACTCTGTTGCA..

1 0 ..TCAGQAAACAQAAACTCTGTTGCA..

1 *..TCAGTAAACAAAACTCTGTTGCA..

1 1 ..TCAGTAAACATAAACTCTGTTGCA..

1 2 ..TCAGTAAACATAAACTCTGTTGCA..

1 3 ..TCAGTAAACATAAACTCTGTTGCA..

* * * *
1 6 ..TCAGQAAACAQAAACTCT~TrCA..

* **T*
1 7 ..TCAG~AACAvMCTCTCTTCCA..

i76

..AMGCATCTGAT..

..A.GcATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AMGCATCTGAT..

..AAAGCATCTGAT..

..AAAGCATCTGAT..

..AAAGCATCTGAT..

..AAAGCCTCTGAT..

..AAAGCATCTGAT..

*
..AAAGCATCTGAT..

..AAAGCATCTGAT..

..MAGCCTCTGAT..

i31 i25 i12

..GCAATAATCACAAGAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCc....

..GCAATMTCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAACTTAGTATTCc....

..GCAATAATCACAAGAAACTTAGTATTCC....

..GCAATMATCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

..GCAATMTCACAAGAAAACTTAGTATTCC....

..GCAATAATCACAAGAAAACTTAGTATTCC....

* * *
..GCAA_AATCAMAAGAAAACTTAGaATTCC ....

* * *
..GCAAMAATCA]AAGAAAACTTAG]ATTCC....

* * *
..GCAAMAATCA]AAGAAAACTTAG]ATTCC ....

..GCAATATCACAAGAAAACTTAGTATTCC....

* * *
..GCM]AMTCAGAAGI5AAACTTAGbATTCC ....

Fig. 2. Nucleotide sequences of wild-type (wt) and mutant (1 -17) 7RP4 promoter alleles. Major (i127, i76, i31, i25 and i12) and cryptic (i121,
i 13, il 1O) initiation sites are bold and their positions (relative to translational start site at + 1) are indicated by arrows. Mutated nucleotides were
obtained by site-directed mutagenesis and are underlined and marked by asterisks. Nucleotides corresponding to the PUPUPyPUPU consensus sequence
(Hahn et al., 1985) on coding (-) or non-coding (. ) strands, respectively, are underlined.
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In this study we performed a fine analysis of the basal
as well as the GCN4 dependent initiator elements of the
7RP4 gene. We find that: (i) basal and GCN4 mediated
transcription select functionally homologous initiator
elements which are highly sequence specific and which
work in either orientation; (ii) multiple cryptic transcription
start sites can replace the function of mutated initiator
elements; (iii) the initiator elements 'focus' basal and GCN4
mediated transcription to distinct start sites; and (iv) initiator
elements do not significantly affect the overall level of
transcription initiation.

Results

Basal and GCN4 dependent initiator elements are
functionally homologous, highly sequence specific and
function in both orientations
Our aim was to obtain a better understanding of the
DNA sequence requirements of initiator elements in the
yeast S.cerevisiae. Therefore we performed site-directed
mutagenesis of all basal (il27 and i76) as well as GCN4
dependent (i3 1, i25 and i12) initiator elements of the 7RP4
gene. Whilst the two most upstream located basal and GCN4
dependent initiator elements (i 127 and i3 1, respectively)
perfectly match the proposed PuPuPyPuPu consensus
sequence (Hahn et al., 1985) the other elements i76, i25 and
i12 consist of shortened forms of either a PuPuPyPu (i76
and i12) or a PuPyPuPu (i25) sequence (Figure 2 and Table
I). Interestingly, for i 127, i3 1, i25 and i 12 the consensus
sequence occurs on the coding strand and for i76 on the
non-coding strand, respectively (Figure 2 and Table I). In
all initiator elements the central pyrimidine nucleotide was

the start point for transcription (Figures 3 and 4, all wt lanes).
We first created different point mutations of the major

basal initiator element i127 (Figure 2, mutant promoters Nos
1-9) to test which nucleotides of the PuPuPyPuPu consensus
are required for proper initiator function. The different
mutant promoter alleles were then substituted for the
wild-type TRP4 promoter by gene replacement in the
genomic TRP4 locus and transcripts of the various mutated
TRP4 promoters were analysed by primer extension (Figure
3). A transition of the central T pyrimidine nucleotide of
i127 to a C pyrimidine nucleotide had no influence on the
selection of i127 as a major basal initiator element, as
the transcription initiation pattern of mutant promoter No. 1
is indistinguishable from a wild-type situation (Figure 3,
lane 1). However, transversion of the same T pyrimidine
nucleotide to either an A or a G purine nucleotide resulted
in a quantitative loss of transcription initiating from i127
(Figure 3, lanes 2 and 3). Surprisingly, transcription initiated
more downstream at multiple cryptic start sites instead. A
sequence analysis revealed that the sequences of these basal
cryptic sites also correspond to the PuPuPyPuPu consensus
sequence and are located either on the coding or non-coding
strand (Figure 2 and Table I).
Transversion of the 3' flanking purine nucleotides of

i127 to pyrimidine nucleotides also completely abolished
transcription initiation from i127 and again transcription
initiated from the cryptic start sites instead (Figure 3, lane
5). Substitutions of the 5' flanking purines for pyrimidine
nucleotides in i127, however, still rendered an almost normal
wild-type initiation pattern (Figure 3, lane 4). These results
show that the central pyrimidine nucleotide and at least one
of the 3' flanking purine nucleotides are essential parts of

Table I. DNA sequences corresponding to the PuPuPyPuPu consensus initiator sequence in the TRP4 promoter region

PuPuPyPuPu - sequences PuPuPyPu - sequences PuPyPuPu - sequences

position functional position Jfunctional position functional

coding coding coding

712.7 AGTAA +++ mainbasal -123 AACA - 1 21 ATAA + crypticbasal
-82 AATAA + crypticbasal - 7 7 AGCA - 8 5 ATAA + crypticbasal
- 5 5 GACAA - - 7 0 GATA + crypticbasal - 6 5 ACAG
-47 AGTGA - 1 2 AGTA +++ rnainGCN4 - 3 4 GCAA
3 1 AATAA +++ rnainGCN4 l2.5 ACAA +++ mainGCN4

non-coding non-coding non-coding

-11 3 AACAG + crypticbasal -108 AATG -11 0 GCAA + crypticbasal
-104 AATGA - - 7 6 GATG +++ mainbasal -86 ATAA -

-60 AGTAG - -69 AATA + crypticbasal - 6 6 GTAA -

- 3 GATAA - -1 1 AATA --35 GCAG -

- 2 6 GTGA -
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All DNA sequences in the TRP4 promoter, between position - 127 (i127) and the translational start site at + 1, corresponding to either the
PuPuPyPuPu consensus sequence or the shortened forms PuPuPyPu and PuPyPuPu on the coding or non-coding strand are shown, as determined by
a computer search. Numbers indicate the position relative to the translational start site at + 1. Major initiation start sites are bold and underlined.
Functions are indicated by + + + (major initiators), + (cryptic initiators) or - (non-functional as initiators).
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Fig. 3. Transcription start site selection patterns of basal TRP4 gene transcripts under control of wild-type and mutant promoters. (a) Primer
extension analysis of basal wild-type (wt) and mutant (1-12 and 16, for numbering see Figure 2) 7RP4 gene transcripts. 100 jtg of poly(A)+ RNA
from identical preparations to those used for quantitative Northern hybridizations in Figure 5 were hybridized to completion with an excess of a
'Y-32P-labelled 7RP4 primer and subsequently elongated using AMV reverse transcriptase. Initiation sites of TRP4 transcription are designated as i
(numbers indicate their position relative to translational start at + 1). Major basal initiator elements i127 and i76 are boxed. (b) Quantification of
basal wild-type and mutant TRP4 transcription selection patterns. Individual lanes of primer extension analysis from (a) were scanned using laser
densitometry. The numbers in columns 1-12 and 16 represent the usage of each initiation site in comparison with a wild-type situation (wt) and are
percentage values of the overall basal 7RP4 transcription of a given promoter (summarized in row % wt). Mutation initiation sites are underlined and
marked by a superscribed m. Overall basal TRP4 transcript levels of different mutant promoter alleles (see Figure 5) are shown in the last row (%
wt) and are indicated by a superscribed a.

the earlier proposed PuPuPyPuPu consensus sequence,
whereas the 5' flanking purines do not seem to be required.

In mutant promoters Nos 6, 7, 8 and 9 the PuPuPyPu
sequence of i127 was inverted from a 5'AGTAA3' sequence
to the four possible sequences 5'TT(A/C/G/T)CT3', to test
whether this part of i127 alone is sufficient for proper
initiator function. Inversion of the PuPu yPuu sequence
of i127 led to a non-functional i127 element, independently
of the type of the central nucleotide, and transcription from
the cryptic start sites was found again (Figure 3, lanes 6,
7, 8 and 9). This shows that the PuPuPyPuu sequence is
essential but alone not sufficient to define an initiator
element and suggests that additional nucleotides upstream
or downstream are required. This is in agreement with the

finding that the half-sites upstream and downstream of the
transcription start are not identical, therefore suggesting an
initiator sequence to be asymmetric.
We further created point mutations of the major basal

initiator element i76 and the major GCN4 dependent
initiators i31, i25 and i12 in vitro by substituting their
PuPuPyPuPu sequences for PuPuPuPuPu sequences instead.
These mutant promoter alleles (Figure 2, constructs Nos 12
and 13) were also targeted to the chromosomal 7RP4 locus
and 7RP4 transcripts were examined from yeast cells lacking
any GCN4 protein (Figure 3) or containing high amounts
of GCN4 (Figure 4). A conversion of the central pyrimidine
nucleotide in both the major basal initiator element and i76
(Figure 3, lane 12) as well as the major GCN4 dependent
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Fig. 4. Transcription start site selection patterns of 7RP4 gene
transcripts under control of GCN4. Primer extension analysis of
wild-type (wt) and mutant (3 and 10-17; numbering according to
Figure 2) 7RP4 gene transcripts from yeast cells containing high
amounts of GCN4 protein (+GCN4). Primer elongation reactions were
performed as described in Figure 3a and initiation sites of TRP4
transcription are designated as i (numbers indicate their position
relative to translational start at + 1).

initiator elements i31, i25 and i12 (Figure 4, lane 13) resulted
in a quantitative loss of transcription initiating from these
mutated elements. Again transcription initiated further
downstream at multiple cryptic start sites instead.
These results demonstrate that (i) initiator elements in yeast

are elements with high sequence specificity as their usage
by the transcription machinery can be completely blocked
by single point mutations in their central pyrimidine
nucleotide normally used as the start site of transcription;
(ii) the central pyrimidine nucleotide and at least one of the
3' flanking purine nucleotides of the PuPuPyPuPu consensus
are essential but alone not sufficient to define a functional
initiator element; (iii) inversion of the core sequence results
in a non-functional initiator element; and (iv) major basal
and GCN4 dependent transcription select initiator elements
that are completely different in respect of their location but
have the same DNA sequence requirements.

The TRP4 promoter carries redundant cryptic initiator
sites which replace the mutated initiator elements
Basal transcription of the TRP4 gene mainly initiates at the
two major start sites i127 and i76. In addition, several minor
start sites for basal 7RP4 transcription could be detected
when autoradiograms of primer extension analyses of basal
TRP4 transcripts were carefully analysed (Figure 3). Besides
the major initiator elements i127 and i76, three minor start
sites could be mapped at positions - 121 (i121), - 113 (il 13)
and -110 (il 0) relative to the translational start site at
+1 (Figure 3a). Whereas the minor initiator element il 13
perfectly matches the PuPuPyPuPu consensus sequence,
the elements i121 and illO each consist of the shortened
PuPyPuPu sequence comparable with the i76 element. For
i121 the consensus sequence lies on the coding strand and
for i 13 and iII0 on the non-coding strand, respectively
(Figure 2 and Table I). A quantification of all of these

basal start sites was subsequently performed using laser
densitometry (Figure 3b). The major i127 and i76 elements
were selected by the basal transcription machinery at a
level of 66 and 22 %, respectively, whereas the minor start
sites were each used to an extent of not more than 4% of
the total transcripts.
A substitution of the central pyrimidine for a purine

nucleotide in the major i127 element or the inversion of i127
(Figure 2, constructs Nos 2, 3 and 6) led to a 5- to 20-fold
decrease in the usage of this element for transcription
initiation and to a 2- to 7-fold increase in the transcription
machinery initiating at each of the two minor elements i121
and iI 13 (Figure 3a and b, lanes 2, 3 and 6). We therefore
constructed further 7RP4 promoter mutant alleles in vitro,
again by substituting the central pyrimidine nucleotide of the
PUPUPyPUPu sequences of the minor initiator elements
il21, i113 and illO for a purine nucleotide to result in
PuPuPuPuPu sequences instead (Figure 2, constructs Nos
10, 11 and 16). These mutant promoters were also targeted
to the chromosomal 7RP4 locus, substituting the wild-type
TRP4 promoter. A primer extension analysis of 7RP4
transcripts generated in vivo under the control of these
mutant promoters revealed that simultaneous mutations in
elements i127 and i121 (mutant promoter No. 10) still
resulted in a 7-fold decrease in the usage of iI27, but this
was replaced by a 9-fold increase of transcription initiation
solely from the i 13 element (Figure 3a and b, lanes 10).
When the four elements i127, i121, i113 and illO were
simultaneously mutated (mutant promoter No. 11), usage
of i127 still dropped 7-fold and transcription at i121,
i 13 and iI 10 initiated at wild-type levels, but now basal
transcription initiating from two additional cryptic start
sites at positions -85 (i85) and -82 (i82) could be found
(Figure 3a and b, lanes 11). The DNA sequences of these
cryptic initiator elements i85 (-86 ATAA -83) and
i82 (-84 AATAA -80) also match to the PuPuPyPuPu
consensus sequence with not more than one terminal
deviation. Finally, simultaneous mutations in the five
elements i127, i121, i113, illO and i76 (mutant promoter
No. 16) led to a random distribution of transcription initiating
at the various mutated major and minor initiator elements,
each at levels between 1 and 14% of the total basal
transcription (Figure 3a and b, lanes 16). Two additional
initiator elements were also used in mutant No. 16 at
positions -92/-93 (i92/93) and -69/-70) (i69/70) to an
extent of 6 and 14%, respectively. The element i69/70
contains a PuPu1eyu sequence (-72 GATA -69), whereas
the weak element i92/93 does not correspond to a
PuPuPyPuPU consensus sequence. Although in mutant
promoter No. 16 the two wild-type initiation sites as well
as three cryptic start sites were mutated, the transcription
machinery could not be urged to initiate at the more down-
stream GCN4 dependent initiator elements, suggesting that
the basal promoter can only initiate within a window that
has its downstream border in this region.

Transcription mediated by GCN4 also initiated more
downstream from cryptic start sites when the GCN4
dependent initiator elements i3 1, i25 and i12 were mutated
(Figure 4, mutant promoters Nos 13, 14, 15 and 17).
However, the DNA sequences of these cryptic GCN4
dependent start sites at positions -28/-29 and -151-16
do not correspond to the PuPuPyPuPu consensus sequence.
Taken together, these results show that: (i) the 7RP4
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Fig. 5. Expression of TRP4 gene under control of wild-type and mutant promoters. Quantification of TRP4 transcript levels are shown in the lower
part. The values given (% of basal wt) are the means of at least four independent measurements obtained by performed laser densitometry on
autoradiograms of at least four different Northern analyses using two independent poly(A)+ RNA isolations of each wild-type (wt) and mutant
(1-17; numbering according to Figure 2) strain (standard deviations did not exceed 20%). Values are TRP4 transcript levels in percentage of basal
wild-type expression and were obtained by using URA3 transcript levels as internal standards. Basal expression is indicated by white bars; GCN4
dependent expression (black bars) was obtained by subtracting basal levels (white bars) from total expression levels occurring in the presence of high
amounts of GCN4 protein in the cells (+GCN4). The upper part represents one example of an autoradiogram of a Northern analysis that was
scanned by laser densitometry as described above. Poly(A)+ RNA from yeast strains containing no GCN4 protein (-GCN4) or a high amount of
GCN4 protein (+GCN4) and carrying wild-type (wt) and mutant TRP4 promoter alleles (1-17; numbering according to Figure 2) at the
chromosomal TRP4 locus was isolated and subsequently cohybridized against radiolabelled 7RP4 and URA3 probes. The URA3 transcript was chosen
as an internal standard. Transcript sizes are: TRP4, 1.4 kb; URA3, 0.9 kb.

promoter region contains multiple cryptic initiator elements;
(ii) the transcription machinery is urged to initiate further
downstream from these cryptic initiator elements when
upstream initiation sites are increasingly mutated; and (iii)
basal transcription cannot be urged to initiate at the GCN4
dependent initiator elements.

Eviction of initiator elements results in defocused
mRNA 5' ends but does not substantially decrease
the total level of transcription initiation
A quantitative TRP4 transcript analysis was performed to
determine the overall basal and GCN4 mediated expression
of the TRP4 gene under control of the different mutant
promoter alleles (Figure 5). The overall basal or GCN4
mediated transcription did not drop below 80% of wild-type
transcription for any of the mutant promoters, even when
all the basal il27 and i76 elements, the basal cryptic il21,
il 13 and il1 0 elements as well as the GCN4 dependent i3 1,
i25 and i12 elements were simultaneously mutated (Figure
5, mutant promoter No. 17). Although such a mutant
promoter still revealed - 80% of normal wild-type TRP4
transcription, the 5' ends of these transcripts could no longer
be mapped to the five distinct positions i127, i76, i3 1, i25
and il2 of a wild-type TRP4 promoter, but transcription
initiation from such a construct seemed to be 'defocused'
and starting randomly from multiple weak cryptic start sites
distributed over the TRP4 promoter region.
These results show that: (i) though mutations of the central

pyrimidine nucleotide in a given initiator element lead to a

quantitative loss of transcription initiating at such a mutated

site the overall transcription level is unaffected due to the
usage of multiple cryptic initiator elements in the TRP4
promoter region; (ii) the presence of an initiator element is
required for a 'focused' pattern of basal as well as for GCN4
mediated transcription initiation.

Discussion
The current theory of yeast mRNA initiation site selection
suggests that the sequence at the site of RNA initiation
dictates the selection of the RNA initiation site. Comparison
of the sites of RNA initiation of many yeast genes has led
to the identification of several sequences which are found
preferentially at the site of RNA initiation: PuPuPyPuPu,
TC(A/G)A or PyAAPu (Hahn et al., 1985; Healy et al.,
1987). However, none of these suggested initiation site
consensus sequences has been investigated by a site-directed
mutational analysis so far.

Here, we performed a point mutation analysis of the
proposed PuPuPyPuu consensus sequence of the basal as
well as the GCN4 dependent initiation elements in the TRP4
gene promoter in various combinations. We made use of
the fact that the two major basal (iI27 and i76), three cryptic
basal (i121, il 13 and il 10) and the three GCN4 dependent
(i31, i25 and i12) TRP4 initiator elements all contain not
more than one deviation from the PuPuPyPuu consensus

sequence and could be mutated by substituting the central
pyrimidine for a purine. We find that transcription starts
at the central pyrimidine nucleotide of the PuPuPyPU
sequences in all of the TRP4 initiation elements, independent
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of whether they lie on the coding or non-coding strand. This
suggests that a double stranded DNA sequence rather than
a single stranded sequence is recognized as a transcription
initiation site by the transcription machinery, and therefore
transcription initiation would start before the process of
melting of the double stranded DNA.

In other studies initiator elements were often only defined
by performing deletions in the tested promoter sequences
(Chen and Struhl, 1985; Hahn et al., 1985; Healy and
Zitomer, 1990; Maicas and Friesen, 1990; Rathjen and
Mellor, 1990). It is therefore important to mention that
here single point mutations in the start point of transcription
lead to the loss of a given initiator element to be selected
for transcription initiation, and that no spacing effects or
deletion of additional promoter sequences can be responsible.
Our findings, that transversion of the central pyrimidine
nucleotide to a purine nucleotide always resulted in a drastic
loss of transcription initiation from such a mutated site,
therefore demonstrate that it is indeed the sequences at the
start point of transcription that are essential for the selection
of an initiator element by the transcription machinery.
Simultaneously the initiation level from other intact cryptic
elements was found to be increased. Early studies showed
that in mammals the TATA box is the dominant element
in the selection of initiation points. For example, when the
cap site is eliminated, other kinds of 'cryptic' initiators

- 25 bp downstream of the TATA box were recruited as
new initiation points (Grosschedl and Birnstiel, 1980;
Breathnach and Chambon, 1981). Recent studies show that
in mammals the initiator itself also plays an important role
and is sufficient to serve as a precise, albeit not very efficient
initiation site even in a promoter lacking a TATA box (Smale
and Baltimore, 1989; Smale et al., 1990). Here we show
that though in yeast the initiator was also recognized as an
important promoter element, cryptic sites within a certain
window, but not at a defined distance, are redundantly
present in a promoter and are activated in vivo when the
original site is evicted. Therefore the importance of the
initiator elements in yeast and mammals seems to be more
similar than previously assumed. It seems that in mammals
there is a strict spacing and a looser consensus sequence,
whereas in yeast the spacing is more relaxed (initiation
window) but the consensus sequence is stricter.

Table I summarizes all DNA sequences corresponding
either to the PuPuPyPuPu consensus sequence or to the
shortened forms PuPuPyPu and PuPyPuPu, that are found
in the 7RP4 promoter region between position -127 (i127)
and the translational start site. Interestingly, only 12 out of
the 27 possible consensus sequences are used in vivo either
as major initiator elements or as cryptic start points. All five
major initiator elements belong to the class of PuPUPY!uPU
consensus sequences as well as seven out of the 10 cryptic
initiator elements. A comparison of all found major and
cryptic initiators of the PuPuPyPuu class reveals that in 11
out of these 12 sequences the central nucleotide is a
pyrimidine followed by an A purine nucleotide. We therefore
propose the sequence 5'PyA3' to be an essential part of
functional initiator sequences, as mutations of these
nucleotides or inversion of the core sequence lead to a non-
functional initiator element. There are three exceptions: the
cryptic basal element i92/93 and the cryptic GCN4 dependent
elements i28/29 and iS!/16. Therefore not only the sequence
but also the position of an initiator element in the promoter

region, e.g. the distance from the TATA box or UAS
elements, are important for its usage. It is furthermore
possible that additional auxiliary 'determinator' or 'locator'
sequences upstream or downstream of the basal TRP4
initiation elements are involved in the selection of the start
site of transcription, as found for the PGK and TCMJ
genes of S. cerevisiae (Maicas and Friesen, 1990; Rathjen
and Mellor, 1990).
While transversion of the start point of transcription had

a drastic effect on selection of an initiator element, the same
mutations did not affect the overall level of basal TRP4
transcription, even when multiple major and minor initiator
elements were mutated. Thus, the basal TRP4 initiator
elements seem only to direct the RNA polymerase II to
initiate transcription at specific sites, but are not responsible
for the overall amount of transcription initiation. This
suggests a model where upstream (UAS) and TATA
elements attract the transcription machinery to a specific
promoter, and the initiator element determines the start site
of transcription during or after assembly of the transcriptional
complex. In such a model upstream activator proteins and
TATA box binding proteins would open a 'window' for
transcription initiation and transcription would then start at
initiator elements that are abundantly present within this
'window' of initiation. Such a model is supported by our
finding that mutation of both major basal (iI27 and i76)
and the cryptic basal initiator elements (i121, i 13 and
il 10) did not lead to basal transcription initiation at points
more downstream than position -69. A similar 'window'
of transcription initiation has been proposed in the case
of the ADHI gene from Schizosaccharomyces pombe
(Furter-Graves and Hall, 1990).

Studies on DNA sequence requirements for yeast TATA
element function have revealed that besides the optimal
consensus sequence TATAAA the sequences TATATA and
TATCTA (Chen and Struhl, 1988) or TATTTA (Harbury
and Struhl, 1989) are also functional, albeit to a lesser
extent, in vivo. In addition, an in vitro study defined,
besides TATAAA, the sequences AATAAA, CATAAA,
TTTAAA, TATATA or TATAAG as also being able to
mediate TFIID dependent transcription (Wobbe and Struhl,
1990). In higher eukaryotes an 'initiator' (Inr) as a transcrip-
tion control element has been described for the terminal
deoxynucleotidyl transferase (TdT) gene (Smale and
Baltimore, 1989). A further in vitro analysis of TdT gene
transcription revealed that TATA and Inr elements are

functionally similar (Smale et al., 1990). In this context, it
is interesting that two cryptic TRP4 initiator elements
perfectly match functional TATA sequences, namely
CATAAA (iI21) and AATAAA (i82) (Figure 2c). However,
in yeast it has never been shown that a TATA box and an

initiator element are functionally interchangeable and it
therefore remains to be tested whether these cryptic 7RP4
initiator elements can functionally replace a TATA box.

Furthermore it remains to be elucidated which proteins
might recognize the initiator element and whether such
proteins are part of the RNA polymerase II complex or

belong to the general transcription factors or whether there
exist specific initiator factors for specific promoters.
Our results indicate that the presence of multiple

initiator elements with degenerate sequences guarantees that
transcription starts upstream of the translational start site
ATG and therefore all transcribed mRNA molecules can
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be properly translated. This renders the promoter less
sensitive to single point mutations. Therefore, it might be
advantageous for the cell that the sequence of initiator
elements is degenerate, similar to other degenerate sequence
motifs in nature, such as 'acid blobs' in transcriptional
activation or target sequences of proteins that are transported
into mitochondria. As such a 'focusing' mechanism has
been selected during evolution it would seem to have
important advantages when compared with a 'defocused' and
stoichastic start mechanism of transcription initiation.

Materials and methods
Construction of yeast strains carrying TRP4 mutant alleles
All yeast strains carrying TRP4 mutant alleles were constructed using the
gene replacement technique (Rudolph et al., 1985). The complete TRP4
promoter was first evicted (from positions -279 to +196, relative to the
translational start site at position +1) and then substituted by the URA3
gene. TRP4 promoter mutant alleles obtained by site-directed point
mutagenesis were then re-introduced, replacing the URA3 gene. Linear
fragment yeast transformations were performed using the Li-acetate treatment
method (Ito et al., 1983). The integration of the mutant alleles at the original
TRP4 locus on the chromosome was confirmed using the Southern blot
technique (Southern, 1975). TRP4 gene replacements were performed in
two isogenic derivatives of the S.cerevisiae laboratory strain S288C: RH1408
(MATa ura3-52 gcn4-103) and RH1378 (MATa Aura3 gcd2-1). The
gcn4-103 and the gcd2-1 mutations have been described earlier (Hinnebusch,
1985; Niederberger et al., 1986). The gcn4-103 mutation contains a large
deletion of the GCN4 gene whereas the gcd2-1 mutation causes constitutively
high amounts of GCN4 protein in the cell.

Site-directed mutagenesis
Point mutations were generated using the Muta-Gene in vitro mutagenesis
kit from Bio-Rad (Richmond, CA, USA), based on a method described
by Kunkel (1985). The promoter regions of all 7RP4 mutant alleles obtained
by this procedure were sequenced using the dideoxy method (Sanger et al.,
1977) thereby ruling out possible second site mutations.

Northern analysis
Poly(A)+ RNA was isolated as described earlier (Furter et al., 1986). For
Nothern hybridization poly(A)+ RNA was separated on a formaldehyde-
agarose gel, electroblotted onto a nylon membrane and hybridized with DNA
fragments labelled according to the 'oligo-labelling' technique described
by Feinberg and Vogelstein (1984). Band intensity on autoradiograms was
quantified using a Molecular Dynamics Computing Densitometer model
300A (Sunnyvale, CA, USA).

Primer extension analysis
Primer extension analysis was performed according to Kassavetis and
Geiduschek (1982). 100 Ag of poly(A)+ RNA and S x 106 c.p.m. of either
a 5'-end-labelled 50 bp primer (from positions +29 to +79 relative to the
translation start site of the TRP4 gene) or a 5'-end-labelled 37 bp primer
(from positions -108 to + 144) were hybridized in 20 mM Tris (pH 8.3),
200 mM NaCl and 0.1 mM EDTA in a 30 ml assay at 60°C for 2 h.
Annealed primers were then elongated using AMV reverse transcriptase
in 100 mM Tris (pH 8.3), 10 mM MgC12, 30 mM NaCl, 10 mM DTT
and in the presence of all four DNA constituting deoxyribonucleotide
triphosphates in a 100 ml reaction at 42°C for 1 h. The synthesized cDNAs
were separated on a 6% polyacrylamide-7 M urea standard sequencing
gel, together with the four dideoxy sequencing reactions (Sanger et al., 1977),
obtained by using the identical 50 bp or 37 bp primers as for poly(A)+
RNA elongation reactions. Band intensities on autoradiograms were
quantified using a Molecular Dynamlics Computing Densitometer model
300A (Sunnyvale, CA, USA).

Media for yeast strain cultivation
Yeast strains were cultivated in YEPD complete medium or MV minimal
medium supplemented with uracil (40 mg/l) and arginine (40 mg/l) as
described earlier (Miozzari et al., 1978).
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