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ABSTRACT Transcription initiation of the yeast iso-i-
cytochrome c gene (CYC-)) occurs in six major clusters at
positions +1, +10, +16, +25, +34, and +43. Potential
"TATA elements" lie upstream at positions -154, -106, -52,
and -22. Analysis of the TATA region suggests that three of
these TATA sequences are functional and contribute to initi-
ation at CYC-1, with the -106 TATA promoting initiation at
+1, +10, and +16; the -52 TATA, at +16, +25, +34, and
+43; and the -22 TATA, at +34 and +43. Deletions changing
the spacing between the TATA sequences and the region of
transcription initiation do not change the location of the CYC-I
transcription start points. This finding suggests that at least
part of the information determining mRNA initiation sites is
encoded within the DNA sequence at the site of transcription
initiation. Analysis of 18 yeast RNA polymerase II promoters
suggests that two classes of DNA sequences serve as preferred
sites for transcription initiation. To test this possibility, we
replaced some of the normal CYC-I start sites with one of these
sequences, TCGA, and found that transcription initiates at this
newly introduced sequence. These results are in contrast to
those from higher eukaryotes, where RNA polymerase II
typically initiates transcription a fixed distance downstream
from the TATA element. The presence of multiple, functional
TATA sequences at CYC-I is inconsistent with the idea that
RNA polymerase or another transcription factor attaches to the
template at an upstream activation site and scans for the
nearest TATA element.

In higher eukaryotes, promoters transcribed by RNA poly-
merase II can be separated into several distinct elements that
are required for maximal transcription. The first element, the
"TATA" sequence, is typically located about 30 nucleotides
upstream from the site of transcription initiation and is
thought to play the major role in determining the location of
the transcription start site (1-5). Deletion of the TATA
element often leads to multiple sites oftranscription initiation
(1, 3, 6). In several cases, initiation at a position 30 nucleo-
tides downstream from the TATA element is unaffected by
alteration of the particular sequence at the transcription start
site (1, 2, 4). A second class of elements, termed enhancers,
can function up to kilobases upstream or downstream of the
TATA element (6-9).

In yeast, promoters transcribed by RNA polymerase II
have been separated into at least two functional elements,
upstream activation sites (UAS) and TATA elements (10-18).
The yeast TATA element, along with sequences at the start
of transcription initiation, contains all the information nec-
essary to specify the transcription start site. Joining either the
yeast CYC-1 or H1S3 TATA element and initiation region to

heterologous UAS elements produces transcripts with 5'
ends identical to those of wild-type CYC-1 or HIS3 (12-19).
Although TATA elements are required for promoters of

both yeast and higher eukaryotes, several differences seem
apparent. First, promoters of higher eukaryotes often display
a single site of transcription initiation, whereas yeast pro-
moters frequently have multiple initiation sites, which can be
spread out over a region of up to 100 nucleotides (10).
Second, unlike those of higher cells, yeast promoters often
contain multiple TATA sequence motifs as far as 100 nucle-
otides upstream from the transcription start site, although the
functional yeast TATA elements have been identified in only
a few cases (11, 13, 20, 21).
A useful system in which to study initiation is the iso-1-

cyctochrome c gene (CYC-1), because it displays six major
clusters of initiation sites spread over 50 base pairs and four
potential TATA elements that lie between -154 and + 1* (13,
22). The positions of the CYC-1 transcription initiation sites
do not change under either repressed or derepressed condi-
tions (13). To clarify the relationship between the TATA
sequences and mRNA start sites for CYC-), and perhaps for
yeast promoters in general, we have analyzed the effects of
deletion, substitution, and insertion mutations in the TATA
and mRNA initiation regions on the efficiency and position of
CYC-1 transcription initiation. We have deduced the specific
relationship between the CYC-1 TATA elements and initia-
tion sites and several general rules pertaining to initiation by
RNA polymerase II in yeast.

MATERIALS AND METHODS

Assays. P-Galactosidase assays were performed on strain
BWG1-7a (MATa, leu2-3, leu2-112, his4-519, adel-100, ura3-
52) (14) as described (23).
TATA Deletion Mutations. Deletion mutants AS15, AM8,

and AL8 were derived from the pLGA312 derivative A-178-82
containing the yeast 2-,tm ("2-micron") origin of DNA
replication (13). This plasmid was opened with Xho I and
digested with BAL-31 as described (13). The resulting linear
DNA was cut with Sac I, at a unique site within the lacZgene.
The BAL-31-Sac I fragment was isolated and ligated into the
vector pLGA312s (13) cut with Sal I and Sac I. The resulting
plasmids were identical to plasmid pLGA312 except that they
lacked the DNA between position -178 and the deletion
endpoints (Fig. 1). Deletion mutant AH3 was derived from a
fragment extending from the Hae III site at -138 to the
BamHI site and was ligated to a backbone derived from
pLGA&312, extending from a filled-in Xho I site to the BamHI
site.

Insertion Mutations Between the TATA and Initiation Re-
gion. I-27: An Xma I-Bcl I fragment extending from -312 to

Abbreviation: UAS, upstream activation site(s).
*We define + 1 as the most upstream site of transcription initiation.
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FIG. 1. Deletions and rearrangements in the CYC-1 TATA and
initiation region. Shown is the DNA sequence upstream of the CYC-1
coding region and the deletions and rearrangements used in this
work. Position + 1 is defined as the most upstream start of transcrip-
tion initiation (13). UAS-1 and UAS-2 lie at positions -265 and -229,
respectively (14). Deletions AH3, ABcl, AS15, AM8, and AL8 extend
from position -178 through the respective endpoints indicated.
Deletions AMbo-Ava and ABal6R combine both deletions and inser-
tions of new sequence as indicated. AMbo-Ava-Bcl consists of both
the AMbo-Ava and ABcl deletions in cis. 1-27 is an insertion of the
sequence CGCGTAGGCAATCCTCGAGTCGAGATC at position
-77. The positions of wild-type CYC-J transcription start points are
shown below the DNA sequence for both strong (e) and weak (o)
initiation sites. TATA homologies are underlined.

-80 was joined to an Mlu I-BamHI fragment extending from
-190 through +80, from which the sequence between -178
and -80 had been deleted. The two fragments were ligated
into an Xma I-BamHI backbone derived from pLGA312.
Bal6R: An Xho I-Sac I fragment extending from + 35 through
part of lacZ and an Xma I-Ava II fragment extending from
-312 to + 3 were joined to an Xma I-Sac I backbone derived
from pLGA312. AMbo-Ava: An Xho I-Mbo II fragment
extending from -178 to -41 and an Xho I (filled-in)-Sac I
fragment extending from +3 through part of lacZ was ligated
to an Xho I-Sac I backbone derived from pLGA312. AMbo-
Ava-Bcl: A Bcl I (filled-in)-BamHI fragment of AMbo-Ava
extending from -42 to +80 was inserted into an Xho I
(filled-in)-BamHI backbone derived from pLGA312.
Mapping of 5' Ends of CYC-) mRNA. Total yeast RNA was

isolated as described (24). The synthetic oligonucleotide
primer used is homologous to a region of lacI sequence in
plasmid A312 located about 100 nucleotides 3' of the most
downstream start of CYC-1 transcription initiation. 32p_
labeled primer (5 ng) was incubated with total yeast RNA in
5 mM Tris Cl, pH 8/40 mM KCl/0.5 mM EDTA in a volume
of 15 ,4 at 480C for 1 hr. The reaction mixture was adjusted
to 100 ,uM dATP, dGTP, dCTP, and dTTP; 10 mM MgCl2;
and 1 mM dithiothreitol. Actinomycin D (0.05 ug/ml) and 8
units of reverse transcriptase (Life Sciences, St. Petersburg,
FL) were added to obtain a final volume of 20 A1, and the
mixture was incubated 60 min at 370C. The products of the
reaction were analyzed in 8% acrylamide sequencing gels.

RESULTS
Effects of TATA Deletion Mutations on Expression of a

CYC-1-lacZ Fused Gene. Previous work has shown that
wild-type levels of CYC-1 transcription depend upon se-
quences in the region between -60 and +3 (13), which
contains two TATA-like sequences at positions -52 and -22
(numbering denotes the position of the first T in the TATA
sequence). Two additional TATA motifs lie at -154 and
-106. To assess the relative contributions of each of these
TATA sequences in determining the levels and the position

of initiation of CYC-1 mRNA, deletion mutants were con-
structed and their effects were measured by using a CYC-
I-lacZ fusion gene borne on a plasmid with the yeast 2-Am
origin of DNA replication.

Deletion AH3, which extends from position -178 to -138,
removing the -154 TATA sequence (Fig. 1), increases the
level of CYC-1 expression, in both glucose and derepressing
lactate media, compared to the expression from the wild-type
parent, A312 (Table 1). This effect has been noted previously
with a deletion ending at position -60 (13). Deletion AS15,
which extends from position -178 to -54, removing both the
-154 and -106 TATA sequences, likewise gives elevated
levels of CYC-J expression. Deletion AM8, ending at position
-49 and removing the TAT of the TATATAAAA sequence
at -52, decreases CYC-J expression by a factor of about 3,
relative to wild-type levels. This drop in expression is not due
to an improper spacing between the UASs and the initiation
region, since filling in the Xho I site of AM8 with DNA
polymerase generates a plasmid, AM8s, which has spacing
identical to that of deletion mutant AS15 but displays the
same level of CYC-) expression as AM8 (Table 1). Deletion
AL8, ending at position -38 and removing the entire -52
TATA motif, gives levels of CYC-J expression about one-
sixth those of wild type. The effects of the AM8 and AL8
deletions are observed in both glucose and lactate media
(Table 1). Finally, AXho-Ava, which deletes sequences
between -178 and +3, removing all four TATA motifs,
reduces expression -94% (13).
An internal deletion mutant, AMbo-Ava, was also con-

structed, from which only the -22 TATA sequence had been
removed. This deletion extends from position -41 to +3 and
adds 8 nucleotides of linker sequences, thus changing the
spacing between the normal start sites of CYC-1 transcription
and the major TATA sequence at -52 by 35 base pairs. Table
1 shows that AMbo-Ava has little effect on the overall level
of CYC-J expression in either glucose or lactate medium.

Deletions and Insertions in the TATA Region. RNA was
extracted from cells grown in lactate medium and containing
the various altered CYC-1 plasmids, and the 5' ends ofmRNA
were mapped by extension of a primer that hybridizes to lacI
and is thus specific for the CYC-) fusion message. Fig. 2
shows thatmRNA from the wild-type CYC-1 promoter (A312)
has very heterogeneous 5' ends, with transcription initiation
in six major clusters: +1, +10, +16, +25, +34, and +43 (13,
22). Deletion AH3, which removes only the -154 TATA,
gives a pattern of 5' ends identical to that of the wild-type

Table 1. TATA deletions and expression of the CYC-1-lacZ
fusion gene

3-Galactosidase,
units

Plasmid
A312
AH3
AS15
AM8
AM8s
AL8
AXho-Ava
AMbo-Ava
AMbo-Ava-Bcl
I-27
BaI6R

Glucose Lactate
medium medium

49 420
112 570
180 600
13 170
13
8 80
3 6

34 580
27 260
170 510
29 490

Strain BWG1-7a, bearing the indicated plasmid, was grown in
minimal medium containing either2% (wt/vol) glucose or 2% lactate.
/-Galactosidase assays were done in duplicate (individual values
deviated from the average by <20%).

Genetics: Hahn et al.
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FIG. 2. Mapping of CYC-) transcription start sites. RNA was

extracted from lactate-grown BWG1-7a containing the indicated
plasmid, and the 5' ends of the CYC-1 fusion RNAs were mapped by
primer-extension. The numbers indicate position relative to the
wild-type +1 transcription start site. Arrows indicate initiation
events at the TCGA oligonucleotide insertions in the ABal6R and
A&Mbo-Ava constructs. Reaction mixtures contained either 20 Ag
(A312, AMbo-Ava-Bcl, AH3, 1-27), 7.5 jig [AS15 (third lane)], 15 ,ug
[AS15 (sixth lane), AMbo-Ava, ABal6R], 40 ,ug (AM8), or 60 ;kg (AL8)
of total RNA. Lanes M1 and M2 contained size standards.

promoter. However, AS15, from which both the -154 and
-106 TATA sequences have been removed, shows a severe
reduction in initiation from the +10 site and a partial
reduction in initiation from + 16. This suggests that the -106
TATA sequence contributes to initiation at the + 10 and + 16
regions. The effects of AS15 on the + 1 initiation site are
sometimes obscured by background products of the primer-
extension reaction that comigrate with the product of exten-
sion of mRNA initiating at +1. That the TATA element at
-106 actually contributes to the + 1 initiation site will be
demonstrated below.

Deletion mutant AM8, from which the TATA sequence at
-52 has been partially removed, shows levels of RNA
one-third to one-fifth those observed with wild-type CYC-1.
Transcription, normally initiating at positions + 10 and + 16,
are undetectable with this deletion. Deletion AL8, which
removes the entire -52 TATA sequence, shows a further
reduction in CYC-J mRNA levels. Now the starts at + 10 and
+16 as well as those at +25 are absent, and the starts at +34
and +43, although reduced about 85% and 75%, respectively,
are still clearly apparent. A deletion of all the TATA elements
(AXho-Ava) and ending at +3 abolished all detectable CYC-1
message (data not shown). These results suggest that the -52
TATA is required for initiation at + 16 and +25 and contrib-
utes to initiation at both +34 and +43. The starts at +34 and
+43 apparently are also promoted by the TATA element at
-22. The sequence TATA found at -7 is unlikely to
contribute to initiation at +34 and +43, since the sequence
TATA is shown to be insufficient to function as a TATA
element in yeast in an accompanying paper (20). In summary,
it would appear that the -106 TATA element specifies the
start at +10 and contributes to the start at +16; the -52
TATA specifies starts at +16, +25, +34, and +43; and the
-22 TATA element contributes to the +34 and +43 starts.

A possible complication to the above conclusions is the
possibility that the -52 and -22 TATA elements only
become functional when the upstream TATA element has
been deleted. According to this view, the wild-type CYC-1
promoter would contain but one functionalTATA element, at
-106. To rule out this complication, we inserted a sequence,
between the TATA elements at -106 and -52, that displaced
the -106 element 27 base pairs upstream. This insertion,
1-27, greatly reduces the extent of initiation at + 1, + 10, and
+16. Initiation at +25, +34, and +43, however, is not
affected by the insertion. Thus, we conclude that in the
wild-type promoter, the TATA element at -106 specifies
starts at + 1, + 10, and + 16, whereas the remaining starts are
specified by the TATA elements at -52 and -22, as de-
scribed above.

Deletion Between the TATA Elements and Initiation Sites.
As shown in Table 1, the internal deletion AMbo-Ava
removes the -22 TATA sequence but has no effect on the
total levels of CYC-1 expression. However, Fig. 2 shows that
this deletion has a surprising effect on the pattern of CYC-1
transcription. The start sites at +16, +25, +34, and +43,
although their spacing from the TATA elements has been
altered, are still utilized. The +10 start is actually enhanced
by the deletion, and two new initiation sites appear, upstream
from position + 1, that will be discussed below.
We wished to test whether any of the above start sites were

brought under the influence of the -106 TATA element,
which was moved 35 base pairs closer to the initiation region
by the AMbo-Ava deletion. Thus, a deletion ofDNA between
-178 and -81 was constructed in cis to AMbo-Ava (AMbo-
Ava-Bcl). This deletion of sequences containing the -106
TATA abolishes the starts at +10, +16, +25, and +34 and
reduces transcription initiating at +43. Thus, we conclude
that the AMbo-Ava deletion brought these start sites within
range of the -106 TATA. The start at +43 apparently also
receives a contribution from the -52 TATA element in the
AMbo-Ava construct, because initiation at +43 is not abol-
ished by deletion of the -106 TATA element.
The experiments in the above sections indicate that the

TATA element operates over a "window" between 60 and
120 nucleotides downstream. The lower limit of about 60
nucleotides derives from several consistent observations.
First, in the wild-type CYC-J promoter, the -52 TATA
element does not activate the start at + 10 but does activate
the cluster of starts at +16. Second, the -22 TATA element
does not activate starts at +25 but does partially activate
starts at +35 and +43. Third, in the AMbo-Ava construction,
the -52 TATA element (now moved 35 nucleotides closer to
the initiation sites) does not activate starts at +35 but does
activate starts at +43. The assignment of the upper limit of
120 nucleotides also rests on several consistent observations.
First, in the wild-type CYC-J promoter, the -106 TATA
element activates starts at + 16 but does not activate the +25
cluster. Second, the 27-base-pair insertion 1-27 places the
-106 TATA element out of range of the + 1 start. Third, in
the AMbo-Ava construction, the -106 TATA element acti-
vates starts at +43 (114 nucleotides from the element in this
construction).

Consensus Sequences at Yeast Transcription Initiation Sites.
If yeast TATA elements in general activate transcription over
a large window, then the precise start points of transcription
may be encoded within the window, close to the initiation
region itself. Thus, we searched for possible consensus
sequences at or close to yeast initiation sites by comparing 18
yeast promoters utilized by RNA polymerase II (Fig. 3). Our
analysis revealed two different consensus sequences ac-

counting for about 55% of all transcription initiation sites.
One class, accounting for 17% of all transcription starts,
consists of the sequence TC(G/A)A, with transcription
usually starting at either the C and/or the adjacent nucleo-

8564 Genetics: Hahn et al.
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TY 11i rTGAG,*A3TGGA ArA TAAGTT66GA1TCCATTGTTG ArAATATT~TACAGAATAT
ACTA6AAATTCTCCTCACG6ATATAr6c6AATCCT

RP51A CAT3CT6TAGCTATCGTCGTGArTCCTlACTCATATTAGC ArAATATGAAATTA6r.~~AGCATTA
ATCGACTTAATTCTAAGAAAAGTC;AIAOlTCO;A6ACTAGCAATAAC

HIS4 TATCAGTCATTC6ATATA6AAGGTAAGAAAGAGATATGACTATGAACAGTAGTATACTO t!!r TATGOG
ACOTTATATTCACCTCC6ATGTGTOTTGTACATACATAAAAArATc~rA6CACAACT6CGCTOcT

CYC- I C4ArAT~TOTerCOACGACACATGATCATATS CATOCATGTCTTSTAT6CATTArArATgCTTOCTrTCTTTT
TTCTC9j^rCTrmCcTCrAcTTATArttCCTTf6rTAc;TrAATTAcTArACTrCrATATAcAceCAAAcACA

CATTTTCGGrGTATTACTTCTTArTCAAATGTAATAAATCAACAAAAAArTrTTA

GALIO10 AGATAATeCTCM A CACFTATATAAGATTAA ATO T6TATOATt
0 - I-.-... ..

6TAATGCCATGj3ATTATTAAACTTCMGCGTCCATCCAAAAAAAAA6TAABAA 1T16AAAAnT

HIS3 ATGACTCTIIIIA6CCATTATTATCAC^TAATTATACAT~TATOTAMmCTTCA
AGAATATACTAAAAAAT6A6CAGGCAAGATAAACGAAGCAA6ATAAACGAAGGCAAAA

SUC2 ATCCA CTCTCCTCCTGAAAASAAAC/ATATAAT6TATTATTCTTCAAAACATrCTCTTGTTCTT6T6CT
(1.9kb) TMTTTTACCA~jTTAC IIItTTT IITCTCTCAGA6AAACAA6CAAAACAAAAAGCT

SUC2
(1 .kb)

TCAGA6AAACAAOCAAAACAAAAA6CTTCTMTCACTAAC qb3AT6CTTTTecCAocmcc1T1TTCc1TT6e
CTGIITTTICAGCCAAAATATCTGCATCAATGACA

LEU2 ACTTGAAGTT6ACAATATTAM1AAACCTATTGTTTMCCAATAGOT6tTA6CAATC6TC1rACT1TCTAACTrT
rcTTACCTrTACAT1Tc6cAAATATATATATAmTT'TC'AAGATATA

ADR2 rCAIATATAAAr~iIAt6CCA6TA6C6ACTfTrTTCACACTC6AAATACrCTTACTAC1GCrCTCTT6TT6TTMA
rCACTrTCTGMCTTCTrCTO1-AAATA8AATATC;AACTACAAAAA

HIS I AAC A ATA ArATACTC6CCTGAAAGTCCATTTATAC6CACAAc TA cTC
rAAACMI6CATTMACCCTATTAACGT GAATCTM6AAAATAOAAAAGAAAGOATA16MCTAAAAM
TTCAATA6AAAA

GAL4 6MrAr6A6CrArrTTTTTTCC6rCATCClCCCCA6AT CA6CTTCATCTCCAGATTGTOTcTAcOTAAThcACCCAT
CATlTTAAG6A6AOGAC~A6AOAACAAGCCTCCT6AAA6AT6

CAR1 rAAA6AG 'GCA6A6A1r6C6cwccAcTTTCTATCAAArCTAAGACT6ITTcrCTcTcTr.66cTEiTrTT
TTCTCAAA6TTAGC6AAACAACAACAACAAC

MArl 1T6ATMTr6TTCMC66AAACT4rj~rTrCCAAAAAA66AAA6TAAAACAATACATCTCCTrATATc
AAAGAAAATCAA6AAGA"CAACATO6AT6ATAM6

MATI2 6CAATAAATT6CArCCCAAACAAACCCA6ACArCATTAArTTMreAAACArAAMTrOrT6AclT AAMAiT
ATATAAA6A6A6AAAATCA6C1TA6AAGT66tCAAA 6 A66AAGATAACAAAAATGAA

MArT) ACArC4If^AACrTAAACCTCTAACrACTTCTTrTAACCTTCACTTT*TX AMT6TArcMccArATA
TA rAACTTAATA6AC6ACATrTCAC

MIAT42 AAA6AACAAAAArCAA s3CTcTnTrTcTATTmr6cT6TAAmTAccTAA6TTAccmAcc6T.TAAccAAcA
AA6AAGAA6TT6AATTAAO6ArATArTA6NA

tides. The second class of sequences consists of a pyrimidine
surrounded by at least two purines on either side, RRYRR.
Examination of the sequences in Fig. 3 shows that the
TC(G/A)A sequence is nearly always used when present
more than 50 nucleotides downstream of a TATA sequence.
In the rare exceptions to this rule [SUC2 (1.9 kb), CARl, and
GALl], the functional TATA elements have yet to be
defined. The CYC-l promoter, which has one of the most
heterogeneous patterns of transcription starts, contains nei-
ther of the two consensus sequences between the TATA
regions and the most distal site of transcription initiation.

Functionality of the Sequence TCGA as a Transcription

FIG. 3. TATA and initiation-
region sequences for various yeast
promoters. Published transcrip-
tion initiation sites are indicated
above the sequence (e) or by an
overbar where heterogenous
and/or defined to within several
adjacent nucleotides. Potential
TATA elements are boxed.
mRNA initiation sites falling into
the RRYRR class are underlined
and those in the TC(G/A)A class
are indicated by zig-zag underlin-
ing. Data were taken from the
following sources: Tyl (25, 26);
RPS1A (24); HIS4 (15); GALI,IO
(28); HIS3 (18, 29); SUC2 (30);
LEU2 (31); ADR2 (32); HIS) (33);
GAL4 (34); CARl (35); MAT
genes (36). kb, Kilobases.

Initiation Site. To test whether the above homologies were
meaningful, we constructed an altered CYC-I promoter in
which the DNA between +6 and 35 was deleted, removing
the normal transcription start sites at +10, +16, +25, and
+34, and the sequence TCGAGCCGA was placed at the
deletion junction. If the sequence TCGA encoded a tran-
scription start site, then we would expect to see a strong start
at this new DNA sequence, This construction, Bal6R, ex-
presses nearly wild-type levels of /-galactosidase in both
glucose and lactate media (Table 1). A transcription-mapping
experiment (Fig. 2) shows that TCGA provides the major
transcriptional start signal in this construct. Transcription

Genetics: Hahn et al.
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FIG. 4. Multiple TATA elements acti-
vate CYC-I transcription starts. mRNA
initiation clusters are indicated by bars.
The three functional TATA elements and
the UAS elements are indicated. Proposed
sites of TATA activation are indicated by
arrows.

also initiates at the normal CYC-J +43 cluster, which has
been moved to a position 74 nucleotides downstream of the
-52 element. In construct AMbo-Ava, two TCGA sequences
were introduced on an oligonucleotide linker inserted at the
deletion junction (Fig. 1). Both TCGA sequences serve as
sites of initiation in this construct (Fig. 2).

DISCUSSION
Our results show that the extreme heterogeneity of transcrip-
tion initiation sites for the CYC-1 promoter can be explained,
in part, by the presence of three functional TATA elements
(Fig. 4). The TATA element at -106 specifies starts at +1 and
+10 and contributes to the +16 cluster of starts. The TATA
element at -52 specifies starts at the +16 and +23 clusters
and contributes to the starts at the +34 and +43 clusters. A
weaker contribution to the +34 and +43 starts is made by the
TATA element at -22.
The above picture of the wild-type promoter, as well as

results obtained with promoters bearing deletions, insertions,
and substitutions, suggests several features that may be
general for transcription initiation at RNA polymerase II
promoters in yeast. First, the TATA element is capable of
activating transcription only within a window 60-120 nucle-
otides downstream of the element. A similar conclusion was
made by Nagawa and Fink (20) in studies on HIS4 initiation.
Second, the position at which initiation occurs within this
window is encoded at the initiation sites themselves. Analysis
of 18 promoters, transcribed by RNA polymerase II, with
known start sites for transcription reveals preferred se-
quences for mRNA initiation. Two of these sequences,
TC(G/A)A and RRYRR, can account for initiation at 31 sites
(55% of the total initiation sites) in these promoters. With
only a few exceptions, these sequences are always used as
initiation sites unless present <50 nucleotides downstream
from a TATA-like sequence. Indeed, in two separate con-
structs, when the sequence TCGA is inserted downstream of
the CYC-1 TATA elements, it encodes the major mRNA
initiation site. Since total mRNA levels encoded by the
CYC-1 promoter are not elevated in construct Bal6R, we
conclude that the choice of an initiation site is not rate-
limiting in the initiation process at CYC-1.
Our results show a striking difference between yeast and

higher eukaryotes in the relationship between TATA ele-
ments and transcription initiation sites. In higher cells, the
TATA sequence is typically located 30 nucleotides upstream
from the site of transcription initiation. Although the se-
quence at the start of initiation has been found to affect the
efficiency of initiation in a few cases (5, 37), the main
determinant of initiation is thought to be the TATA sequence.
One model proposed for the mechanism of UAS elements in

yeast is that the UAS acts as an RNA polymerase entry site. In
one simple form of this model, RNA polymerase or some other
transcription factor scans the DNA sequence downstream of
the UAS until it finds a TATA sequence at which to effect
initiation. Our finding thatmultiple TATA sites arefunctional at
CYC-1 appears at odds with this model. Ifpolymerase does first
interact at the UAS, it would in some way have to be accessible
to all three TATA sites. One mechanism might be through a
bend or loop in the DNA bringing together the UAS and TATA

elements. An alternative mechanism might be that RNA poly-
merase does not specifically interact with the UAS but rather
with the TATA sites, perhaps via specific TATA-binding
proteins analogous to those seen in higher eukaryotic cells (27).
Once bound, polymerase would scan the DNA sequence
60-120 nucleotides downstream and initiate transcription at
preferred sequences.
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