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Abstract

Background: Phylogenetic conservation at the DNA level is routinely used as evidence of
molecular function, under the assumption that locations and sequences of functional DNA
segments remain invariant in evolution. In particular, short DNA segments participating in initiation
and regulation of transcription are often conserved between related species. However,
transcription of a gene can evolve, and this evolution may involve changes of even such conservative
DNA segments. Genes of yeast Saccharomyces have promoters of two classes, class | (TATA-
containing) and class 2 (non-TATA-containing).

Results: Comparison of upstream non-coding regions of orthologous genes from the five species
of Saccharomyces sensu stricto group shows that among 212 genes which very likely have class |
promoters in S. cerevisiae, |7 probably have class 2 promoters in one or more other species.
Conversely, among 322 genes which very likely have class 2 promoters in S. cerevisiae, 44 probably
have class | promoters in one or more other species. Also, for at least 2 genes from the set of 212
S. cerevisiae genes with class | promoters, the locations of the TATA consensus sequences are
substantially different between the species.

Conclusion: Our results indicate that, in the course of yeast evolution, a promoter switches its
class with the probability at least ~0.1 per time required for the accumulation of one nucleotide
substitution at a non-coding site. Thus, key sequences involved in initiation of transcription evolve
with substantial rates in yeast.

logenetic footprinting has been used to study the molecu-

Background

Comparison of long, orthologous DNA sequences usually
reveals patterns consisting of alternating segments of
higher and lower interspecies similarity [1]. Many slowly
evolving segments are under selective constraint, due to
their function as protein-coding exons, UTRs, transcrip-
tion factor binding sites, etc. In particular, numerous rela-
tively short conservative segments of untranscribed
intergenic regions have recently been discovered, and phy-

lar mechanisms of transcription [2-7].

However, functionally important DNA segments are not
always strictly conserved, and can evolve due to a variety
of factors, including positive selection [8-11]. This evolu-
tion leads to intraspecies polymorphism, often having sig-
nificant impacts on function and fitness (reviewed in
[12]), and to interspecies divergence. The known cases of
such divergence usually involve presence of a functional
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binding site for a particular transcription factor in one
species and its disruption or total absence in the ortholo-
gous sequence segment in the other species. Nucleotide
substitutions, as well as short insertions and deletions
involving a binding site, can be correlated with interspe-
cies differences in the expression profiles of the corre-
sponding genes [13-17].

Yeast Saccharomyces provides a particularly good opportu-
nity to study evolution of functional segments of untran-
scribed DNA. In S. cerevisiae, and almost certainly in other
related species, the promoter of a gene belongs to one of
the two distinct classes: class 1 (TATA-containing) or class
2 (non-TATA-containing), with ~13% of all promoters
containing a TATA box and belonging to class 1 [18].
Transcription from promoters of the two classes involves
recruitment of different complexes of transcription factors
[19], and the corresponding genes have rather different
expression patterns. Expression of class 1 genes tends to
change in response to selective pressure and environmen-
tal stress more than expression of class 2 genes [18,20].
Expression of class 1 genes is sensitive to mutations in
binding surface of TBP, and their promoters often contain
one of the eight variants of the 8 nucleotide-long TATA
box consensus sequence [18]. TATA boxes are usually
located in the region between 40 and 120 bp upstream of
transcription start site [21,22]. Expression of class 2 genes
is insensitive to mutations in binding surface of TBP, and
their promoters usually lack TATA box consensus
sequence [18].

Thus, evolution of a particular key transcription-related
sequence, the TATA box, can be studied at the level of the
whole yeast genome. Here, we will address the simplest,
qualitative aspect of this evolution, the dynamics of
switches of the promoter class in the course of interspecies
divergence of orthologous genes within Saccharomyces
sensu stricto group.

Results

Class | and class 2 promoters in S. cerevisiae genes

In order to study evolutionary switches of the promoter
class, we first need to determine the class of individual
genes. Let us start from considering S. cerevisiae genes
where, in contrast to other yeast species, this task is facili-
tated by the available data on gene expression. Our goal is
to establish two sets of genes, which unambiguously have
class 1 or class 2 promoters in S. cerevisiae.

Although all genes apparently require TBP for expression,
only a fraction of genes is sensitive to mutations in DNA
binding surface of TBP [23], and these genes are inferred
to have functional TATA boxes [18]. We assume that an
ORF has a class 1 promoter in S. cerevisiae if it meets all of
the following stringent criteria: (i) the upstream region (-
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Figure |

Average per-nucleotide conservation of TATA box
and of 10 nucleotides to its left and right. Conservation
of all four non-cerevisiae species is pooled together. Grey
shading, TATA box; blue solid line, genes sensitive to muta-
tions in DNA binding surface of TBP (N = 213); red dashed
line, genes insensitive to mutations in DNA binding surface of
TBP (N = 34).

180 to -70, relative to the ATG start codon) contains at
least one TATA box consensus sequence, TATA(A/T)A(A/
T)(A/G) [18], (ii) expression of the gene declined substan-
tially (log, ratio < -0.35) after 45 min exposure to at least
one of the TATA binding defective TBP mutants V71E and
V161E [18,23], and (iii) the location of the ORF on the
chromosome does not overlap with that of any other ORF
sensitive to TATA binding defective TBP mutants. These
criteria define class 1 promoters with the highest possible
certainty, as long as only S. cerevisiae sequence is used.
Since we are interested in interspecies evolution of TATA
box, our criteria must use exclusively the data from a sin-
gle species (S. cerevisiae) and must not depend on inter-
species sequence conservation [18]. A total of 212 (3.2%)
S. cerevisiae ORFs meet these criteria; these are the genes
that have class 1 promoters with the highest certainty.

Conversely, we assume that an ORF has a class 2 promoter
in S. cerevisiae if it meets both of the following criteria: (i)
the extended upstream region (-310 to -70, relative to the
ATG start codon) does not contain any of the 8 TATA box
consensus sequences, and (ii) expression of the gene was
not affected (|log, ratio| < 0.05) by 45 min exposure to
both TATA binding defective TBP mutants V71E and
V161E [18,23]. Among 397 genes that lack sensitivity to
TBP mutations, 34 (8.6%) have a consensus TATA box
sequence in their upstream regions (-180, -70) and
another 41 have a consensus TATA box sequence in the (-
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Table I: Genes with class | (functional TATA box-containing) promoters in S. cerevisiae having orthologs which lack a TATA box in
one or more other species of sensu stricto group.

Description Presence of TATA box2
ORF Gene name paradoxus  mikatae kudriavtsevii bayanus Switch eventsb  Ancestral statec
YLRIOOW  AHPI Thiol-specific + + + -(2) | ?
peroxiredoxin
YPL22IW  BOPI Unknown function + + + -2 | ?
YBR298C  MAL3I Maltose permease + + + -5 | ?
YBRI147W Hypothetical ORF + + -(2) + | TATA
YCLO35C  GRXI Oxidoreductase + + -(2) + | TATA
YDROO5C  MAFI Mod5 protein sorting, + GA -2 + | TATA
negative effector of Pol
Il synthesis.
YPRI93C  HPA2 Tetrameric histone + + -(2) + | TATA
acetyltransferase
YDR533C  HSP3I Possible chaperone + + -3 + | TATA
and cysteine protease
YMR3I5W Hypothetical ORF + + -(3) GA | ?
YDR282C Hypothetical ORF + -(2) -4 + 2 ?
YKL216W  URAI Catalyzes the + -(2) + + | TATA
conversion of
dihydroorotic acid to
orotic acid
YNRO33W  ABZI Para-aminobenzoate + -(2) + + | TATA
(PABA) synthase
YORI186W Hypothetical ORF + -(2) + + | TATA
YOLI43C  RIB4 Catalyzes synthesis of ~ GA -3 + + I TATA
riboflavin
YPRIIOW  CLB2 Involved in mitotic + -(2) GA + ? ?
induction
YLR346C Unknown function - (gap) GA + + | TATA
YPL269W  KAR9 Karyogamy protein - (gap) - (gap) - (gap) - (gap) | non-TATA
Total 2 7 8 4

aFor non-conserved TATA boxes, the minimal number of nucleotides different from the consensus sequence of TATA box (TATA(A/T)A(A/T)(A/
G)) is shown in parentheses. "Gap" indicates an alignment gap at the site of the TATA box; "GA" means that ORF was not present in the given
species.

b Parsimonious number of switch events in sensu stricto group; i.e., the minimum number of mutations within sensu stricto group necessary to
produce this pattern. The number of events is unknown for ORF YPRI I9VV due to lack of data for S. kudriavtsevii.

¢ Inferred state in last common ancestor. In cases when more than one equally parsimonious ancestral state was possible, it could not be inferred
reliably (marked as '?').
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tcttttcctctccctcectcatctctctcag--ccaaaaccgcgaat aTATAAAAAcaagcaagt ctccc
tcttttattctccctcctcatctctctcaaacccaaaaccgcgaat aTATAAAAAcaagcaaggat ccc
tcttttcctttgectcctcatctctttcagagccaaact cgcgaagagat - aaaacaaggaaggat ccc
tccttcecctctececcttctcatctcetcettctt gccaaaat cgcgaacaTATAAAACcaagcaagggttcc
tccttttgtctctcctcttctatcgttcag--ccaaaatcgcgaaTATA------ AAACcaagggt ccc

gt agaacttttacacgat gacctttcgagatttcac- aagggggat aaagga
gcaaaac-tt aat acgat gacct ct cgagat t t cac- aagggggacgaagga
gcaaat c-t t gat at gat gacct ct cgagat t t gacaaagggagacaaagga
gcagcac-t agacat gat gga- t ct cgagact t gacaaaagggggcaaagga
gcagaac-t t gaggt gat gaact ct cgaggcct gat aagagggggaaaagaa

Switch of promoter type by ABZ| gene. Red, TATA consensus sequence; green, ATG start codon. S. cerevisiae carries the
consensus TATA(T/A)A(T/A)(T/G) sequence in position -73 relative to the ATG start codon. The consensus is also conserved
in S. paradoxus, S. kudriavtsevii and S. bayanus. In S. mikatae, at least two nucleotides are substituted, eliminating the TATA box.

181,-310) region. This leaves us with 322 (4.9%) S. cerevi-
siae ORFs which meet these criteria; these are the genes
that have class 2 promoters with the highest certainty.

We concentrate on these two extreme classes of genes
which very likely have class 1 or class 2 promoters and
ignore the rest of the S. cerevisiae genes. Indeed, we have
to focus on the extremes because they provide the strong-
est data sets.

Class | and class 2 promoters in non-cerevisiae yeast
genes

For the remaining 4 species of Saccharomyces sensu stricto
group, there are no data on gene expression. Thus, we
have to rely on sequences alone. We attribute to class 1 all
the non-cerevisiae genes which carry at least one of the 8
TATA box consensus sequences in the (-180 to -70)
region.

Table 2: Evolution of class | (TATA box-containing) promoters between S. cerevisiae and other species of sensu stricto group

Species Conserved  Switches of Switches of promoter type TATAboxes TATA box shift events  Average conservation of

ORFs promoter type  per gene of this class per Ks?  shifted per TATA-containing upstream intergenic

gene per Ks? region

|. TBP-sensitive, TATA-containing genes (N = 212)
paradoxus 200 (94.3%) 2 0.05 0 0.00 0.85
mikatae 180 (84.9%) 7 0.13 0 0.00 0.74
kudriavtsevii 179 (84.4%) 8 0.13 0 0.00 0.71
bayanus 178 (84.0%) 4 0.06 2 0.03 0.66
2. Non-TBP-sensitive, TATA-containing genes (N = 34)
paradoxus 30 (88.2%) 8 1.40 0 0.00 0.79
mikatae 31 (91.2%) 10 1.08 0 0.00 0.73
kudriavtsevii 26 (76.5%) 14 1.58 0 0.00 0.65
bayanus 23 (67.6%) 9 1.09 2 0.24 0.63
3. Non-TBP-sensitive, non-TATA-containing genes (N = 322)
paradoxus 278 (86.3%) 14 0.27 - - 0.82
mikatae 241 (74.8%) 22 0.30 - - 0.71
kudriavtsevii 218 (67.7%) I 0.15 - - 0.67
bayanus 238 (73.9%) 9 0.11 - - 0.64

2Number of events per time required for the accumulation of one nucleotide substitution at a non-coding site. The average number of substitutions
per nucleotide site in intergenic regions, relative to S. cerevisiae, is 0.19 in S. paradoxus, 0.30 in S. mikatae, 0.34 in S. kudriavtsevii, and 0.36 in S.

bayanus.
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Dealing with class 2, we need to take into account that in
S. cerevisiae a large fraction of genes sensitive to TBP bind-
ing defective mutations (198 out of 469, 42.2%) do not
carry any of the 8 variants of the consensus TATA box
sequences even in the extended upstream region (-310, -
70). However, most of such genes (151 out of 198,
76.3%) carry a sequence differing by just one nucleotide
from one of the variants. Therefore, some non-cerevisiae
octanucleotides which are orthologous to a S. cerevisiae
TATA box sequence but deviate at a single nucleotide site
from the consensus still may function as TATA boxes, and
the corresponding promoters may belong to class 1. Con-
versely, we assume that octanucleotides differing from
each of the 8 TATA box consensus variants at two or more
nucleotide sites do not function as TATA boxes, and
attribute non-cerevisiae genes carrying only such
sequences in their (-310, -70) regions to class 2.

Promoter class switches between S. cerevisiae and other
four species

Generally, within the 212 sets of orthologous genes which
very likely have class 1 promoters in S. cerevisiae, the

YFRO55W

http://www.biomedcentral.com/1471-2148/6/14

putative TATA sites are strongly conserved, well above the
level of conservation of surrounding sequence (chi-
square, P < 0.0001; fig. 1). However, 17 (8.0%) of these
genes lack a TATA box sequence (consensus or 1-nucle-
otide deviation) in one or more of the other four species
from Saccharomyces sensu stricto group (Table 1). In
these 17 genes, S. cerevisiae TATA box was aligned, in at
least one of the non-cerevisiae species, either to an octanu-
cleotide differing in more than one nucleotide from the
consensus TATA box sequence, or to a gap (fig. 2). Pro-
moters of 2 genes lack TATA box sequence in two or more
non-cerevisiae species. The fraction of genes with missing
TATA boxes is the lowest in S. paradoxus, the species most
closely related to S. cerevisiae (Table 2). In 2 genes
(0.9%), TATA box is present in S. bayanus, but its position
differs from that in S. cerevisiae, and octanucleotides
orthologous, in the cerevisiae-bayanus alignment, to both
TATA boxes species differ by more than one nucleotide
from the 8 consensus variants (fig. 3).

Among the 322 genes which very likely have class 2 pro-
moters in S. cerevisiae, in 44 (13.7%) the consensus TATA
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S. mikatae

S. kudriavtsevii
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S. bayanus

YBR145W

S. cerevisiae

S. paradoxus
S. mikatae

S. kudriavtsevii
S. bayanus

S. cerevisiae

S. paradoxus
S. mikatae

S. kudriavtsevii
S. bayanus

S. cerevisiae

S. paradoxus
S. mikatae

S. kudriavtsevii
S. bayanus

Figure 3

atttgctcatcagtgctaaatattccttgat aaaaat at agaagacaaggacaTATAAAAAgaaagact gct ct agt gt t gggacaccacaat gaaaaaat act t aacgt
atttgctcatcagcgct aaat atttctt gacaaaaacat acaagaaaaagacaTATAAAAAQ- aagact act caaat g- - aggat acaacaat gaacgatt att cagcgt

atttgctcatcagacttacgaatttgttcatgaaagta-------- aaagacaTATAAAAAg- gggagt at t t gaat ggt ggt gaaat aaaaagt aaaa-tgcctagttg
atttgctcatctgattaccatttttttgaagat aaaac--------- aaagaaTATAAAAAg- aagcccgt t caaat gggaat t tt gat aaaagt t acg-t ggt t agaag
atttgctctgtatagtgaaatattcctcgaggacacgacg-------- at at at t t gagaag- aagact gTATAAATCggaat gagat t t aaaaat cgt aaact t t aaac

gttt cgaaact gt gaat at aaaat t ccagcaaaaaccaaaat att cact aca
gttttgaaactacaattat aggattccagcaat aaccaaaat acttgccata
tttttgacactacagccat aggattctagcgat aact - caatacttgctgta
ttttgaatgctttgact-tagaatcttgccaattatt-caacactcactata
gcttggaaacct t ggccat aat at t ggcaaaat t at c—aaaat t cgcaaca

gt gacaat gaaat aat caaat t gt gacat ct gct gacgc- gggat cgttccttcgtatt gt ct agatt gt aat ct at at aac- - at act acgaaTATAAAAGagggact a
gt gacaat gaaat gt at caat t gt gacat ct ggt gacgcggggat cgttcctttgtcttgattaggt caagttttacat agc--at accacgaaTATAAAAGagggact -
gt gacaat gaaat ct at caat t gt gacat caggt gacgc- gggat cgttctttt gt cct gat caaattacctt ct gaat acc- gat act acgaaTATAAAAGgaggt cc-
gt gacaat ggaat ct at caat t gt gacat caggcgact c-gggattgttcttttgcccttgttcaatt gt gct ct gcat acaaagt agt at gaat at gaaaaaaggagt a

at gacaat aagat ct at caat ttt gacat caggcgacgc-------------- ggccct agt caaact ctt cQTATAA------ ATAccat gagt acaa-----------
caagat atttctagcgcaaactactgctttactgtctcac---aatgtctetgatt-----------------n------ ggaagat acct aagaaaat t at tt aact ac
cagaat acttctggcggaaactatcgttttattgtcttccataagtgetttttgtc------------------------ ggaaat t acct gaaaaggttattctaccat
--tgaaattcctgatgggagttactactt--atgatttttagccacgetcttacta------------------------ aggaagagccct gaaagtttattctcctac
t aaaacact cct--tgaaaactcacgtttttatggactttggcgactagtgtgttt------------------------ taagcat at ct aaaaa- act gt t ct acgac

--------------- gaaagcaaagggat agacat atttct cgagcaattatagtttccgtttagt ggggcgggt gct agaagt at aat t caaaaat t ct ggt ct act at

at at ct acaaaat caaagcat c
at att aacacaat ct aaacatc
acat caactt aat acagacatc
gt at cagcacaacccacttacc
at at caacgcaacct - - - aact

Genes with functional class | (TATA box-containing) promoters in S. cerevisiae in which TATA box shifted in
one of the other species of sensu stricto group. Red, TATA consensus sequence; green, ATG start codon. In ORF
YFRO55W (hypothetical ORF), the distance in alignment between starts of TATA consensus sequences in S. cerevisiae and S.
bayanus is 17 nucleotides. In ORF YBR145W (ADHS5, alcohol dehydrogenase isoenzyme), the distance in alignment between
starts of TATA consensus sequences in S. cerevisiage and S. bayanus is 19 nucleotides.

Page 5 of 9

(page number not for citation purposes)



BMC Evolutionary Biology 2006, 6:14 http://www.biomedcentral.com/1471-2148/6/14

Table 3: Genes with class 2 (non-TATA box-containing) promoters in S. cerevisiae having orthologs which have TATA box in one or
more other species of sensu stricto group.

Presence of TATA box

ORF Gene name  Description Minimal paradoxus mikatae  kudriavt  bayanus  Switch Ancestral
distance from sevii eventsb statec
consensus?

YDLI39C SCM3 Suppressor of chromosome | + - - -

missegregation

YDRIS9W  SAC3 Component of nuclear pore 2 + - - - | non-TATA

YGLO9IC NBP35 | + - - - | non-TATA

YIR002C MPHI Helicase | + - - - | non-TATA

YOLI49W  DCPI Decapping enzyme | + - - - | non-TATA

YORI25C CATS | + - - - | non-TATA

YLROIIW LOTé | + GA - - | non-TATA

YORI54W Hypothetical ORF 2 + GA - - | non-TATA

YKL207W Hypothetical ORF | + GA GA GA | non-TATA

YDL005C MED2 RNA Polymerase Il 4 - + - - | non-TATA

transcriptional regulation
mediator

YDL207W GLEI Polyadenylated-RNA-export | - + - - | non-TATA

factor

YDR459C 2 - + - - | non-TATA

YER099C PRS2 5-phospho-ribosyl- I (alpha)- 2 - + - - | non-TATA

pyrophosphate synthetase

YIL002C INP5 | Phosphatidylinositol 4,5- 3 - + - - | non-TATA

bisphosphate 5-phosphatase,
synaptojanin-like protein

YNLI25C ESBPé | - + - - | non-TATA

YOR20IC PET56 Ribose methyltransferase | - + - - | non-TATA

YOR238W Hypothetical ORF 5 - + - - | non-TATA

YOR?280C FSH3 Serine hydrolase | - + - - | non-TATA

YPLO34W Hypothetical ORF 2 - + - - | non-TATA

YPLO47W SGFI1 | - + - - | non-TATA

YPLO96W PNGI De-N-glycosylation enzyme 2 - + - - | non-TATA

YKLO38W RGTI Transcriptional activator 4 - + GA - | non-TATA

YDR422C SIPI Protein kinase complex | - + - GA 2 ?

component

YOR2IIC MGMI 3 - + - GA | non-TATA

YPLII2C PEX25 2 - + GA GA | non-TATA

YKLOI2W PRP40 Ul snRNP protein involved | + + - - 2 non-TATA

in splicing

YGRI34W  CAFI30 CCR4 Associated Factor | + + - GA 2 non-TATA

YBL074C AAR2 Component of the U5 | - - + - | non-TATA

snRNP

YFRO42W 2 - - + - 1 non-TATA

YMLO65W ORCI Largest subunit of the origin 4 - - + - | non-TATA

recognition complex

YORI6OW  MTRIO | - - + - | non-TATA

YOR228C Hypothetical ORF 6 - - + - | non-TATA

YPLO9 IW GLRI | - - + - | non-TATA

YLRI65C PUS5 2 - GA + - | non-TATA

YDRI6OW  SSYI Component of the SPS 3 GA - + GA | non-TATA

plasma membrane amino acid
sensor system (Ssy | p-Ptr3p-
Ssy5p)

YBR108W Hypothetical ORF | - - + 2 ?

YHRIOSW  YPT35 Hypothetical ORF 2 - - - + | ?

YNLII9W  NCS2 4 - - - + | ?

YKRO53C YSR3 Dihydrosphingosine |- | - GA GA + | ?

phosphate phosphatase

YOL020W  TAT2 Tryptophan permease [ + + - + 2 TATA

YMR169C ALD3 | - + GA + 2 ?

YMR170C ALD2 | - - + + | TATA

YPRO73C LTPI 2 + + + + | TATA

YDLO054C MCHI 5 + + + + | TATA

Total 14 22 11 9

2 The minimal distance from TATA consensus is the minimal number of nucleotides different from the consensus sequence (TATA(A/T)A(A/T)(A/
G)) in the octanucleotide of S. cerevisiae which is orthologous to the TATA box in the non-cerevisiae species. "Gap" indicates an alignment gap at the
site of the TATA box; "GA" means that ORF was not conserved in the given species.

b Parsimonious number of switch events in sensu stricto group; i.e., the minimum number of mutations within sensu stricto group necessary to
produce this pattern.

¢ Inferred state in last common ancestor. In cases when more than one equally parsimonious ancestral state was possible, it could not be inferred
reliably (marked as '").
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sequence is present in (-180, -70) in one or more of the
four non-cerevisiae yeast species. In 7 of these genes, it is
present in two or more species (Tables 2, 3), and in 2
genes, it is present in all four species, providing strong
support for its function as a TATA box in non-cerevisiae
species.

The known yeast phylogeny makes it possible to infer the
promoter class of a gene in the last common ancestor of
the S. sensu stricto group from the observed pattern of
TATA box presence/absence in the five orthologs. Also, it
is possible to use parsimony to infer the minimum
number of promoter class switches (TATA box gain or
loss) during the evolution of S. sensu stricto group species
from their last common ancestor. In at least 7 of the 61
genes (11.5%) which underwent switches of the promoter
class, there was more than one switch (Tables 1, 3).

Genes with promoters which switched their class between
species are to some extent different from other genes of
the corresponding class. The 44 class 2 (in S.cerevisiae)
genes that switched class are generally expressed weaker in
S.cerevisiae (Mann-Whitney U-test, U = 4991, P < 0.05)
than the remaining class 2 genes. The 17 class 1 (in S. cer-
evisiae) genes that switched class are less sensitive to TBP
mutations in S. cerevisiae (Mann-Whitney U-test, U = 826,
P < 0.001) than the remaining class 1 genes.

Since 34 (out of 397) genes that lack sensitivity to TBP
mutations in S. cerevisiae, have a consensus TATA box
sequence in their (-180, -70) regions, even a perfect TATA
box consensus may, nevertheless, fail to function as a
TATA box, perhaps due to its broader sequence context.
Conservation of such "spurious" TATA boxes between S.
cerevisiae and other yeast species was substantially lower
than for functional TATA boxes (chi-square, P < 0.0001;
Table 2, fig. 1), and only slightly exceeded conservation of
neighboring sequences (0.74 vs. 0.70, averaged over all
four genomes; chi-square, P = 0.02; the slight excess of
conservation was limited to the first four nucleotides of
the TATA box (TATA)). The upstream regions of these 34
genes tend to be less conserved than that of the TBP-muta-
tion-sensitive genes (chi-square, P < 0.0001; Table 2).

Discussion

The sequence of the upstream region of a gene is not suf-
ficient to determine the class of its promoter with perfect
certainty. Some genes with expression profiles of class 1
genes nevertheless lack precise TATA boxes, and some
genes with expression profiles of class 2 genes contain pre-
cise TATA boxes. Perhaps, sequences which deviate sub-
stantially from the TATA box consensus may act as TATA
boxes in some class 1 genes, and TATA boxes in some class
2 genes are spurious. Alternatively, data on expression
profiles of some genes might be problematic. Thus, at this
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point, we can regard class 1 genes as TATA-containing,
and class 2 genes as non-TATA-containing, only with
some degree of uncertainty. In the absence of the experi-
mental data on gene expression in non-cerevisiae yeasts,
our conclusions must be treated with caution, especially
when applied to individual genes.

Our results suggest that even within the relatively short
evolutionary times separating Saccharomyces species, a
substantial fraction of genes underwent as major a transi-
tion as switching of the class of their promoters. At least
0.9% of all genes went through a switch of the promoter
between the classes 1 and 2 at least once during the evolu-
tion of Saccharomyces sensu stricto group. This figure takes
into account only the small fraction of genes for which we
can determine the promoter class with the highest cer-
tainty. Extrapolated to the whole genome, this figure sug-
gests that ~11% of genes change the class of their
promoters in the course of sensu stricto group divergence.

Among genes belonging to class 1 in S. cerevisiae, the
switch between promoter classes (either loss of TATA box
in another species or gain of TATA box in S. cerevisiae)
occurred at the rate of one per time during which eight to
twenty substitutions occurred at a non-coding nucleotide
site (Table 2). Conversely, among class 2 genes in S. cere-
visiae, switches between promoter classes (either gain of
TATA box in another species or loss of TATA box in cerevi-
siae) occur at the rate of one per time during which three
to ten substitutions occurred at a non-coding nucleotide
site (Table 2). Finally, at the rate of less than one per 50
nucleotide substitutions, the position of a TATA box
shifted within the upstream region of a class 1 gene (Table
2).

The observed switches of promoter class cannot be due to
sequencing errors. For example, a switch from class 1 in S.
cereviside to class 2 in a non-cerevisiae yeast involves at
least two nucleotide substitutions within the 8 nucle-
otide-long TATA box. Such switches were observed for 8%
of TATA boxes, which would require a clearly impossible
sequencing error rate >10-2.

Our estimates of the frequency of promoter class switches
may be too low, for several reasons. First, we used very
conservative definitions of class 1 and class 2 promoters.
For the former, we required the presence of a TATA box
within a narrow segment of the gene upstream region, and
a significant reduction of the gene expression in TBP
mutants. In reality, functional TATA boxes may be present
in a broader region [24], and may be less sensitive to TBP
mutations [18]; the latter is in fact the case for two of the
genes experimentally known to contain a functional TATA
box - GAL1 and ADH1 [19]. By limiting ourselves to the
genes with the strongest response to mutation in TBP, we
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may be choosing a slowly evolving subset of TATA-con-
taining genes. However, expression of genes with class 1
promoters can evolve rapidly in experiments [18], so that
the real pattern may be more complex.

Second, for a fraction of the analyzed genes, we were una-
ble to find the ortholog in another species. Since the five
species considered are closely related, this can be due to
the quality of the draft sequence. In reality, some of these
yet undiscovered orthologous genes could have switched
the classes of their promoters as well, and the rate of pro-
moter type evolution inferred from better-quality genome
sequences might be higher. Finally, our requirement of a
change of two nucleotides in the ortholog of a TATA box
may sometimes be too stringent, since a single nucleotide
substitution is often sufficient to disrupt a functional
TATA box [18,19] Therefore, the higher rate of promoter
class switches inferred for the genes insensitive to TBP
mutations with class 2 promoters in S. cerevisiae may
reflect the actual rate of evolution better than the recipro-
cal rate.

The abundance of genes showing multiple events of pro-
moter class switching during the evolution of Saccharomy-
ces suggests heterogeneity of intrinsic switch rates among
genes. In the genes with elevated rate of promoter class
switching, TATA box can be under reduced selective con-
straint, or subject to fluctuating positive selection [25].

Conclusion

By combining expression data on S. cerevisiae genes with
sequence data from four closely related yeast species, we
were able to ascertain the set of genes that probably
changed the class of their promoters, and several genes in
which the functional TATA box changed its position in the
upstream region of the gene. Experimental data on non-
cerevisiae genes are necessary to confirm our analysis for
each individual gene. However, our results suggest that a
substantial number of genes underwent promoter class
switching between the closely related species of Saccharo-
myces genus.

Methods

We used yeast genome annotation extracted from SGD
database [26] to map 6578 ORFs on the finished genome
of S. cerevisiae [27]. The genome of S. cerevisiae was
aligned to draft genomes of another four species of Sac-
charomyces sensu stricto group (S. paradoxus, S. mikatae, S.
bayanus [5] and S. kudriavtsevii [6]) using MLAGAN pro-
gram [28] as described in [29]. To improve the quality of
local alignments, each upstream region was re-aligned
using ClustalW [30]. The alignments of the upstream
regions for all the considered ORFs are available at [31].
For comparison with a non-cerevisiae species, we use only
those S. cerevisiae ORFs which were aligned to an unam-

http://www.biomedcentral.com/1471-2148/6/14

biguous ortholog in this species. Orthology was estab-
lished according to the reciprocal best hits approach,
using gapped BLAST [32]. In order to avoid possible com-
plications due to large-scale genome rearrangements, we
also required that the orthologs reside in syntenic region
in the two genomes. For this purpose, we manually
curated each region of alignment using OWEN program
[33] and used only those pairs of orthologous ORFs which
are embedded into long, continuous alignment which
include, in particular, the ORF upstream to the considered
pair of genes.

For each ORF in S. cerevisiae, we also check if its orthologs
in another species remain functional, using the reading
frame conservation test described in [5]. We assume that
a reading frame was conserved in a given species if the
maximum (for each of the three reading frames) percent-
age of in-frame nucleotides exceeds the threshold of 80%
in S. paradoxus, 75% in S. mikatae, 70% in S. kudriavtsevii
and 65% in S. bayanus [5]. We remove from further anal-
ysis those ORFs that were conserved in less than two non-
cerevisiae species according to these criteria, since these are
likely to be spurious ORFs [5]. In order to ensure that our
position criteria for non-cerevisiae species are meaningful,
we also require conservation of starting ATG codon in
alignment in each considered species.

For the remaining pairs of unambiguous conserved
orthologous ORFs, we analyze evolution of TATA box
consensus sequences in their upstream regions. For 212
genes that certainly have TATA-containing class 1 promot-
ers in S. cerevisiae, we analyze the fate of the TATA box in
the other four species. We assume that a TATA box is con-
served and its position remains invariant in a given non-
cerevisiae species if the TATA box in S. cerevisiae sequence
was aligned to the segment of the non-cerevisiae sequence
which coincided with one of the 8 variants of the TATA-
box consensus (nucleotide substitutions which kept the
segment within the set of 8 variants of the TATA box con-
sensus were allowed), or deviated from one of these 8 var-
iants by no more than one nucleotide substitution.

Conversely, a fraction of non-cerevisiae sequence segments
aligns to a consensus TATA box sequence in S. cerevisiae,
but deviates from any of the consensus sequences by two
or more nucleotides. In such cases, we assumed that the
non-cerevisiae gene has a shifted TATA-box if one of the
eight consensus variants was found elsewhere in the
upstream region (-310 to -70). Alternatively, we assumed
that a TATA box was missing if there was no TATA consen-
sus sequence in this region.

Analogously, we analyze the evolution of certainly non-
TATA-containing promoters in S. cerevisiae. If one or more
of the eight exact TATA box sequences was present within
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the region (-180 to -70) in non-cerevisidae species, we
assumed the promoter to be class 1 in this species.

In a few cases of ambiguous alignments of upstream
regions, we were unable to tell with confidence which oct-
anucleotide in one species was orthologous to TATA box
in another. In such cases, we selected the octanucleotide
with closest resemblance to TATA-box (i.e., with fewest
nucleotides different from consensus TATA sequence)
between two framing regions of unambiguous alignment,
and considered it to be the ortholog of the TATA box. This
approach was conservative in that it could only increase
the actual conservation of the TATA box.

Acknowledgements

GB gratefully acknowledges fellowships from the Pew Charitable Trusts
award 2000-002558 and the Burroughs Wellcome Fund award 1001782,
both to Princeton University.

References

|.  Shabalina SA, Kondrashov AS: Pattern of selective constraint in
C. elegans and C. briggsae genomes. Genet Res 1999, 74:23-30.

2.  Tagle DA, Koop BF, Goodman M, Slightom JL, Hess DL, Jones RT:
Embryonic epsilon and gamma globin genes of a prosimian
primate (Galago crassicaudatus). Nucleotide and amino acid
sequences, developmental regulation and phylogenetic foot-
prints. | Mol Biol 1988, 203:439-55.

3. Gumucio DL, Heilstedt-Williamson H, Gray TA, Tarle SA, Shelton
DA, Tagle DA, Slightom JL, Goodman M, Collins FS: Phylogenetic
footprinting reveals a nuclear protein which binds to silencer
sequences in the human gamma and epsilon globin genes.
Mol Cell Biol 1992, 12:4919-29.

4.  Shabalina SA, Ogurtsov AY, Kondrashov VA, Kondrashov AS: Selec-
tive constraint in intergenic regions of human and mouse
genomes. Trends Genet 2001, 17:373-6.

5. Kellis M, Patterson N, Endrizzi M, Birren B, Lander ES: Sequencing
and comparison of yeast species to identify genes and regu-
latory elements. Nature 2003, 423:24|-54.

6.  Cliften P, Sudarsanam P, Desikan A, Fulton L, Fulton B, Majors |,
Waterston R, Cohen BA, Johnston M: Finding functional features
in Saccharomyces genomes by phylogenetic footprinting. Sci-
ence 2003, 301:71-6.

7. Harbison CT, Gordon DB, Lee TI, Rinaldi NJ, Macisaac KD, Danford
TW, Hannett NM, Tagne JB, Reynolds DB, Yoo J, Jennings EG, Zei-
tlinger ), Pokholok DK, Kellis M, Rolfe PA, Takusagawa KT, Lander ES,
Gifford DK, Fraenkel E, Young RA: Transcriptional regulatory
code of a eukaryotic genome. Nature 2004, 431:99-104.

8. Romey MC, Guittard C, Chazalette JP, Frossard P, Dawson KP, Pat-
ton MA, Casals T, Bazarbachi T, Girodon E, Rault G, Bozon D, Seg-
uret F, Demaille ], Claustres M: Complex allele -
102T>A+S549R(T>G) is associated with milder forms of
cystic fibrosis than allele S549R(T>G) alone. Hum Genet 1999,
105:145-50.

9.  Hamblin MT, Di Rienzo A: Detection of the signature of natural
selection in humans: evidence from the Duffy blood group
locus. Am | Hum Genet 2000, 66:1669-79.

10. Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, Jeffers S, Tijet N,
Perry T, Heckel D, Batterham P, Feyereisen R, Wilson TG, ffrench-
Constant RH: A single p450 allele associated with insecticide
resistance in Drosophila. Science 2002, 297:2253-6.

I'l.  Lerman DN, Michalak P, Helin AB, Bettencourt BR, Feder ME: Mod-
ification of heat-shock gene expression in Drosophila mela-
nogaster populations via transposable elements. Mol Biol Evol
2003, 20:135-44.

12. Wray GA, Hahn MW, Abouheif E, Balhoff P, Pizer M, Rockman MV,
Romano LA: The evolution of transcriptional regulation in
eukaryotes. Mol Biol Evol 2003, 20:1377-419.

13. Ross JL, Fong PP, Cavener DR: Correlated evolution of the cis-
acting regulatory elements and developmental expression of

20.

21.

22.

23.

24.
25.
26.

27.

28.

29.

30.

31
32.

33.

http://www.biomedcentral.com/1471-2148/6/14

the Drosophila Gld gene in seven species from the subgroup
melanogaster. Dev Genet 1994, 15:38-50.

Belting HG, Shashikant CS, Ruddle FH: Modification of expression
and cis-regulation of Hoxc8 in the evolution of diverged axial
morphology. Proc Natl Acad Sci 1998, 95:2355-60.

Ludwig MZ, Patel NH, Kreitman M: Functional analysis of eve
stripe 2 enhancer evolution in Drosophila: rules governing
conservation and change. Development 1998, 125:949-58.
Wolff C, Pepling M, Gergen P, Klingler M: Structure and evolution
of a pair-rule interaction element: runt regulatory sequences
in D. melanogaster and D. virilis. Mech Dev 1999, 80:87-99.
Dermitzakis ET, Clark AG: Evolution of transcription factor
binding sites in Mammalian gene regulatory regions: conser-
vation and turnover. Mol Biol Evol 2002, 19:1114-21.

Basehoar AD, Zanton S), Pugh BF: Identification and distinct reg-
ulation of yeast TATA box-containing genes. Cell 2004,
116:699-709.

Cheng JX, Floer M, Ononaji P, Bryant G, Ptashne M: Responses of
four yeast genes to changes in the transcriptional machinery
are determined by their promoters. Curr Biol 2002, 12:1828-32.
Kim J, lyer VR: Global role of TATA box-binding protein
recruitment to promoters in mediating gene expression
profiles. Mol Cell Biol 2004, 24:8104-12.

Hampsey M: Molecular genetics of the RNA polymerase Il
general transcriptional machinery. Microbiol Mol Biol Rev 1998,
62:465-503.

Zhang Z, Dietrich FS: Mapping of transcription start sites in
Saccharomyces cerevisiae using 5' SAGE. Nucleic Acids Res 2005,
33:2838-51.

Chitikila C, Huisinga KL, Irvin JD, Basehoar AD, Pugh BF: Interplay
of TBP inhibitors in global transcriptional control. Mol Cell
2002, 10:871-82.

Zhu J, Zhang MQ: SCPD: a promoter database of the yeast Sac-
charomyces cerevisiae. Bioinformatics 1999, 15:607-11.

Kimura M: The Neutral Theory of Molecular Evolution Cambridge, Cam-
bridge Univ Press; 1983.

Saccharomyces cerevisiae S$S288C genome [ftp://genome-
ftp.stanford.edu/pub/yeast/data_download/chromosomal_feature/
saccharomyces_cerevisiae.gff

Goffeau A, Barrell BG, Bussey H, Davis RW, Dujon B, Feldmann H,
Galibert F, Hoheisel D, Jacq C, Johnston M, Louis EJ, Mewes HW,
Murakami Y, Philippsen P, Tettelin H, Oliver SG: Life with 6000
genes. Science 1996, 274(5287):546, -563-7.

Brudno M, Do CB, Cooper GM, Kim MF, Davydov E, Green ED,
Sidow A, Batzoglou S: LAGAN and Multi-LAGAN: efficient
tools for large-scale multiple alignment of genomic DNA.
Genome Res 2003, 13:721-31.

Sundararajan M, Brudno M, Small K, Sidow A, Batzoglow S: Chaining
algorithms for alignment of draft sequence. Proceedings of the
fourth Workshop on Algorithms in Bioinformatics (WABI 2004) .
Thompson JD, Higgins DG, Gibson T): CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res 1994, 22:4673-80.
Alignments of the upstream regions for Saccharomyces
genes [ftp://ftp.ncbi.nih.gov/pub/kondrashov/TATA/]

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lip-
man DJ: Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 1997,
25:3389-402.

Ogurtsov AY, Roytberg MA, Shabalina SA, Kondrashov AS: OWEN:
aligning long collinear regions of genomes. Bioinformatics 2002,
18:1703-4.

Page 9 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10505405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3199442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3199442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3199442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1406669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1406669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12748633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12748633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12748633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15343339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15343339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10480369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10480369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10480369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10762551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12351787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12519916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12777501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12777501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8187349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8187349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9449677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9449677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10096066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12082130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12082130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12082130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15006352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15006352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12419182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12419182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12419182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9618449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9618449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15905473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12419230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12419230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10487868
ftp://genome-ftp.stanford.edu/pub/yeast/data_download/chromosomal_feature/saccharomyces_cerevisiae.gff
ftp://genome-ftp.stanford.edu/pub/yeast/data_download/chromosomal_feature/saccharomyces_cerevisiae.gff
ftp://genome-ftp.stanford.edu/pub/yeast/data_download/chromosomal_feature/saccharomyces_cerevisiae.gff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
ftp://ftp.ncbi.nih.gov/pub/kondrashov/TATA/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12490463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12490463

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Class 1 and class 2 promoters in S. cerevisiae genes
	Class 1 and class 2 promoters in non-cerevisiae yeast genes
	Promoter class switches between S. cerevisiae and other four species

	Discussion
	Conclusion
	Methods
	Acknowledgements
	References

