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Conservation rates in non-protein-coding regions of ﬁve yeast genomes of the genus Saccharomyces were analyzed using multiple whole-genome alignments. This analysis conﬁrmed previously shown decrease in conservation rates observed immediately upstream
of the translation start point and downstream of the stop-codon. Further, there was
a sharp conservation peak in the upstream regions likely related to the core promoter
(−35 bp to +35 bp around TSS) and a conservation peak downstream of the stop-codon
whose function is not yet clear. Regulation of leucine and methionine biosynthesis controlled by the global regulator Gcn4p and pathway-speciﬁc regulators was analyzed in
detail. A candidate alpha-isopropylmalate carrier, YOR271cp, was identiﬁed based on

981

October 28, 2006 12:56 WSPC/185-JBCB

982

00228

G. Yu. Kovaleva et al.
conservation of Leu3p binding sites, analysis of ChIP-chip data, protein localization and
sequence similarity.
Keywords: Regulation of transcription; alpha-isopropylmalate transporter; evolution of
regulatory signals.

1. Introduction
Extracting the complete functional information encoded in a genome — including genic, regulatory, and structural elements — is the central challenge in
bioinformatics. Prediction of non-protein-coding functional regions, such as regulatory sites, is especially diﬃcult because they are usually short (6-15 bp for S.
cerevisiae and many other eukaryotic genomes), often degenerate, and can reside
on either strand of DNA at variable distances from the genes they control. As functional sequences tend to be conserved through the evolution, they can appear as
“phylogenetic footprints” in alignments of genome sequences of diﬀerent species.1
In that way transcription factor binding sites could be predicted to reside within
such conserved footprints.
Shabalina et al.2 observed conservation in 5 - and 3 - untranslated regions
(UTR) at the large-scale level ascribing it to “common” functional sequences
such as mRNA-ribosome interaction sites. Two groups used multiple whole-genome
analysis3 and multiple alignments of gene upstream regions4 to identify binding signals for transcription factors. The results were represented as two lists of predicted
binding motifs. The comparison of these lists shows rather moderate intersection.
This prompted us to analyze the conservation rate for known and predicted binding
sites in the Saccharomyces genomes in more detail.
In this paper, we describe the conservation rates of binding sites for transcriptional regulators of two metabolic pathways, biosynthesis of methionine and leucine.
The amino acid biosynthetic pathways in yeast are subject to general transcriptional
control by the global regulator of amino acid biosynthesis, Gcn4p. Its translation is
activated in conditions of starvation for any of the ten amino acids.5 The regulator
binds to Gcn4p-responsive elements (GREs), with the core sequence TGACTC,
in the upstream regions of regulated genes.5–8 Gcn4p activates a variety of genes
involved in amino acid biosynthesis.
In addition to Gnc4p, the amino acids biosynthesis pathways are controlled
by pathway-speciﬁc regulators. The speciﬁc regulators of the methionine biosynthesis are the regulatory complex Cbf1/Met4/Met28 and orthologous gene pair
Met31/Met32. The binding site cores for these regulators are TCACGTG and
AAACTGTGG, respectively.9,10
Leu3p is a speciﬁc regulator of the leucine biosynthesis. Its binding site consensus
is CCG-N4 -CGG.11 Several genes of this metabolic pathway (such as Leu4, Ilv2,
Ilv3, and Ilv5) are controlled by both Gcn4p and Leu3p, whereas others are regulated
only by one of these factors. For example, the expression of Ilv1 does not depend on
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Leu3p, and is under Gcn4p control only, while genes Leu1 and Leu2 are activated
exclusively by Leu3p.12
De novo leucine biosynthesis includes four steps. The ﬁrst pathway-speciﬁc reaction is catalyzed by alpha-isopropylmalate synthases, which are expressed in the
absence of leucine and produce alpha-isopropylmalate.13 The Leu4 gene encodes
two isoforms of alpha-isopropylmalate synthase due to alternative transcription
start sites. The longer isoform is localized in the mitochondrial matrix and the
shorter one, in the cytoplasm.14 Both isoforms are functional and could produce
alpha-isopropylmalate.15 However, in yeast, the enzymes involved in the de novo
synthesis of alpha-isopropylmalate are largely associated with the mitochondria,16
and the role of the cytosolic isoform of alpha-isopropylmalate synthase in not yet
clear. It may be needed only under anaerobic conditions, when the mitochondrial
isoform might be unstable or nonfunctional.17
Thus, alpha-isopropylmalate (at least partially) is synthesized in the mitochondrial matrix. Subsequent stages of the leucine biosynthesis occur in the cytoplasm,18
so this intermediate has to be transported into the cytosole. Moreover, alphaisopropylmalate is a co-activator of regulator Leu3p,13,19–21 and thus should be
transferred into the nucleus as well. To our knowledge, no alpha-isopropylmalate
transporter of yeast has been experimentally identiﬁed. Using the comparative analysis of regulation and other supporting evidence, we have identiﬁed a candidate gene
for the alpha-isopropylmalate carrier.

2. Material and Methods
2.1. Global analysis
We used the yeast genome annotation extracted from the SGD database (ftp://genome-ftp.stanford.edu/pub/yeast/data download/chromosomal feature/saccharomyces cerevisiae.gﬀ) to map 6578 ORFs to the ﬁnished genome of
S. cerevisiae.22 The draft genomes of four species of the Saccharomyces sensustricto group (S. paradoxus, S. mikatae, S. bayanus,3 and S. kudriavtsevii4 ) were
aligned to the genome of S. cerevisiae using the MLAGAN program23 as described
in Ref. 24. In the analysis of conservation of the 5 upstream (3 downstream)
regions of yeast genes, we considered only regions not overlapping with other genes.
The maximum length of the analyzed regions was 500 nucleotides. The alignments
of the upstream and downstream regions for all considered genes are available at
http://www.rtcb.iitp.ru/kovaleva e.htm.
We used the SCPD database25 to map 452 binding sites for 90 transcription
factors in the upstream regions of 166 genes of S. cerevisiae. For each gene, we
excluded binding sites that mapped outside the considered upstream region.
For position i in the alignment, conservation Ci was deﬁned as
Ci =

mi
N − gi
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where mi and gi are the numbers of matches to S. cerevisiae and gaps in the
alignment column, respectively, and N is the total number of non cerevisiae species
in the alignment.
2.2. Analysis of individual regulatory systems
Fragments covering 750 nucleotides of upstream regions and 150 nucleotides of
protein-coding genes of S. cerevisiae were considered. Search for orthologs was done
using fungiBLAST (http://www.ncbi.nlm.nih.gov/sutils/genom table.cgi?organism=fungi). Protein-coding genes without identiﬁable orthologs were ignored.
Conversely, regions upstream of orthologous genes were considered even if they
did not produce a strong alignment.
Genome Explorer26 was used to identify candidate sites. SignalX27 was used to
construct positional weight matrices. As our matrices are similar to the already published ones,28 we did not perform detailed comparison of the matrix speciﬁcity. New
matrices were constructed to facilitate the work with our tools. Multiple sequence
alignments were done using ClustalX.29 Binding sites for transcription factors of
S. cerevisiae were taken from the TRANSFAC30 (http://www.gene-regulation.com/
pub/databases.html#transfac) and SCPD25 (http://rulai.cshl.edu/SCPD/) databases. Transmembrane domains were predicted using TMHMM31 (http://www.cbs.
dtu.dk/services/TMHMM/) and PSORT32 (http://psort.nibb.ac.jp/). Phylogenetic tree was constructed by the maximum likelihood method implemented in
PHYLIP.33
3. Results and Discussion
3.1. Conservation rates in untranslated regions
Using the MLAGAN program, we constructed multiple whole-genome alignment of
ﬁve Saccharomyces genomes: S. cerevisiae, S. paradoxus, S. mikatae, S. bayanus,
and S. kudriavzevii (see Material and Methods). Multiple alignments for S. cerevisiae, S. paradoxus, S. mikatae, and S. bayanus intergenic regions have been published earlier.3 The results obtained for this alignment and the MLAGAN aligment
are similar (data not shown). The results reported below were obtained using the
MLAGAN alignment.
We ﬁrst analyzed the positional conservation rates in 5 . We conﬁrmed relatively high-conservation rate in the region immediately upstream of the start codon
observed in Ref. 2. In addition to this conservation peak, we observed a region of
higher conservation further upstream, starting at about 70 bp, reaching the maximum at 120 bp and getting back to the background level at 220 bp upstream of the
translation start point (Figs. 1(a) and 1(b)). This conservation peak could not be
explained by accumulation of transcription factor binding sites, as the distribution
of these sites reaches maximum at 200 bp upstream of the translation start point
and returns to the background level beyond 600 bp upstream of start codon (data
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not shown). We suppose that the observed conservation at the (−220–70 bp) region
may be caused by binding sites for TATA-box-binding proteins (core promoters).
The distribution of these sites is similar to the conservation plot in this region (data
not shown).
As for downstream intergenic regions, our results extend the observations by
Shabalina et al.2 They described a decrease in the conservation rate immediately
downstream of the stop codon. We analyzed the conservation rates in larger untranslated regions. Our analysis conﬁrmed the decrease in the conservation level observed
by Shabalina et al.,2 but we also observed an increase in the conservation rate covering the region (25–155 bp) downstream of the coding region (Figs. 1(c) and (d)).
Conservation is gradually increasing in the interval from 25 bp downstream of the
stop codon to 50 bp downstream of the stop codon, then ﬂattens out and starts to

(a)

(b)

(c)

(d)

Fig. 1. Positional conservation rates in untranslated regions. (a) and (b). Average conservation
rates in 5 -UTRs and 3 -UTRs, respectively, of all ﬁve Saccharomyces genomes. Black — the conservation rates per nucleotide (central axis), white — the density of gaps (right axis). (c) and (d).
Conservation rates in 5 -UTR and 3 -UTR, respectively, of four Saccharomyces genomes compared
to S. cerevisiae individually. Black squares — S. paradoxus genome, empty squares — S. mikatae,
white curve — S. kudriavzevii, black curve — S. bayanus. Zero in (a) and (c) corresponds to the
translational start point and positive numbers corresponds to nucleotide positions in the coding
region. Zero in (b) and (d) corresponds to the stop codon and negative numbers correspond to
the nucleotide positions in coding region.
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decrease gradually around 100 bp downstream of the stop codon until reaching the
background level at about 155 bp downstream of the stop codon.
Thus, in fact, the region of decreased conservation is followed by a long-tail
peak in the conservation rate in the 3 -UTR. It is likely that peak is caused by
mRNA stability and localization sites that are concentrated in the region 50–100 nt
downstream of the stop-codon.34,35
3.2. Conservation of transcription factor-binding sites
We studied the positional conservation rates in alignments centered at known binding sites for transcription regulators present in the SCPD database. This database
includes experimentally mapped binding sites of length varying from ﬁve to 56
nucleotides. As expected, the conservation rate at transcription factors binding sites
was much higher than the conservation rate in surrounding non regulatory parts of
upstream regions. The conservation rate was highest in the middle of the sites and
decreasing gradually toward the surrounding region. However, it remained elevated
in the vicinity of the sites, extending to approximately 100 bp (Fig. 2). This region of
elevated conservation around the sites cannot be attributed to imprecise positioning
of sites in DNA footprinting experiments, since the region of increased conservation
extended beyond the length of the longest sites (Fig. 2). It is also unlikely to be
an artifact linked with anchoring of alignments by highly conserved binding sites,2

Fig. 2. Positional conservation rates for alignment centered at binding sites of varying length in
each genome separately. Zero corresponds to the site center. Black squares — S. paradoxus, white
curve — S. mikatae, grey curve — S. kudriavzevii, and black curve — S. bayanus.
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since we excluded positions containing gaps from analysis. The observed elevated
conservation level at 5 of the site also could not be explained by the general decrease
in the conservation rate caused by extended distance from the gene, as our results
suggest that increasing the upstream distance does not lead to a noticeable decrease
in the conservation rate. Thus, we conclude that observed elevated conservation 5
may be due to the presence of other binding sites or promoters. Consistent with
this explanation, the conservation rate in the region between the site and the gene
(3 of the site) is higher than in the region further upstream (5 of the site). As
binding sites for transcription regulators in eukaryotes are usually short, clustering
of transcription factor binding sites is one of the mechanisms providing the speciﬁc
regulation via cooperative binding of transcription factors to DNA strands.

3.3. Conserved regulation of the methionine and leucine
biosynthesis pathways
Our observation of the extended region of higher conservation around the binding
sites for transcription factors could, at least partially, explain the diﬀerences in the
sets of predicted signals in Refs. 3 and 4, as diﬀerent algorithms may pick up different conserved sites in these regions. Another possible explanation could be that
the binding sites are not absolutely conserved, and again, their determination is
algorithm-dependent. To examine this possibility, we analyzed in detail the conservation of binding sites for transcriptional activators of two amino acids biosynthesis
pathways, biosynthesis of methionine and leucine.
Experimentally veriﬁed binding sites for transcription regulators are unknown
for Saccharomyces genomes other than S. cerevisiae, and we could not construct
position weight matrices for these genomes. Multiple protein alignments of DNAbinding regions of regulators indicate high similarity of the binding region in all
species (data not shown). Thus, we believe that the binding signals are very similar
in all studied genomes, and the positional weight matrices constructed for binding
sites of S. cerevisiae could be applied to other genomes as well. We investigated the
conservation rates of binding sites in multiple alignments of upstream regions.
We assumed that a binding site is conserved if it was aligned to a candidate site
in the other genomes. In order to take into account the possibility of large insertions
in the upstream regions leading to misalignment, we independently searched for
candidate sites in all genomes using the S. cerevisiae matrices and then aligned
the regions around the candidate sites. However, all such sites were observed in
dissimilar, likely non homologous regions, and thus they seem to be false positives.
To simplify the estimations, we used the quantitative assessment of conservation
rates. If a binding site was exactly conserved in a studied genome (compared to
S. cerevisiae) we scored it as 1. If a site is not exactly conserved, but still aligns
to a candidate site recognized by the respective proﬁle it was scored as 0.5. We
tabulated the sums of the total site scores for transcription regulators separately
for each genome.
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The conservation rates of binding sites for the global regulator of amino acid
biosynthesis, Gcn4p, were examined in regulatory regions of nine genes with experimentally veriﬁed binding sites listed in the SCPD database: HIS3, ARG8, ARG1,
ADE4, ILV1, TRP4, HIS4, HIS7, and ILV2. Known binding sites upstream of these
genes were used to construct the positional weight matrix.
As mentioned above, the biosynthesis of methionine is regulated by three more
or less independent regulators or regulatory complexes: Gcn4p, Met31/Met32, and
Cbf1/Met4/Met28. Matrices for the Cbf1/Met4/Met28 and Met31/Met32 binding
sites were constructed using sites from the SCPD database and the known consensus, respectively. Then these matrices were applied to genes known to be regulated
by these factors.9
Similarly, structural genes of leucine biosynthesis are independently regulated
by Gcn4p and Leu3p, and these genes could be activated by both or any one of
these regulators. So, candidate binding sites for these transcription factors were
predicted only in the upstream regions of genes known to be regulated by a particular regulator. The Leu3p binding sites are not listed in the TRANSFAC database,
and we constructed a position weight matrix on the basis of the consensus36 and
several experimentally veriﬁed binding sites.11,12,14,37–39
All identiﬁed sites were divided into three groups: “known” (experimentally veriﬁed sites), “strong predicted sites” (candidate sites with a score exceeding that of
the majority of known sites), and “weak predicted” sites (candidate sites with a
lower score, but still higher than the threshold set to the minimal score of experimentally veriﬁed sites).
As the considered genomes are not completely sequenced, we normalized the
conservation rate dividing the total score by the number of orthologous genes for
which the upstream regions were available. For genes having multiple sites for one
regulator, the conservation of at least one site was considered to be suﬃcient for
conservation of the regulatory interaction.
The average conservation rates for all studied regulators are presented in Fig. 3.
Our data demonstrate that, the conservation rates of known and strong predicted
binding sites are similar for each regulator (except the Met31/Met32, see below,
and some rare cases when no orthologs could be identiﬁed). Still, even strongest
sites are not necessarily conserved in all examined genomes, as it has been implicitly assumed in the cited studies. Weak predicted binding sites serve as a control
reﬂecting conservation rates for “random” sites.
As for the Met31/Met32 regulator(s), the conservation rates for all groups of
sites seem to be rather low even in such closely related genome as S. paradoxus.
We could not reliably explain such sharp decrease in the conservation of binding
sites for this regulatory complex, as even the molecular function of this regulatory
complex is still unclear.9,40
On the other hand, the conservation rates of known and predicted binding sites
of Leu3p are much higher than the average conservation rate of binding sites for
other regulators. This diﬀerence can be due to the length of the signal: for Leu3 it
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Fig. 3. Average conservation rates of binding sites for all four studied regulators. Conservation
rates are shown individually for each group of sites (such as “weak”, etc.) for each regulator.
(a) Gcn4p binding sites; (b) Cbf1-complex sites; (c) Binding sites of the Met31/Met32 ; (d) Leu3p
binding sites. See the text for deﬁnitions.

seems to be about ten nucleotides, as the internal positions also contribute to the
strength of the interaction.
But other explanations are also possible. For instance, in most cases there are
multiple copies of Gcn4p binding sites in the upstream regions of controlled genes.
This could increase the overall size and speciﬁcity of the eﬀective binding.6 The
complete disruption or reduction of aﬃnity of some of these sites would not make
a gene misregulated. On the contrary, there is the only one site for Leu3p in an
upstream region of each regulated gene, and thus the complete or partial destruction
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of this site should abolish the transcriptional regulation of the gene. This situation
reﬂects that functional constraints on the “important” sites, such as the sites for
Leu3p, are much stronger than on each of the multiple sites for Gcn4p. Therefore,
this could explain the diﬀerence between the conservation rates of the binding sites
for these particular regulators.
Thus, our detailed analysis shows that binding sites for eukaryotic transcription
regulators may not be entirely conserved, and the standard phylogenetic footprinting techniques cannot be applied to yeast genomes without correction. Although
the conservation rates of known and strong predicted binding sites are similar, even
the strongest sites (including experimentally veriﬁed ones) may not be conserved
even in the closest genome.
3.4. Identification of a candidate alpha-isopropylmalate
transporter
We used the constructed positional weight matrices to identify other genes that
could be involved in the methionine and leucine biosynthesis. This allowed us
to identify YOR271c as the gene that could encode the transporter for alphaisopropylmalate, an intermediate of the leucine biosynthesis. This prediction is
based on the following observations:
• The protein product of this gene is known to localize in the mitochondrion.41
• YOR271cp contains several predicted transmembrane domains (Fig. 4) and thus
is structurally likely to be a transporter.
• The predicted binding site for the leucine pathway transcriptional regulator,
Leu3p, is strongly conserved in all studied genomes and is identical to the binding
site consensus (Fig. 5).
• The ChIP microarray data shows that YOR271c is activated by Leu3p along
with several other structural genes involved in the leucine biosynthesis.42 We

Fig. 4. Transmembrane segments predicted for YOR271cp.
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Fig. 5. Alignment of upstream regions of the YOR271c gene of S. cerevisiae and its orthologs
from the S. paradoxus, S. kudriavzevii, S. bayanus, and S. mikatae genomes. Predicted binding
sites for Leu3p are colored in grey. Conserved positions are marked by asterisks.

Table 1. Analysis of expression of the Leu3p-regulated genes in the ChIP microarray data from
Ref. 42. (a) Genes activated by Leu3p (p-value < 0.001). Genes involved in the leucine biosynthesis
pathway17 are colored in grey, and the predicted transporter for alpha-isopropylmalate is shown in
bold. (b) Genes known to be regulated by Leu3p, which did not respond to the Leu3p expression.
Molecular functions of the genes were obtained from Saccharomyces genome database
(http://www.yeastgenome.org).
Gene Name

ORF

Molecular Function
(a)

OAC1

YKL120W

Mitochondrial inner membrane transporter, transports
oxaloacetate, sulfate, and thiosulfate

LEU1

YGL009C

Isopropylmalate isomerase, catalyzes the second step in
the leucine biosynthesis pathway

SET5

YHR207C

Molecular function unknown

BAT1

YHR208W

Mitochondrial branched-chain amino acid
aminotransferase

ILV2

YMR108W

Acetolactate synthase, localizes in the mitochondria;
expression of the gene is under general amino acid control

YKL118W

YKL118W

Molecular function unknown

YDR042C

YDR042C

Molecular function unknown

BAP2

YBR068C

High-aﬃnity leucine permease, functions as a
branched-chain amino acid permease involved in the
uptake of leucine, isoleucine, and valine

YOR271C

YOR271C

Molecular function unknown

MET4

YNL103W

Lecine-zipper transcriptional activator, responsible for
the regulation of the sulfur amino acid pathway

LEU4

YNL104C

Alpha-isopropylmalate synthase (2-isopropylmalate
synthase); the main isozyme responsible for the ﬁrst step
in the leucine biosynthesis pathway

SPS2

YDR522C

Molecular function unknown

LEU9

YOR108w

Alpha-isopropylmalate synthase II (2-isopropylmalate
synthase), catalyzes the ﬁrst step in the leucine
biosynthesis pathway
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Table 1. (Continued )

Gene Name

ORF

Molecular Function

YDR210W-D

YDR210W-D

TyB Gag-Pol protein; proteolytically processed to make
the Gag, RT, PR, and IN proteins that are required for
retrotransposition

RRP6

YOR001W

Exonuclease component of the nuclear exosome;
contributes to the quality-control system that retains and
degrades aberrant mRNAs in the nucleus

RML2

YEL050C

Mitochondrial ribosomal protein of the large subunit, has
similarity to E. coli L2 ribosomal protein

MRPL24

YMR193W

Structural constituent of ribosome

YNL050C

YNL050C

Molecular function unknown

YDL228C

YDL228C

Molecular function unknown

YHR209W

YHR209W

Putative S-adenosylmethionine-dependent
methyltransferase of the seven beta-strand family

YCR018C-A

YCR018C-A

Molecular function unknown

MAK32

YCR019W

Molecular function unknown
(b)

LEU2

YCL018w

Beta-isopropylmalate dehydrogenase, catalyzes the third
step in the leucine biosynthesis pathway

ILV6

YCL009C

Regulatory subunit of acetolactate synthase, which
catalyzes the ﬁrst step of branched-chain amino acid
biosynthesis

ILV3

YJR016C

Dihydroxyacid dehydratase, catalyzes third step in
the common pathway leading to biosynthesis of
branched-chain amino acids

ILV5

YLR355c

Acetohydroxyacid reductoisomerase, mitochondrial
protein involved in branched-chain amino acid
biosynthesis

GDH1

YOR375c

NADP(+)-dependent glutamate dehydrogenase,
synthesizes glutamate from ammonia and
alpha-ketoglutarate; rate of alpha-ketoglutarate
utilization diﬀers from Gdh3p; expression regulated by
nitrogen and carbon sources

BAT2

YJR148W

Cytosolic branched-chain amino acid aminotransferase

GAP1

YKR039w

General amino acid permease

MAE1

YKL029c

Mitochondrial malic enzyme, catalyzes the oxidative
decarboxylation of malate to pyruvate, which is a key
intermediate in sugar metabolism and a precursor for
synthesis of several amino acids

analyzed these data in more detail to ensure that there are no other candidates for
the role of alpha-isopropylmalate transporter (Table 1). About half of the genes
identiﬁed in the experiment are known genes of the leucine pathway (Table 1a),
whereas about half of the genes known to be regulated by Leu3p were missed
(Table 1b).
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Xenopus laevis
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Rattus norvegicus
Xenopus tropicalis
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Sideroflexin 5
Drosophila melanogaster

Fig. 6. Phylogenetic tree of YOR271cp homologs. YOR271cp is shown in bold.

Searching for possible alternative candidates, we considered ChIP-identiﬁed
genes with unknown molecular function. We applied the Leu3p positional weight
matrix to these nine genes. Only two of them, YOR271c (our candidate)
and YDL228c, of S. cerevisiae had potential binding sites for Leu3p. The site
upstream of YDL228c was weaker and was not conserved even in the closest
genomes.
Thus, YOR271c might be a transporter involved in the leucine biosynthesis.
Further, we constructed a phylogenetic tree of YOR271c homologs (Fig. 6). The
closest YOR271c homologs with known function are tricarboxylate transporter from
Rattus norvegicus and sideroﬂexins.
The published data on sideroﬂexins are conﬂicting. The mouse gene encoding sideroflexin-1 (Sfxn1) was discovered during investigation of mutation that
induces syderocytic anemia,43 a disorder associated with aberrant mitochondrial
iron homeostasis.44 Although Fleming et al.43 mentioned high similarity of the
sideroﬂexin with the rat tricarboxylate transporter, they assumed that the gene
they had cloned did not encode a tricarboxylate transporter, since a constitutively
expressed mitochondrial tricarboxylate carrier was known.45 They further suggested
that the rodent sideroﬂexin homolog had been ascribed a wrong function of a tricarboxylate transporter as a consequence of co-extraction of this protein with the
constitutive tricarboxylate carrier. However, during extraction of the presumed rat
transporter for tricarboxylates, it had been analyzed for the substrate speciﬁcity
and its ability to transfer tricarboxylates had been conﬁrmed.46
Overall, although each observation is rather weak, we believe that taken together
they are suﬃciently convincing to warrant experimental veriﬁcation.
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4. Conclusions
In summary, our analysis of conservation of upstream regions of the genes and of
individual transcription factor binding sites reveals a pattern of elevated conservation of regions of non coding DNA with regulatory function, compared to background conservation level. This conservation is not limited to individual binding
sites, as shown previously most notably in studies,47–49 but extends much further
into the surrounding region. As expected, the conservation of all regions decreases
with increased phylogenetic distance between the analyzed species. The phylogenetic footprint of the binding sites is most obvious at intermediate phylogenetic distances. Regions of increased conservation of individual binding sites extend beyond
the edges of these sites, possibly indicating distributed clustering of the binding
sites.
Pattern of conservation of individual sites shows relative decrease of conservation in distant genomes and variability of conservation rates of sites for diﬀerent
transcription factors. At that, longer single sites are more conserved than short,
clustered sites. Recently, a considerable evolvability has been demonstrated for the
regulation of mitochondrial and cytoplasmic ribosomal proteins.50,51 Our study
demonstrates that the same seem to hold for primary metabolic pathways. Functional relevance of non consensus sites was demonstrated for transcription factors
involved in the regulation of cell cycle and development.52
Nevertheless, analysis of regulatory patterns combined with other large-scale
data allowed for identiﬁcation of a candidate mitochondrial transporter for alphaisopropylmalate.
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