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Clustering of DNA Sequences in Human Promoters
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We have determined the distribution of each of the 65,536 DNA sequences that are eight bases long (8-mer) in a set
of 13,010 human genomic promoter sequences aligned relative to the putative transcription start site (TSS). A limited
number of 8-mers have peaks in their distribution (cluster), and most cluster within 100 bp of the TSS. The 156 DNA
sequences exhibiting the greatest statistically significant clustering near the TSS can be placed into nine groups of
related sequences. Each group is defined by a consensus sequence, and seven of these consensus sequences are known
binding sites for the transcription factors (TFs) SPI, NF-Y, ETS, CREB, TBP, USF, and NRF-l. One sequence, which we
named Clusl, is not a known TF binding site. The ninth sequence group is composed of the strand-specific Kozak
sequence that clusters downstream of the TSS. An examination of the co-occurrence of these TF consensus sequences
indicates a positive correlation for most of them except for sequences bound by TBP (the TATA box). Human
mMRNA expression data from 29 tissues indicate that the ETS, NRF-l, and Clusl sequences that cluster are
predominantly found in the promoters of housekeeping genes (e.g., ribosomal genes). In contrast, TATA is more
abundant in the promoters of tissue-specific genes. This analysis identified eight DNA sequences in 5082 promoters
that we suggest are important for regulating gene expression.

Vertebrate gene expression is often regulated by the basal pro-
moter, which traditionally is defined as being between —200 bp
and the transcription start site (TSS). The DNA sequence proper-
ties of basal promoters are poorly described because it is difficult
to identify the TSS. Two recent results have helped to resolve this
problem: (1) RefSeq (Maglott et al. 2000; Pruitt et al. 2000; Pruitt
and Maglott 2001) sequences have been mapped to their location
in the complete human genome sequence, and (2) TSSs have
been experimentally verified for 7889 genes by using cDNA syn-
thesis methods that identify the 5’ CAP site (Suzuki et al. 2002).
We have combined these data to assemble genomic DNA se-
quences that are putative promoter regions for 13,010 genes
aligned relative to the putative TSS. We have examined these
aligned sequences for 8-mers that are preferentially localized rela-
tive to the TSS, namely, clusters.

A fundamental question in gene expression studies is to de-
termine which DNA sequences that are bound by TFs are biologi-
cally relevant. Often, the same DNA sequence is functional in
one context but not in another. We reasoned that if a DNA se-
quence clusters relative to the TSS, the DNA sequences that are in
the cluster have a high likelihood of being biologically signifi-
cant. In human promoters the CAAT box, SP1, and TATA box are
recognized by the constitutive transcription factors NF-Y, SP1,
and TBP, respectively, and are thought to be localized near the
TSS (Breathnach and Chambon 1981). Recently, a genome-wide
analysis has demonstrated that the CRE sequence clusters in hu-
man promoters (Conkright et al. 2003).

To identify additional DNA sequences that localize near the
TSS and thus may be biologically important, we determined the
distribution of each of the 65,536 8-mer DNA sequences in
13,010 human promoters sequences from — 2500 to 500 bp rela-
tive to the TSS. A detailed analysis of the 8-mers with the most
significant clustering indicates that they primarily represent
variations of only nine DNA consensus sequences. Eight motifs
cluster between —100 and the TSS. They include (1) TF binding
sites that have been previously suggested to cluster within the

3Corresponding author.

E-MAIL Vinsonc@dc37a.nci.nih.gov; FAX (301) 496-8419.

Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.1953904. Article published online before print in July 2004.

1562 Genome Research
www.genome.org

promoter (CAAT, SP1, CREB, and TATA); (2) TF binding sites that
were not known to localize in the core promoter region, ETS,
NRF-1, and USF; and (3) a single DNA sequence, designated
Clusl1, that is not a known TF binding site. The ninth motif is
the Kozak sequence that clusters downstream of the TSS. We
observe correlations between the presence of DNA sequences that
cluster in promoters and the mRNA expression properties and
function of genes.

RESULTS

We combined the cDNA data for RefSeq genes (Maglott et al.
2000; Pruitt et al. 2000; Pruitt and Maglott 2001) with TSS data
(Suzuki et al. 2002) and mapped the 5" end of these cDNA se-
quences onto assembled human genomic DNA sequences
(Lander et al. 2001) for 13,010 genes. For this study, we aligned
these human promoter genomic sequences relative to the puta-
tive TSS. We then analyzed the distribution of DNA sequences
(2-mers to 8-mers) between —1000 and 500 bp relative to the
putative TSS and, as a control set, the region between —2500 and
—1000 bp. The 1500-bp regions were divided into 75 bins. Each
bin contains 20 bp, where bin 1 is from —1000 to —981 bp, and
bin 51 is from 1 bp to 20 bp. We determined the number of times
that a particular DNA sequence occurred in each 20-bp bin for all
13,010 promoter sequences.

Distribution of Dinucleotide Pairs in Promoters

Initially, we determined the distributions of each dinucleo-
tide (2-mer) in the set of 13,010 human promoter sequences.
We determined the position of each 2-mer on the DNA cod-
ing strand across the 1500 bp, between — 1000 and 500 bp, and
plotted the results as a frequency histogram. Three general dis-
tributions are observed: (1) a peak near the TSS for the 2-mers
containing G and/or C (GC, CG, GG, and CC), (2) a valley near
the TSS for the 2-mers containing A and/or T (AT, TA, TT, and
AA), and (3) no preference for the remaining 2-mers (Fig. 1).
Although peaking around the TSS, the CG sequence, which can
be methylated on the C base, is the least abundant outside the
promoter region, as is observed in genomic DNA (Hapgood et al.
2001).
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Figure 1 Distribution of the dinucleotides (CG, GC, TT, CA) from
—1000 to 500 bp in 13,010 human promoters.

Distribution of All 8-mer DNA Sequences

To identify DNA sequences that cluster relative to the TSS, we
determined the distribution of all sequences ranging from 2-mers
to 8-mers in this set of 13,010 promoter sequences. As the length
of the DNA sequence increased, we identified sequences that
clustered more dramatically. This manuscript will focus on the
distribution of 8-mers. Because both strands of complementary
DNA were examined, the number of independent 8-mers was
reduced from 65,536 to 32,896 (32,640 nonpalindromic 8-mers +
256 palindromic 8-mers).

To determine if a DNA sequence clus-
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the TSS, we performed an experiment in which we aligned the
13,010 sequences based on a translocation of the putative TSS
within a random distance between O and 500 bp upstream or
downstream (Fig. 2E). The CF distribution for this data set does
not identify sequences that cluster.

To determine the statistical significance of the CF values, we
converted the CF into a probability term. One thousand random
data sets, each containing 13,010 sequences that are 1500 bp
long, were generated by using the 8-mer frequencies observed in
the original data set. For each of the 1000 data sets, the distribu-
tion and CF.,, value for all 32,896 8-mers were determined.
From the 1000 separate CF.,, values for each 8-mer, the fre-
quency distribution was plotted, and then a mean (CF,,,) and
standard deviation (o,,,) were computed. The probability term,
P, represents, —log;o(1 — p), where p is the area that lies under
the normalized curve of the distribution of CFep. Thus, the
greater the P value, the more nonrandom the result. Figure 3
shows a plot of the P values versus the maximum bin number for
all 8-mers with at least 20 members in the most abundant bin.
There is a group of 8-mers near the TSS with clustering that is
statistically nonrandom. Of the 120 sequences with the greatest
CF, 111 were observed in the 120 sequences with the greatest P
values.

To determine if the 8-mers with the highest CF values are
also the most abundant sequences, we compared the abundance
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clustering factor (CF) was then calculated
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(Fig. 2B). The distribution pattern for each
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moters containing each 8-mer, is available
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Three controls evaluated the signifi-
cance of the observed localization of par-
ticular 8-mers near the TSS. The distribution
plot of a seventh-order Markov random
data set (see below) shows a complete lack
of clustering for any of the 8-mers
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(Fig. 2C). Figure 2D presents the CF values
between —2500 and —1000 bp for the
13,010 putative promoter sequences in
which no preferential localization is ob-
served for the 7471 8-mers that contain at
least 20 members in the most abun-
dant bin. To further characterize the unique
nature of the distribution of 8-mers around
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Figure 2 Clustering factor of each 8-mer DNA sequence plotted at the position of the most
populated bin: All 32,896 8-mers (A); 8687 8-mers with a maximum bin containing =20 members
(B); clustering factor from — 1000 bp to 500 bp for the 6838 8-mers that contain a maximum bin
with =20 members from one of the 1000 random seventh-order Markov model data sets (C);
clustering factor for the 7471 8-mers that contain a maximum bin with =20 members from —2500
to —1000 bp (D); and clustering factor values from — 1000 to 500 bp for the 8687 8-mers from
Figure 2B based on a randomized translocation of the TSS of between 0 and 500 bp (E).
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Figure 3 The probability term P =[—log,,(1 — p)] for the 8687
8-mers with a maximum bin containing =20 members. The 159 DNA
sequences above the line at P =7, a one in 10 million (single sampling)
chance of being random, were manually annotated.

of these sequences in the 13,010 promoters between — 1000
and 500 bp to the abundance of all 32,896 8-mers (Fig. 4). To
determine the abundance of a sequence, we counted the total
numbers of occurrence of each 8-mer between — 1000 and 500 bp
in the set of 13,010 genes. The overall prevalence of the different
8-mers is very variable. On average, we expect 590 occurrences of
an 8-mer across the whole promoter region in 13,010 sequences.
The observed occurrences, however, are scattered in a very wide
range: from minimum of 12 for the palindrome TCGTACGA to
maximum of 43,517 for TTTTTTTT. Although the 156 8-mers
that showed the most significant clustering in bins 45 through 56
are not the rarest sequences in promoters, they do not appear to
represent only the abundant 8-mers. Although they are fre-
quently ignored (masked) in promoter analyses, we have not ex-
cluded repetitive sequences in this study. Our rationale is that
such sequences may actually contain active control elements by
virtue of their specific location.

The 159 8-mers with a P value =7, a one in 10 million single
sampling probability of occurring by chance, were examined in
more detail. One hundred fifty-six of these sequences had peaks
between bin 45 and bin 56. Those sequences were found to be
composed of overlapping sequences that could be grouped into
nine distinct classes (Table 1). The manual placement of an 8-mer
into a particular group was guided by (1) the similarity among
DNA sequences, (2) the shapes of the distribution histogram, and
(3) the peak position relative to the TSS. Seven of the DNA se-
quences that cluster are known TF binding sites, listed in the
order as they appear in promoters, starting with the most 5’
member: CCAAT, SP1, USF, CREB, TATA, NRF-1, and ETS (Table
1). One sequence, TCTCGCGA that we name Clus1, did not re-
semble any known TF DNA-binding site. The final sequence is
the Kozak sequence that is 3'of the TSS, and thus is transcribed
into mRNA, and encodes the initiating methionine of the pro-
tein. The distribution of the 8-mer with the greatest probability
of having a nonrandom distribution (P = 40.6) is shown in Figure
5A, and the distribution of the 159th 8-mer with a P=7.0 is
shown in Figure 5B.

Extending DNA Sequences That Cluster

For each of the eight groups in Table 1 that are 5'of the TSS,
we manually constructed a consensus sequence, some of which
extended 5’and 3’ beyond the central core of identity that
initially guided the formation of the groups. For example, Figure
6A shows the result of expanding the 5-mer CCAAT sequence to
the degenerate 9-mer (RRCCAATSR). The background is dramati-
cally reduced, whereas the peak height is not. The longer con-
sensus sequences provide greater confidence that the sequences
within the peak may be functional TF binding sites in their pro-
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moters because the occurrence of the sequence outside the peak
is so low.

For each consensus, we also varied the identity of each base
to determine if the related DNA sequences also clustered. The
general result was that related sequences do not cluster.

Eight Clustering Sequences Upstream of the TSS

The eight clustering DNA sequences upstream of the TSS are
found in 5082, or 39%, of the 13,010 promoters analyzed and are
discussed in the order they occur in promoters, starting with the
most upstream element.

CAAT

Thirty-two 8-mers contain an invariant 4-mer CAAT, and 27 of
them contain the invariant 5-mer CCAAT. Neighboring DNA se-
quences are constrained resulting in the degenerate consensus
9-mer (RRCCAATSR,; Fig. 6A) found in 994, or 7.6%, of the pro-
moters examined. The CCAAT sequence (Dynan and Tjian 1985;
Mantovani 1999) cluster is located the furthest upstream from
the TSS. The CCAAT sequence binds NF-Y (Sinha et al. 1995), a
trimer protein complex that bends DNA by using the histone fold
motif (Romier et al. 2003). We individually varied each of the five
invariant bases (CCAAT) and did not observe any clustering of
these 15 related sequences (Fig. 6B).

SP1

Twenty-seven sequences have been grouped into binding sites
for the SP1 family of three-zinc finger motif proteins. We high-
light three sequences that cluster, the 7-mer CCCGCCC, the
8-mer CCCCGCCC, and the 9-mer CCCCGCCCC; the first two
are found in 2696, or 20.7%, of promoters (Fig. 7A). The central
G is critical for the sequences to cluster, changing it to C results
in a sequence that does not cluster (Fig. 7A). Two additional
8-mers (CCCCTCCC and CCTCCCTC) also cluster, suggesting
that they either are degenerate sequences or are bound by differ-
ent members of the SP1 family of proteins.

Clusl

The 8-mer sequence TCTCGCGA that we termed Clus1 is found
in 140, or 1.1%, of promoters. No related sequence is observed to
cluster when each of the 8 bp is varied (Fig. 7B). No described TF
is known to bind this sequence.

USF

The palindromic 8-mer TCACGTGA and the related TCACGTGG
sequence cluster in 191, or 1.5%, of promoters examined (Fig.
7C). These sequences are bound by the USF family of dimeric
B-HLH-ZIP proteins (Bendall and Molloy 1994; Boyd and Farn-
ham 1999). The core of this sequence is the E box 6-mer
CANNTG that is bound by B-HLH-ZIP proteins (Ferre-D’Amare et
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Figure 4 The number of occurrences of each 32,896 DNA sequence in
the 13,010 promoter sequences is plotted as a gray dot. The abundance
of all 159 sequences with P = 7 is plotted as black triangles.



Table 1. DNA 8-mer Sequences That Cluster

CCAAT CRE ATG/KOZAK
47 690 CAATGGGA 11.3 50 484 TGACGTCA 18.4 52 960! CCAAGATG 7.5
47 601 CAATCAGC 13.1 49 282 ATGACGTC 8.5 52 617! GCAAGATG 13.7
46 708 CAATCAGA 14.4 50 503 CTGRACGTC 9.3 51 543 GCGCCATG 9.3
45 310 CCBATCGG 8.1 48 635 GTGACGTC  13.5 53 688! GCACCATG 9.9
46 871 CCAATCCC 8.0 50 313 GTGACGCA 7.4 52 1152 CAGCCATG 11.1
48 620 CCAATCAC 11.7 49 345 AGTGACGT 9.4 53 1005 CACCATGG 8.6
47 1061 CCARTCAG 23.6 49 294 CGTGACGC 8.0 52 426 CGCCATGC 9.0
47 306 CCAATCGC 13.3 49 280 CGTGACGT 10.2 52 931 CGCCATGG 9.4
47 770 CCARTGGG 31.1 48 379 GGTGACGT 7.1 52 1081! CABAGATGG 39.6
47 896 GCCAATCA  22.5 50 264 TGTGACGT 11.4 S1 1018 CABRAATGG 9.8
46 361 GCCAATAG 9.2 4% 241 ACGTGACG 10.3 51 1048 ABRAATGGC 16.8
48 357 GCCRATCG  12.4 4% 472 ACGTGACC 8.4 52 1202! ARGATGGC 36.9
46 578 GCCAATGA  17.0 49 332 ARGTGACG 23.9 52 881! AGATGGCG  40.2
47 775 GCCAATGG 26.8 50 769 GAAGTGAC 10.4 51 654 ACATGGCG  13.5
46 553 GCCRATCC 9.7 51 436 AAATGGCG  23.4
47 537 TCCAATCA 7.0 TATA 51 414 AATGGCGG 12.9
47 220 ACCAATCG  14.7 49 486 CCTATABA 9.3 52 1026! GATGGCGG  27.2
47 469 ACCAATGG 17.8 49 571 GCTATARA 7.1 52 920 CATGGCGG 18.4
46 583 ACCAATCA  17.4 49 496  CTATAKAG 10.1 54 291 CATGGCGT 11.1
47 384 GACCAATG 9.8 49 809 TTATARAG 10.9 51 583 ATGGCGCC 23.6
47 400 GACCARATC 19.2 43 ge1! TATARAAG 11.4 52 1125! ATGGCGGC 27.7
47 893 AGCCAARTC 19.3 49 417 . 9.7 52 619 ATGGCGGG 8.2
46 748 AGCCAATG 13.8 49 5421 TATARAGG 2.0 52 468! ATGGCGGA 16.0
47 680 GGCCAATG 11.7 49 860! ATAAAAGE 17.1 52 966 ATGGCTGC 15.8
48 658 GGCCAATC 24.0 49 630 TABAAGGC 9.9 54 7T9l! CCAGGTAR 7.1
47 547 GAGCCAAT 10.2 56 307! CGCAGGTA 8.2
47 324 GGACCAAT 8.8 NRF-1 gé 12;; CGgAGTCT S.é
47 483 GGGCCAAT 12.4 g GGTGAGTG 3
48 509  CGGCCAAT 10.9 28 ;ggg ngggggc i;g 53 848! TGGTGAGT 7.9
47 1039 CAgECnTAL 314 50 1767 ceccTecs 11.6
47 774 TCAGCCAAR 10.5 20 Tie3 GocATGOG 15,5 521414 GAGAGCTG 7.4
47 1036 GCAGCCAA 7.0 L0 ,1ea COOTeOC 55 53 38871 CTGCTGCT 9.1
% 53 35701 TGCTGCTG 8.0
48 1205 GCGTGCGC 7.4
SP1 50 1041 CCTGCGCA  12.9
43 1332 GCCACGCC 15.7 50 903 ACTGCGCC 3.0
48 81390 GCCCCGCC  25.2 50 572 TGCGCATG 8.5
48 3078 CGCCCCTC 7.3 49 386 CGCGCATG  11.1 -
48 5248 cGCCecee  13.7 55 1179 GOGCATGC 18.5 Highlighted Sequences
48 3141 CGCCCCCT 7.4 CCAAT
48 7055  cceeeeec 18.1 *42-49 10.0 RRCCAATSR 1170
47 2106 CCGCCCAC 8.1 ETs
25 gzgz gggggggg 12:2 49 1546 AGGAAGTG 7.6 SP1
B 260E oeioasoan 1o.e 491324 GGAAGTGA  16.2 *44-50 8.8 CCCCGCCC 3424
a8 A76T  CoeeheED 553 49 923 GGAAGTGC 11.9 *44-50 8.3 GCCCCGCC 2687
50 1892 GGBAGTGG 7.5 44-50 8.7 CCCGCCCC 2257
48 1170 ACGCCCCC 15.4 0 e COOARCTA 231
7. :
© 0 e 7o DN coan Do Clust
48 2890 CCCeCeeT 8.9 50 426 CGGRAGTC 24.8  x43-51 8.2 TCTCGCGA 211
47 2334  CCCGGCCA 10.8 gé ggi gggiiggg 22 'g
48 2462 TCCGCCCC 8.4 5 56 CCCAAATG 7 5 USF
48 4767 CCCGCCTC 18.8 19 567 CGGAAGCT 8'4 *46-50 7.3 CCACGTGA 123
48 3366 CTCCGCCC 11.8 59 @24 e ———— 19'2 *47-51 7.6 TCACGTGA 89
48 11029 CCCCGCCC 31.3 U0 11%0 ConOARGE 0.5
48 3190 CCCCGCCT 12,5 0030 CooeAACT 519 CRE
49 918 TTCCGCCC 17.8 51 459 CCGGAAAC 13.1 *45-50 9.5 TGACGTCA 190
48 2673 GCTCCGCC 72 50 600 BCCGGAAG 40.6 *45-51 5.1 TGATGTCA 125
49 1213 CTTCCGCC Zi 50 1096 GCCGGARRAG 23.2  46-50 7.1 TTGCGTCA 48
o puecsce 1l imi Geome o
e e 74 51 603 ACCCGGAA 7.8 TATA
50 382 CACCGGAA 12.9 +48-49! 7.7 TATARAD 472
49 401 GACCGGAA 7.4  48-49! 2.4 ‘TATATAD 349
49 556 AGCCGGAA 8.7  48-50! 5.5 TATAAGD 217
Clus1 50 541 CGCCGGAA 24.9
48 432 TCTCGCGA 10.6 51 820 GCGGRAGC 7.9 NRF'1
50 @0g GeleeGn 33.6 +46-51 7.2 CGCVIGCG 906
USF 50 712 AGCGGAAG 18.5
49 755 CACGTGAC . 50 433 AAGCGGAA 15.9 ETg

48 294 TCACGTGA

49 582 TCACGTGG *44-51 13.1 VCCGGAARRY 1031

*48-51 11.6 RGCGGAAGY 260

o WO W
O O

One hundred fifty-six DNA sequences are grouped into related sequences and arranged by their peak position relative
to the TSS. From the left the table contains the most abundant bin, the number of times the sequence occurs in the
distribution, the 8-mer sequence, and finally the P value (see text). The end of the table contains consensus se-
quences. Here the leftmost numbers are the bins defining the peak, followed by the clustering factor (CF), the
consensus sequence, and finally the number of occurrences of the sequence in the bins that comprise the peak.
Exclamation point (!) denotes sequences that are at least threefold more abundant in the maximum bin on the DNA
strand presented in the table than on the opposite strand. The asterisk (*) denotes sequences used in Tables 2 and
3. IUPAC letters used to represent degenerate bases are R (G,A), W (A,T), Y (T,C), K(G,T), V (G, C, A), D (G,AT), and
N (AT,G,Q).
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quence that was not found in the group of
156 most significant clustering sequences,
resulting in the consensus CGCVTGCG that
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Figure 5 Distribution (number of occurrences per bin as a function of position relative to the TSS)
of the DNA 8-mer (ACCGGAAG) that shows the greatest clustering (A) and the 159th 8-mer

(CCGCCTCG; B).

al. 1993). Varying each base in this consensus or keeping one-
half of the palindrome constant and varying the other half
(NNNNGTGA) does not identify additional clustering DNA se-
quences.

CRE

The palindromic 8-mer TGACGTCA sequence is known as the
cAMP responsive element (CRE; Shaywitz and Greenberg 1999;
Mayr and Montminy 2001). The CRE is bound by a variety of
B-ZIP proteins, including CREB, ATF1, and Oasis homodimers,
and FOS|JUN and ATF2[JUN heterodimers (Vinson et al. 2002).
Varying each of the nucleotides in the CRE consensus revealed a
related sequence that also clusters (TGATGTCA), which is not
one of the 159 most clustering sequences. These two sequences
occur in 310, or 2.4%, of promoters examined. To identify related
DNA sequences that may cluster, we maintained one-half of the
CRE palindrome constant and allowed the second half to vary
(NNNNGTCA). This identified an additional clustering sequence
(TTGCGTCA) that consists of a C/EBP and a CREB half site (Moll
et al. 2002) that can be bound by a C/EBPIATF4 (Vinson et al.
1993) or a C/EBPIATF2 heterodimer (Fig. 7D; Shuman et al.
1997).

Eleven 8-mers contain the six-base sequence GTGACG.
These appear to be of two classes. One class may be degenerate
CRE and/or USF sites or a binding site for an unknown TF. The
second class, for example, the complement of GAAGTGAC (GT
CACTTC), can be extended to the clustering 11-mer CCG
GAAGTGAC, which is the juxtaposition of an ETS sequence and
half of a CRE sequence (data not shown).

TATA
Nine 8-mers have been grouped together and are predicted to be
bound by the TATA binding protein (TBP; Kim et al. 1993) that
recruits the basal machinery to initiate transcription (Geiger et al.
1996). The consensus 7-mer TATAAA is found in 335, or 2.6%, of
all promoters examined. The TATA sequence shows the sharpest
peak but also has the highest background.
This is the only clustering TF binding site

. . . . L R " 200 L = . .
s transcription — transcription
0% start th e start
e Best peak 150 159" peak
S P =40.6 P=7.0
1240
3 100 CCGCCTCC
%]
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Promoter position

Bin# 1 10 20

is found in 776, or 6.0%, of promoters (Fig.
7G). This sequence is bound by the tran-
scription factor NRF-1 that regulates expres-
sion of nuclear-encoded mitochondrial
genes (Scarpulla 2002).

ETS

Twenty-seven 8-mers have been grouped
into binding sites for the ETS family of tran-
scription factors (Graves and Petersen 1998;
Sharrocks 2001). The extended consensus is
the 9-mer VCCG GAARY found in 897, or
6.9%, of promoters. This extended consen-
sus was identified in in vitro DNA-binding site selection experi-
ments by using ETS proteins (Graves and Petersen 1998). DNA
sequences with the two variable bases RY changed to YR do not
peak, showing the importance of the extended sequence for clus-
tering (Fig. 7H).

Four 8-mers contain a 1-bp variant of the ETS sequence, the
6-mer GCGGAA. The extension of this sequence is the 9-mer
RGCGGAAGY found in 243, or 1.9%, of promoters. DNA-binding
site selection experiments indicate that this ETS site variant is
bound by the PEA-3 subfamily of ETS proteins (Brown and Mc-
Knight 1992).

+1bp +500bp

Kozak Sequence

The Kozak sequence is the only sequence to cluster 3’ of the start
site. It is found in 32 of the DNA 8-mers examined. This sequence
includes the initiating ATG, which encodes the amino-terminal
methionine found in all proteins, and surrounding nucleotides
important for ribosome binding to the mRNA. These sequences
are preferentially found on one strand of DNA as is expected if
they function in the mRNA to initiate protein translation (Fig. 8).
These DNA sequences have the same general distribution, a peak
that abruptly decreases going 5’ and more slowly trails going 3'.
This shape is the opposite of what we observe for transcription
factor binding sites. Several of these sequences extend to the 3’ end.

Transcription Factor DNA-Binding Sites That Do

Not Cluster

To determine if clustering is a property exhibited by all TF bind-
ing sites, we determined the distribution of 193 DNA sequences
reported to be TF binding sites found in the TRANSFAC Database,
version 3.4 (http://transtac.gbf.de/TRANSFAC; Matys et al. 2003).
This set of DNA sequences ranges in length from 5- to 20-mers.
Three general distribution patterns were observed: (1) 15 DNA
sequences formed peaks between —120 and the TSS (these rep-
resent variations of the six consensus DNA sequences we identi-
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consensus RRCCAATSR and the 15 single base variants of the central CCAAT (B).
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Figure 7 Distribution of selected sequences (8-mers and consensus patterns). (A) Three SP1
(CCCGCCC, CCCCGCCC, CCCCGCCCC) sequences and a nonpeaking single base variation
(CCCCCCCQ). (B) Clus1 (TCTCGCGA) sequence. (C) Two USF (TCACGTGG, TCACGTGA) se-
quences. (D) Three (TGACGTCA, TGATGTCA, TTGCGTCA) CREB like sequences. (E) Strand-specific
localization of the TATAAAD sequence. (F) Two variants (TATATAD and TATAAGD) of TATA, plus
strand (+) only. (G) Three NRF-1 (CGCCTGCG, CGCGTGCG, CGCATGCG) sequences. (H) ETS core
(CCGGAA), consensus sequence (VCCGGAARY), and a peaking (VGCGGAARY) and nonpeaking

VCCGGAAVYR variant.

fied); (2) two sequences are severely underrepresented near the
TSS, the zinc finger protein LYF1 (Ikaros) TTTGGGAGR, and the
HMG protein SRY (sex-determining region Y gene product;
WWAACAAWA,; Fig. 9A); and (3) the majority of TF binding sites
are uniformly distributed from — 1000 to 500 bp including Myb
(AACKGNC), HSF2 (GAANNWTCK), and TRE (TGAGTCA;
Fig. 9B).

A couple of DNA sequences have been implicated in the
initiation of polymerase II transcription. These include the ini-
tiator (YYANWYY; Lo and Smale 1996) and the downstream pro-
moter element (RGWCGTG; Kutach and Kadonaga 2000). How-
ever, an analysis of the 13,010 promoters does not indicate that
these sequences are uniquely positioned relative to the TSS
(Fig. 9C).

volved in essential cellular functions, for ex-
ample, translation (ribosome) and degrada-
tion (proteosome) often have ETS sequences
in their promoters. For example, the ETS se-
quence clusters in 8% of promoters but is
observed in 23% of ribosomal genes, 43% of
mitochondrial ribosomal genes, and 42% of
proteosomal genes. NRF-1 and Clusl are
preferentially observed in the ribosomal
genes, but unlike ETS sequences, they are not observed in pro-
teosomal genes. This suggests a combinatorial system of DNA
sequences is used to regulate expression of functionally related
genes. These data are in sharp contrast to the 147 channel-related
genes that do not have a single ETS or Clusl sequence in their
promoters.

We also determined whether clustering of DNA in promot-
ers correlates with tissue-specific mRNA expression (Table 3). The
Web site (http://expression.gnf.org) contains mRNA expression
data for 29 human tissues derived from microarray data (Su et al.
2002); 6744 genes are in common with the set of 13,010 promot-
ers we examined. From these 6744 genes, we extracted two sub-
sets based on their differential mRNA expression levels in tissues:
We defined tissue-specific genes to be highly expressed in one or
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Figure 8 Distribution of the Kozak octamer AGATGGCG on the plus
strand (+) and minus strand (—).

two tissues and housekeeping genes to be expressed in 62 or more
of the 63 samples. Based on this classification, 12.6% of the genes
are housekeeping genes and 9.2% are tissue-specific genes. Table
3 presents the tissue-specific mRNA expression properties of
genes with specific DNA sequences in their promoters. ETS, NRE-
1, and Clusl are preferentially observed in the housekeeping
genes, whereas only TATA is preferentially observed in tissue-
specific genes. For example, 8.2% of genes have promoters
that contain an ETS sequence in the peak, but 14.6% of house-
keeping genes have promoters that contain an ETS sequence in
the peak.

To ascertain if the sequence within the peak had different
properties than the same sequence outside the peak, we exam-
ined the mRNA expression profile for promoters that contained
ETS, NRF-1, or Clus1 sequences outside the clustering peak. These
DNA sequences outside the peak do not correlate with house-
keeping genes (Table 4). In addition, promoters containing the
ETS sequences in the peak contain 4.5 times more mitochondrial
ribosomal genes than expected. In contrast, promoters contain-
ing the ETS sequences outside the peak contain 0.8 times the
number of mitochondrial ribosomal genes as expected. This type
of analysis provides greater assurance that individual ETS se-
quences that occur in the peak are biologi-
cally important. A similar analysis of TATA
sequences indicates that the observation

Bin# 1
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150 +

20

30

n

limited to those 8-mers that occurred frequently enough in
13,010 promoters to allow reliable analysis.

An enigma in eukaryotic promoter analysis is that not all
DNA sequences that can be bound by a TF are biologically rel-
evant. We suggest, however, that if a particular DNA sequence is
observed in the same position relative to the TSS, it is likely that
the individual DNA sequences that comprise the cluster are im-
portant for regulating gene expression of their promoters. We
identify 5082 promoters that contain one or more of eight DNA
sequences that cluster. For each of these eight DNA sequence
families, we generated a consensus sequence. However, although
our approach permits us to identify sequences that are likely to
be biologically relevant, it does not necessarily imply that related
DNA sequences are not important. It could simply be that the
related sequences are not sufficiently abundant to form a peak.

A prevailing theme in gene expression studies is that TFs
bind a variety of related DNA sequences to regulate gene expres-
sion. To determine if variants of the DNA sequence we identified
also clustered, we systematically varied each base in the consen-
sus DNA sequences. Different results are obtained for each con-
sensus sequence. For example, when the five invariant bases of
the RRCCAATSR consensus are individually varied, none of the
related 15 DNA sequences cluster. However, for the ETS consen-
sus sequences, the variants VCCGGAARY and VGCGGAARY
both form peaks. In vitro DNA-binding selection experiments
have shown that different ETS family members preferentially
bind one or the other of these two sequences (Brown and Mc-
Knight 1992; Graves and Petersen 1998; Sharrocks 2001). How-
ever, it remains to be determined if the variant sequences for SP1,
CREB, and USF are bound by different TFs, as is observed for ETS,
or are bound by the same TF. One of the sequences that clusters,
Clusl, is not a known TF binding site.

Three of the nine sequences highlighted in this analysis
are palindromic (CREB, USF, and NREF-1), although only 0.3%
(256/65,536) of all octamers are palindromic. Two properties of
palindromes may explain their predominance as important TF
binding sites. First, palindromes can be bound on either strand of
DNA, thus doubling their concentration and increasing the
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Figure 9 Distribution of selected sequences from the TRANSFAC database that are underrepre-
sented near the TSS, SRY (WWAACAAWA), and LYF1 (TTTGGGAGR; Ikaros; A); and uniformly
distributed, Myb (AACKGNC), HSF2 (GAANNWTCK), and TRE (TGAGTCA; B). (C) The core pro-
moter element Initiator, Inr (YYANWYY). (D) The core promoter element downstream promoter
element, DPE (RGWCGTG).
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Table 2. The Number of Promoters That Contain One DNA Consensus Sequence Also Containing a Second DNA Consensus Sequence

CCAAT SP1 Clus1 USF CREB TATA NRF-1 ETS

Consensus % of
sequences 13,010 # % P # % P # % P # % P # % P # % P # % P # % P

994 CCAAT 7.6 5.8 0.7 32 10.3
2,696 SP1 20.7 9.1 1.2 81 26.1
140 Clus1 1.1 1.3 1.4 1 0.3
191 USF 1.5 1.2 L 2.4 7 L ; . 10 3.2
310 CREB 24 32 3.2 1.2 3.0 7 L ; 10 52 20 5 1.6
335 TATA 2.6 29 29 0.4 1.1 7 1 0.5 1.1 14 45
776 NRF-1 6.0 56 5.6 0.1 0.7 19 9.9 1.7 25 8.1
1,072 ETS 8.2 84 85 0.1 1.3 27 141 24 27 8.7

To the left are the eight consensus sequences followed by the number of their occurrences in the peak, and the percentage of promoters containing this sequence. Across the top is the same set
of consensus sequences. The intersection is the number of promoters containing both sequences in the peak, followed by the percentage of the promoters containing the top sequence that also
contain the sequence from the side, and the probability of having the number of elements in the intersection more dramatic than given. For example, 20.7% of the 13,010 promoters contain the
SP1 sequence in the peak (2696), but 33.5% of promoters that contain a USF sequence (191) in the peak also contain the SP1 sequence in the peak. The probability of this positive correlation
between these two DNA sequences is P = 4.7. Those correlations that are greater than P = 5 are shown in black, a positive correlation has an asterisk in the probability column.
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Table 3. Functional Properties of Genes With Promoters That Contain Consensus DNA Sequences That Are in the Peak
CCAAT SP1 Clus1 USF CREB TATA NRF-1 ETS
Gene subsets # # % P # % P # % P # % P # % P # % P # % P # % P
Total 13,010 7.6% 20.7% 1.1% 1.5% 2.4% 2.6% 6.0% 8.2%
With GO 6,206 473 7.6 0.0 1,381 223 07 74 12 07 80 13 09 143 23 02 213 34 8.7 353 57 0.7 416 6.7 9.0
ontology
Without GO 6,804 521 7.7 0.0 1,315 19.3 06 66 1.0 06 111 16 10 167 25 03 120 1.8 9.0 421 6.2 0.6 656 9.6 9.1
ontology
With expression 6,744 541 80 1.1 1,472 218 05 8 12 07 9 13 0.7 169 25 0.5 194 29 1.7 410 6.1 03 499 74 2.0
data
Housekeeping 850 77 9.1 YV WANRERY 16 19 14 12 14 02 17 20 04
Tissue specific 620 43 69 0.5 111 179 0 2 03 14 7 1.1 01 17 27 0.2
Ribosomal 100 9 90 03 22 220 0.0 VARV RS 1 1.0 0.1 2 20 0.1
Mitochondrial 53 3 57 0.1 15 283 07 3 57 22 0 0.0 0.0 0 00 0.2
ribosomal
Proteasome 38 1 26 04 12 316 09 1 26 0.8 0 0.0 0.1 0 0.0 0.1
Channel 147 3 20 22 29 197 03 0 00 05 2 14 02 1 07 0.6

A variety of functional characteristics was examined for each gene, including if they had a GO ontology annotation, were involved in related biological processes (e.g. ribosomal, proteasomal, or
channel) and mRNA expression properties (housekeeping or tissue specific). For each criterion, we present the total number of genes in the group. We next present the three numbers for each
consensus sequence: (1) the absolute number of promoters in the group with the consensus sequence in the peak, (2) the fraction of genes in the group that have this consensus, and (3) a statistical
measure of the correlation between these two terms. For example, 7.6% of the 13,010 promoters contain the CCAAT sequence in the peak, but only 2% of the 147 channel genes contain the
CCAAT sequence in the peak. Those correlations that are greater than P = 3 are shown in black, a positive correlation has an asterisk in the probability column.
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Table 4. Functional Properties of Consensus Sequences Outside of the Peak
Clus1 TATTA NRF-1 ETS
Gene subsets # Peak Nonpeak Peak Nonpeak Peak Nonpeak Peak Nonpeak
139 152 335 3332 776 1542 1072 1522
Total 13,010 # Ratio P # Ratio P #  Ratio P # Ratio P # Ratio P #  Ratio P # Ratio P #  Ratio P
With expression
data 6,744 79 1.1 0.7 8 1.1 05 194 1.1 1.7 1,480 0.9 10 410 1.0 0.3 830 1.0 1.0 499 0.9 20 798 1.0 0.2

Housekeeping 850 15 1.5 1.2 18 1.7 2.0 0.6 0.8 3. 1.4 1.4

Tissue specific 620 2 03 14 5 06 04 .8 0.7 0.7
Ribosomal 100 NEERDEEESTEN 2 1.5 05 3 0.8 1.3
Mitochondrial

ribosomal 53 3 438 22 1 14 05
Proteasome 38 1 2.2 08 0 00 0.1
Channel 147 0 0.0 04 1 05 0.1

The genes with promoters that contain the ETS, NRF-1, Clus1, and TATA are divided into two groups, those in which the consensus sequence is in the peak, and those in which the consensus
sequence is not in the peak. The same set of parameters as for Table 3 for each functional criteria and consensus sequence is presented. For example, 124 of the 850 housekeeping genes contain
the ETS sequence in the peak. This is 2.0 times more than the expected frequency: (124/850)/(1072/13,010). Those correlations that are greater than P = 3 are shown in black, a positive correlation

has an asterisk in the probability column.
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number of productive encounters between the TF and the DNA.
Second, palindromes can be bound by dimeric proteins, as is
known to be the case for the CREB and USF sites. Monomers
dimerize to double their local concentration and now bind pal-
indromic DNA that, again, is in a higher concentration because it
can be “viewed” on both strands of DNA. Both of these effects make
palindromic sequences “attractive” structures for TFs to bind.

Coordinate gene expression is a hallmark of genetic regula-
tion and may be mediated by TFs that bind in the promoter of
coordinately regulated genes. We have addressed this issue by
determining if correlations exist between the presence of a par-
ticular DNA sequence in a cluster and the mRNA expression
properties and/or function of the gene. In general, at the mRNA
expression level, promoters containing ETS, NRF-1, and Clusl
tend to be housekeeping genes. Looking at gene function, the
ancient classes of essential housekeeping genes, for example, the
ribosomal and proteosome genes, have the ETS, NRF-1, and
Clus1 sequence in their promoters. The significance of these re-
sults is bolstered by the observation that the promoter of mito-
chondrial ribosomal genes has NRF-1 sites (Scarpulla 2002). Thus,
these sequences may be an ancient regulatory element that has
been conserved throughout metazoan evolution.

TATA is often considered the prototypical DNA promoter
element, however, in this analysis TATA is an exception. It is the
only TF binding site to show strand-specific distribution, it has
the sharpest peak, it has the highest background, it has the most
variant sequences that cluster, and it is the only TF that positively
correlates with tissue-specific gene expression. In the Eukaryotic
Promoter Database (EPD), 51% of the genes contain a TATA (Da-
vuluri et al. 2000) [T/A] element. Recently, it was found that the
same TATA consensus occurs in 27% of 10,276 putative promot-
ers (600 bp) derived from the Mammalian Gene Collection (Trin-
klein et al. 2003). However, the study presented here indicates
that only 2.6% of promoters contain a TATA site in the peak. This
does not suggest that TATA sequences outside of the peak are not
important, only that those TATA sequences in the peak are likely
important and might more accurately reflect functional TATA
sequences. The traditional experimental focus on TATA contain-
ing promoters probably reflects the fact that these promoters can
dramatically alter their transcriptional activity, making them
ideal experimental systems, as is expected for tissue-specific
genes (Smale 1997).

This study did not identify a single DNA sequence that clus-
tered relative to the TSS for the majority of promoters. Thus, if
such a sequence exists, it is sufficiently degenerate to be missed
by this analysis. Previous studies of eukaryotic promoters have
identified the initiator element as a DNA sequence that can act
with or without TATA to direct accurate transcription initiation
by RNA polymerase II (Smale 1997). However, the initiator ele-
ment (Inr) has a degenerate sequence YYANWYY that does not
cluster at the TSS. Instead of a universal DNA sequence that de-
fines the TSS, the transcription factors that bind the eight clus-
tering DNA sequences may themselves be involved in recruiting
the basal machinery and regulating the position of transcrip-
tional initiation. In support of this conjecture is the observation
that CREB (Ferreri et al. 1994) and USF (Sawadogo and Roeder
1985) interact with components of the TFIID complex.

The observation that many clustering sequences positively
correlate with the presence of additional clustering sequences,
including themselves, suggests that promoters tend to contain
multiple TF binding sites.

This analysis has identified key DNA sequences in 5082 pro-
moters that cluster relative to the TSS and thus may be important
for regulating gene expression. We expect that analyses using less
stringent parameters may identify additional DNA sequences
that are critical for gene expression.

1572 Genome Research
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METHODS

Data Set Generation

We combined the DNA sequence data for the annotated RefSeq
genes in the Golden Path Human Genome Assembly (version
December 2001; Kent et al. 2002; http://genome.ucsc.edu/), with
data from the database of TSS (DBTSS; Suzuki et al. 2002; http://
dbtss.hgc.jp/index.html) and generated two data sets: the control
set representing sequences from —2,500 to —1000 bp relative to
the TSS, and the experimental set containing sequences — 1000
to 500 bp relative to the TSS. Both data sets contain sequences
from 13,010 RefSeq genes. The BLAST and BLAT programs were
used to align the DBTSS and Golden Path data, and sequences
that showed multiple homologies were discarded. These data sets
were queried with the program fuzznuc from the EMBOSS suite of
software (Rice et al. 2000) or tacg (Mangalam 2002) to locate the
occurrence and position of different DNA sequence motifs.

8-mer Analysis

There are 65,536 possible octameric sequences, and of these 256
are palindromic. Among these 65,536 possible octameric se-
quences, each sequence and its complement is represented. Thus,
the number of possible comparisons can be reduced from 65,536
to 32,896 (32,640 nonpalindromic + 256 palindromic sequences)
when both strands of the target sequence are examined. All
32,896 8-mers used in this analysis were automatically generated
by custom software and were searched against all 13,010 pro-
moter sequence in batches of ~3800. The raw data was then pro-
cessed by a combination of scripts and programs to generate the
final binned distribution for each 8-mer. To analyze the data, we
divided the 1500 bp into 75 bins with each bin containing 20 bp.
For the data set —1000 to 500 bp, the numbering for bin 1 is
—1000 to —981, thus bin 51 is form 1 to 20 bp. We determined
the number of times a particular DNA sequence occurred in each
20-bp bin.

CF Calculation

To determine if a DNA sequence forms a peak in its distribution
(i.e., clustered), we used an automated method of detecting and
quantifying peak height. For the 75 bins in each frequency dis-
tribution, a mean (X) and standard deviation (o) were deter-
mined. Those points, which were =2 SD above the mean, were
considered to be part of the peak and a new mean (X') and stan-
dard deviation (o) were calculated excluding these points. The
CF was then calculated based on the maximum bin value (x,,,,,) and
the corrected mean and standard deviation CF = (x,,,,, — X')/(c").

Calculation of P Value for Distribution

To evaluate the probability that the results were obtained by
chance, we converted the CF values into probability terms based
on the analysis of the occurrence of each 8-mer in 1000 random
data sets. One thousand random data sets, each containing
13,010 sequences 1500 bp long, were generated by using the
8-mer frequencies observed in the original data set. To populate
each 1500-bp promoter, initially an 8-mer was chosen at ran-
dom. To determine each next base, the preceding 7-mer was
identified. The frequency of the four 8-mers starting with this
7-mer was determined, and the next bp was chosen by chance
maintaining this frequency. This process was continued until the
entire 1500-bp sequence was determined (seventh-order Markov
model). For each of the 1000 data sets, the distribution of all
32,896 8-mers was determined, and the CF determined, as above.
From the 1000 separate CF values (CF,,,,) for each octamer, a
mean (CFeyp,) and standard deviation (oey,,) were computed. Fi-
nally, we calculated the probability term, P, that represents
—log,o(1 — p), where p is the area that lies under the normalized
curve of the distribution of CF.,. Thus, the greater the P value,
the more nonrandom the result.

The clustering and graphing of the data was performed us-
ing the programs Excel (Microsoft) and/or Grace (http://plasma-
gate.weizmann.ac.il/Grace/).
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A collection of 193 transcription motifs were selected from
the TRANSFAC database (version 3.4) for analysis of the distribu-
tion of TF binding sites across the 1500 bp.

Tissue Specificity Classification

Based on the mRNA expression data for 63 samples representing
29 human tissues (http://expression.gnf.org), from the set of
6744 genes, which is in common with these data and 13,010
promoters that were examined, we extracted two subsets of
genes: tissue-specific genes and housekeeping genes.

To classify those genes we defined two floating cutoffs, the
values of which were individual for each given gene and de-
pended on the maximum expression value of that gene: (1) high
expression cutoff, the value that is 70% of the maximum expres-
sion level for the given gene always staying within the limits of
=250 and =400; and (2) middle expression cutoff, the value that
is 40% of the maximum expression level always staying within
the limits of =130 and =200.

Those genes, the expression level of which is greater than
high expression cutoff in one or two samples, and at the same
time the expression level is greater than middle expression cutoff
in four or fewer samples, were classified as tissue-specific genes
(12.6% of the 6744 genes). The genes with an expression level
that was greater than middle expression cutoff or high expression
cutoff at least in 62 of the 63 samples were classified as house-
keeping genes (9.2% of the 6744 genes).

Calculation of P Value for Subsets in a Set

To determine the significance of the numbers presented in Tables
2 through 4, we introduced a “probability” parameter, which is
the normalized probability that the results observed occurred at
a higher (or lower) frequency than would be expected by random
chance. We calculated this parameter based on the standard P
value for a two-tailed distribution. For each set containing S
members, we calculated the number of possible combinations in
which the two subsets containing s, and s, members have m
members in common
N, =C C%)

So—1m 1

the total number of combinations

N=C$

sp !

and the probability of having m members in the intersection

N, ChC3h
pm = W = C‘—:2

where C} is combinatorial combination.

Then we calculated the integrated probability that our ob-
served value (m*) occurred at greater than expected frequency, if
m* is greater than the most probable value of m

Mmax
1=2 3 p,,
m*
or our observed value (m*) occurred at lower frequency than ex-
pected when m* is less than the most probable value of m

m*

=22 p,,
0

where m,,,, = min(s,;,s,). We doubled the result so integrated
probability, I value, should be varied in a range from zero to one,
and took the logarithm P(m*) = —log,,(I).

The value of P indicates the statistical probability of num-
bers being nonrandom: The greater the number, the more statis-
tically nonrandom the result. For instance, in Table 2, in the
CCAAT-SP1 intersection: there are 13,010 genes in total, 994 of

them have a CCAAT site (7.6%), 2696 have a SP1 site (20.7%),
and 288 have both sites. Thus, of CCAAT genes 29.1% have SP1,
which is ~1.5-fold greater than expected. The probability to have
288 (or more) members that have both CCAAT and SP1 sites is
P =10.2, a big number, which means that the number of ele-
ments in the intersection is not a result of random fluctuation
but is determined by the nature of interdependence of the presence
of CCAAT and SP1 sites under the peaks in the promoter region.
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