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Abstract

Background: The promoter is a critical necessary transcriptional cis-regulatory element. In
addition to its role as an assembly site for the basal transcriptional apparatus, the promoter plays
a key part in mediating temporal and spatial aspects of gene expression through differential binding
of transcription factors and selective interaction with distal enhancers. Although many genes have
multiple promoters, little attention has been focused on how these relate to one another; nor has
much study been directed at relationships between promoters of adjacent genes.

Results: We have undertaken a systematic investigation of Drosophila promoters. We divided
promoters into three groups: unique promoters, first alternative promoters (the most 5' of a gene's
multiple promoters), and downstream alternative promoters (the remaining alternative promoters
3' to the first). We observed distinct nucleotide distribution and sequence motif preferences among
these three classes. We also investigated the promoters of neighboring genes and found that a
greater than expected number of adjacent genes have similar sequence motif profiles, which may
allow the genes to be regulated in a coordinated fashion. Consistent with this, there is a positive
correlation between similar promoter motifs and related gene expression profiles for these genes.

Conclusions: Our results suggest that different regulatory mechanisms may apply to each of the
three promoter classes, and provide a mechanism for "gene expression neighborhoods," local
clusters of co-expressed genes. As a whole, our data reveal an unexpected complexity of genomic
organization at the promoter level with respect to both alternative and neighboring promoters.

Background

Coordinated regulation of gene expression is a fundamen-
tal process that depends on the binding of transcription
factors to a gene's cis-regulatory sequences. Absolutely
required for transcription initiation of metazoan protein-
coding genes is the core promoter, the region of DNA 35—

40 bp upstream and downstream of the transcription start
site (TSS) [1]. The core promoter contains sequence ele-
ments, referred to as "core promoter motifs," which inter-
act with the basal transcription machinery, including RNA
polymerase II and the TFIID complex [2]. In recent years,
it has become clear that the core promoter, rather than
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playing a passive role in the spatial and temporal regula-
tion of gene expression, is an important active partner in
these events [3,4]. For instance, different promoter
sequences are found preferentially associated with certain
functional classes of genes, with genes expressed at partic-
ular developmental stages, and with genes expressed in
the germ line versus the soma [5-8]. Various tissue-specific
members of the TATA box-binding protein (TBP) family,
such as the TBP-related factors (TRFs), bind preferentially
to certain core promoters [4]. There is also substantial evi-
dence for preferred or specific promoter-enhancer interac-
tions, whereby a distal cis-regulatory module (CRM, or
"enhancer") can stimulate activity from one promoter,
but not another [9,10].

A number of mechanisms have been demonstrated to
restrict the activity of a CRM to a particular promoter,
including insulator elements [11], insulator-bypass or
promoter targeting elements [12,13], short-range repres-
sion [14], chromatin-mediated silencing [11,15], and
preferential interaction with promoters containing certain
core promoter motifs [10,16-19]. The relative prevalence
of each of these mechanisms is unknown, as in most cases
is a detailed understanding of how they function. In par-
ticular, the molecular basis underlying core promoter
preference has not been clearly defined.

The existence of CRM-promoter specificity is all the more
remarkable given that it is maintained despite the fact that
there are sometimes other promoters closer to, or even
interposed between, a CRM and its target. In fact, the latter
may be a much more common scenario than typically
credited, as it can occur not only with respect to the regu-
lation of different genes, but also with respect to alterna-
tive promoters of the same gene. In humans, it is
estimated that upwards of 50% of all genes have at least
one alternative promoter [7,20], and there is growing evi-
dence that alternative promoter usage plays important
roles in both development and disease [21]. It is
unknown how frequently such alternative promoters are
regulated by distinct CRMs, but the number could be
large; Kimura et al. [20] suggest that over 1800 sets of
alternative promoters are regulated in a tissue-specific
fashion.

Except for the case of bidirectional promoters (those that
regulate divergently transcribed genes; [22,23]), few stud-
ies have focused specifically on promoters of neighboring
genes or on alternative promoters, and little is known
about the mechanisms that direct promoter usage choice.
Baek et al. [24] recently analyzed a subset of human pro-
moters by dividing them into the four categories of CpG-
island containing and non-containing single and alterna-
tive promoters, and observed differences in sequence
properties, evolutionary conservation, biological roles,
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and degree of usage. Their data suggest that there may be
differences among promoters depending on their relative
position in the gene, with more upstream promoters
being more highly expressed and more CpG-rich than the
more downstream promoters. Interestingly, they found
that the TATA box and DPE core promoter motifs were
more common in single than in alternative promoters.
However, a similar study by Kimura et al. [20] found little
difference in the frequency of the TATA box between the
two groups, although they observed a large difference in
the prevalence of CpG islands. Differences in the full set
of promoters used and in how the promoters were
grouped-the latter study did not look separately at the
CpG-containing and non-containing promoters—may
account for the discrepancies in the reported results. A
number of other sequence motifs, of unknown functional
significance, were also seen to be differentially repre-
sented among the promoter classes [24]. These studies
suggest that there might be fundamental differences in the
structure and function of single versus alternative promot-
ers that could have broad implications for understanding
how transcription is coordinated within the genome.

As a means to developing an estimate of how important
the sequence of the promoter might be in dictating pro-
moter usage choice and in mediating CRM-promoter spe-
cificity, and as a prelude to experimental studies of the
mechanisms of CRM-promoter interactions, we under-
took a global bioinformatics analysis of Drosophila mela-
nogaster promoters. We found that there are marked
differences in nucleotide composition and motif preva-
lence between single promoters and alternative promot-
ers, and between the most 5' alternative promoters and
more downstream alternative promoters. We also
observed that adjacent genes on the chromosome are
more likely than expected to have promoters with a simi-
lar motif profile, and that this similarity in promoter con-
figuration correlates with co-regulated gene expression.
Our results suggest that promoter composition may play
a larger-than-appreciated role in coordinating gene
expression both between nearby genes and between mul-
tiple transcripts of the same gene.

Results

In order to conduct a comprehensive genome-wide study
of promoters, we looked at all protein coding genes anno-
tated in the Drosophila genome annotation release 5.5
[25]. We considered all annotated TSSs to be true TSSs.
Multiple TSSs that were less than 18 bp apart were consid-
ered as sharing the same promoter (see Methods). All
together, we obtained 16,469 promoters from the
genome, and separated these into three mutually exclu-
sive classes (Fig. 1A; see Methods): unique promoters (UPs),
i.e., promoters for genes having only a single promoter;
first alternative promoters (FAPs), defined as the most 5' of

Page 2 of 18

(page number not for citation purposes)



BMC Genomics 2009, 10:9 http://www.biomedcentral.com/1471-2164/10/9

UP FAP DAP DAP DAP
— — — — —
HlHH
|
Gene A Gene B

DAP DAP
(2854) (851)
L FAP \
FAP (660) —
(1955) —
_UP «__ UP
(11660) (8387)
D
DAP
(599)
FAP L
(479) —
~—_ UP
(4311)

Figure |

Promoter sets used for this study. (A) Schematic view of the three types of promoters: unique promoters (UPs), first
alternative promoters (FAP), and downstream alternative promoters (DAP). (B) Number of promoters in each class when
using the "all promoters" data set. (C) Number of promoters in each class when using the "high quality" data set. (D) Number

of promoters in each class when using the "cap supported" data set.
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a gene's multiple promoters (with respect to the coding
strand); and downstream alternative promoters (DAPs),
which are any alternative promoters 3' to the FAPs. There
were 11660, 1955, and 2854 promoters in UPs, FAPs and
DAPs respectively (Fig. 1B). Approximately 14% of genes
had alternative promoters, with an average of 2.46 pro-
moters/gene (range 2-13) for those with more than one
promoter.

Although there are undoubtedly errors in the genome
annotation with respect to TSSs [e.g., [26]], we reasoned
that these errors would be few relative to the total number
of annotated genes and that therefore, while they might
contribute noise to our analysis, they would not mask any
clearly significant results. However, to ensure the robust-
ness of our results, we also generated two higher confi-
dence sets of promoters: a "high quality" set of 9898
promoters based on FlyBase transcript evidence annota-
tions and a "cap-supported" set of 5389 promoters in
which all transcripts have their 5' ends accurately mapped
based on ¢DNA isolation using a 5' cap-dependent
method (see Methods). We separated these smaller pro-
moter sets into UPs, FAPs, and DAPs, as we did with the
full promoter set, and performed all analysis in parallel
with the three sets (Fig. 1C, 1D). In all cases, the results
were essentially the same (in a minority of cases with the
two smaller-sized high-confidence datasets, values fell
below the conservative statistical thresholds we had set,
but trends were consistently maintained; Figure S1 [see
Additional file 1], Tables S2 and S3 [see Additional file 2],
and data not shown).

Nucleotide distribution differs among the three promoter

classes

As a starting point for comparisons among the three
classes of promoters, we analyzed the distribution of the
four nucleotides in each class by calculating the mean fre-
quency of each nucleotide in a 10 bp sliding window
across the TSS region, ranging from -500 bp (outside the
proximal and core promoter regions) to +100 bp (down-
stream of the core promoter). Promoters whose sequences
overlapped that of an adjacent promoter of a different
class were excluded from analysis. Similar to FitzGerald et
al. [8], who looked only at UPs, we observed an AT peak
around -200 bp. However, although this peak is clearly
present for both UPs and FAPs, it is absent for the DAPs,
which have a markedly higher GC level between -300 bp
and -100 bp. Although the nucleotide distributions of UPs
and FAPs are similar to one another from -500 bp to -200
bp, they begin to separate afterward: around the TSSs, UPs
have more A but less C than the FAPs, and downstream of
the TSS, the UPs are more GC rich than the FAPs (Fig. 2,
Fig. S1). The point at which the promoter classes begin to
diverge is consistent with previous findings for human
genes that the region beginning at approximately -350 bp
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comprises an extended promoter region with an impor-
tant positive regulatory role [27].

Consistent with the trends we observed in the distribution
plots, we found that the GC content differs significantly
among all three classes of promoters with DAP > FAP > UP
(DAP versus UP: mean 0.413 (standard deviation (SD)
0.060) versus 0.379 (0.062), Kolmogorov-Smirnov test P
~ 0; DAP versus FAP: 0.413 (0.060) versus 0.397 (0.065),
Kolmogorov-Smirnov test P ~ 7.46e-11; FAP versus UP:
0.397 (0.065) versus 0.379 (0.062), Kolmogorov-Smir-
nov test P =~ 4.44e-16). Note that the GC content was cal-
culated after masking the coding regions in the promoters
to avoid bias caused by the higher GC content of coding
sequences [28-30]. The nucleotide distributions indicate
that all three promoter classes have distinct characteristics,
which are most pronounced when comparing the DAPs to
the others.

Distribution of promoter motifs in the different promoter

classes

The functional units of the core promoter are the "core
promoter elements," the sequences that mediate binding
of the general transcription factors to the promoter. Like
most transcription factor binding sites, the sequences of
these elements form a family of related subsequences
known as a sequence "motif." For brevity, and because in
this study we do not explicitly evaluate binding but deal
only with DNA sequence, we refer here to both the
sequence motifs themselves and to instances of these sub-
sequences in promoter regions as "promoter motifs."
Although the relationship between various core promoter
motifs and tissue- and stage-specific gene regulation has
been studied previously, as have possible associations
between certain motifs and genes of particular functional
classes [7,8], there has been no systematic investigation of
motif distributions in single versus alternative promoters,
or among differently positioned alternative promoters.
Therefore, we searched all 16,469 promoters for the pres-
ence of the 15 promoter motifs identified by FitzGerald et
al. [8] in their analysis of Drosophila UPs that are overrep-
resented in core promoters or the extended promoter
region up to -130 bp (Table S1 [see Additional file 2]; see
Methods). A full listing of the genomic coordinates of the
mapped motifs and their sequences is provided [see Addi-
tional files 3, 4, 5].

For each of the 15 motifs, we looked at their relative dis-
tributions in UPs, FAPs, and DAPs; 13 of them show a sig-
nificant occurrence bias among the three promoter classes
(Table 1). We see differences between unique and alterna-
tive promoters, between 5' promoters (UP or FAP) and
downstream promoters, and between first alternative and
more downstream alternative promoters. For example,
TATA/DMp1 is found in 5.8% of UPs, 5.1-fold and 6.1-

Page 4 of 18

(page number not for citation purposes)



BMC Genomics 2009, 10:9

The mean A level on promoters

o
o
=]
@
z
k<]
Q
s 84
§ ©
c
o
£
£
Q
[o}
® o
5 o 4
= O
Q
f=
<
3
o
o
< ©
[l -
2 3
—= UP% I
5 | T FAPs
& o — DAPs
1 1 T T T T T
-500 -400 -300 -200 -100 1 100
Promoter position
The mean C level on promoters
— UPs i
~—— FAPs |
DAPs u\
<+ )
C\! —
(=]
@
B
©
2
=
3
c
o
5
E §
£ o
[*]
©
@
k3
Iy
=
@
3
g 8
= ©°
©
@
=
@
5 =
T T T T T T T
-500 -400 -300 -200 -100 1 100
Promoter position
Figure 2

http://www.biomedcentral.com/1471-2164/10/9

The mean T level on promoters

0.30
|

Mean frequency of each mononucleotide

1 1 1 T 1 T 1
-500 -400 -300 -200 -100 1 100

Promoter position

The mean G level on promoters

0.20 0.22 0.24
1 |

Mean frequency of each mononucleotide

0.18
|

-500 -400 -300 -200 -100 1 100

Promoter position

The mononucleotide distribution of the three different classes of fly promoters. Shown are unique promoters
(black), first alternative promoters (red), the downstream alternative promoters (green). The mean frequency of each nucle-
otide was calculated in a 10 bp window sliding across the promoter region in | bp steps.

fold higher than its occurrence in the two classes of alter-
native promoters, FAPs and DAPs, respectively. NDM2 is
significantly underrepresented in UPs as compared to the
two classes of alternative promoters. DMv1l, DMv2,
DMv3, NDM3 and E-box/NDM5 are underrepresented in

the DAPs but do not differ significantly between the UPs
and FAPs. INR/DMp2 is more prevalent in DAPs than in
UPs, whereas INR1/DMp3 and DPE1/DMp5 are less com-
mon in UPs than in FAPs. The presence of DMv4 and
DRE/NDMA4 differs significantly among all three classes of
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Table I: Presence of the |15 fly promoter motifs in the three promoter classes

Occurrence percentage? p valueb

Motif UPs FAPs DAPs UPs vs. FAPs UPs vs. DAPs FAPs vs. DAPs
TATA/DMpl 5.77 1.13 0.95 9.73e-24 5.21e-36 ns
INR/DMp2 10.22 11.97 12.58 ns 3.36e-04 ns
INRI1/DMp3 0.52 1.43 0.74 4.54e-05 ns ns
DPE/DMp4 0.69 0.92 1.02 ns ns ns
DPEI/DMp5 0.39 1.07 0.81 3.32¢-04 ns ns
DMvl 1.56 2.46 0.70 ns 2.31e-04 6.23e-07
DMv2 0.85 0.87 0 ns 7.26e-10 2.17e-07
DMv3 3.17 348 1.65 ns 4.46e-06 6.86e-05
DMv4 3.39 5.58 1.23 7.10e-06 2.6%e-11 5.58e-18
DMv5 1.41 0.97 0.88 ns ns ns
GAGA/NDMI 1.23 2.86 4.87 4.14e-07 2.68e-29 4.55e-04
NDM2 292 4.76 6.03 4.87e-05 3.87e-14 ns
NDM3 .11 0.97 0 ns 8.40e-13 3.55e-08
DRE/NDM4 8.34 14.22 4.59 3.16e-15 1.04e-12 2.35e-31
E-box/NDM5 5.44 4.45 0 ns 2.73e-62 3.07e-35
None¢ 61.81 54.78 69.90 5.27e-09 4.73e-16 l.6le-26

apercentage of the promoters in a class having the specific motif.

bcalculated using Fisher's exact test. Holm's method was used for multiple hypothesis testing. ns, not significant.

cpercentage of promoters without any known motifs.

promoters with FAP > UP > DAP. GAGA/NDM1's occur-
rence is also significantly different among the three classes
with DAP > FAP > UP. The occurrence biases we observed
do not appear to correlate with the stage-specific motif
usage noted by FitzGerald et al. [8]. For instance, TATA
and GAGA are both preferentially associated with adult-
expressed genes, but while TATA/DMp1 is overrepre-
sented in UPs, GAGA/NDM]1 is more prevalent in DAPs.

As certain combinations of promoter motifs have been
shown to preferentially co-occur-for example, TATA and
INR, and INR and DPE [8,31,32]-we also looked at the
presence of motif combinations in the different promoter
classes (see Methods). Of the 14 significantly enriched
motif combinations, six show significantly different
occurrence among the three promoter classes (Table 2).

Overall, the pattern of motif combinations correlates with
the occurrence of individual motifs. For example, DMv3,
DRE/NDM4 and E-box/NDMS5 are significantly underrep-
resented in the DAPs, and the interactions between DMv3
and DRE/NDM4 and between DRE/NDM4 and E-box/
NDMS5 are also underrepresented in DAPs.

One concern in this type of analysis is that the definition
of, or method of searching for, the motifs may affect the
results by altering the number and locations of the identi-
fied sequences. We therefore repeated our analysis using
two alternative methods for calculating the position
requirement for the motifs, (Table S1 [see Additional file
2]), and also by locating motif instances using Patser [33]
and the position weight matrices defined by Ohler et al.
[34]. (While we use the weight matrices defined by Ohler,
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Table 2: Presence of significant motif interactions in the three fly promoter classes

Occurrence percentage? p valueb

Motif interaction UPs FAPs DAPs UPs vs. FAPs UPs vs. DAPs FAPs vs. DAPs
TATA_INR/DMp|_DMp2 1.03 0.36 0.07 ns 1.57e-09 ns
INR_GAGA/DMp2_NDMI 0.28 0.82 0.91 |.43e-03 1.92e-05 ns
INR_NDM2/DMp2_NDM2 0.56 1.13 1.65 ns 5.84e-08 ns
DMvI_DRE/DMvI_NDM4 0.25 0.87 0.18 |.20e-04 ns 6.83e-04
DMv3_DRE/DMv3_NDM4 1.30 2.10 0.56 ns 5.66e-04 1.98e-06
DRE_E-box/NDM4_NDM5 0.97 0.77 0 ns 2.95e-11 1.33e-06

apercentage of the promoters in a class having the specific motif interaction.
bcalculated using Fisher's exact test. Holm's method was used for multiple hypothesis testing. ns, not significant.

this should not be confused with use of the promoter pre-
dictions obtained in [32]. We find that there is limited
correspondence between these predictions and the pro-
moter positions obtained from the Drosophila annotation
when requiring a prediction to fall < 18 bp from an anno-
tated TSS-our cutoff for matching a promoter to a TSS-as
opposed to the more relaxed 500 bp window allowed by
Ohler; this is true even for the "high-quality" and "cap-
supported" data.) All three methods gave qualitatively
similar results with respect to the occurrence biases of
individual motifs among the three different classes of pro-
moters (Tables S2 and S3 [see Additional file 2]). That is,
although the different methods occasionally found differ-
ent absolute numbers of motif instances (e.g., Patser
found more TATA boxes than regular expression meth-
ods), the motif occurrence biases among the respective
promoter classes were the same.

Human promoter classes also have distinct nucleotide
compositions and motif preferences

We performed an analysis similar to that which we did for
Drosophila using 4506 validated human promoters [24].
Nucleotide distribution plots show that both T and C lev-
els vary among the three sets of promoters over the length
of the promoter region, and A and G levels vary near the
TSSs (Figure S2 [see Additional file 1]). The average GC
content in human UPs is significantly higher than that in
FAPs and DAPs (0.595 (0.101) versus 0.581 (0.123), Kol-
mogorov-Smirnov test P = 2.99e-06; 0.595 (0.101) versus
0.560 (0.127), Kolmogorov-Smirnov test P = 0). Thus
while the specific nucleotide compositions of the promot-
ers are different between flies and humans, in both species
there are pronounced differences in nucleotide preference
among the three promoter classes.

To determine whether human promoters also display
motif preferences among the three promoter classes, as we
observed in Drosophila, we mapped the locations of eight
motifs previously identified as being overrepresented in
human promoter sequences [35] (Table S4 [see Addi-
tional file 2]). Once again, we found significant differ-
ences in motif usage among the promoter classes (Table
3). In contrast to the fly promoter motifs, which collec-
tively are distributed evenly among the promoter classes,
most of the human promoter motifs have a higher occur-
rence frequency in UPs, and the four motifs showing
occurrence bias in different classes of promoters all differ
significantly between unique and alternative promoters.
This compares well with the results of Baek et al. [24]
showing a six-fold higher frequency of the TATA box in
CpG-poor UPs. Our results suggest that not only does
motif usage differ among human promoter classes, but
that the motifs preferred in alternative promoters have not
yet been identified in human. Consistent with this idea,
we note that a much greater proportion of alternative pro-
moters, as compared to unique promoters, lack any of the
identified motifs we focused on in this study (53% vs.
34%).

Promoter motif usage differs based on promoter position
within a gene

The preceding analyses provide a general picture of pro-
moter motif distributions among the different promoter
classes, but do not tell us how motif profiles vary among
the alternative promoters of the same gene. However, this
information could provide important insights into alter-
native promoter use and evolution. For example, the pres-
ence of highly similar sets of motifs would suggest the
possibility of extensive co-regulation of the alternative
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Table 3: Presence of the eight human promoter motifs in the three promoter classes

Occurrence percentage? p valueb
Motif UPs FAPs DAPs UPs vs. FAPs UPs vs. DAPs FAPs vs. DAPs
CCAAT 12.25 10.16 9.78 ns ns ns
SPI 3791 34.35 30.69 ns 1.33e-04 ns
CLUSI 1.82 0.81 0.50 ns ns ns
USF 2.76 1.94 1.6l ns ns ns
CREB 3.02 2.42 3.47 ns ns ns
TATA 6.60 1.94 3.22 6.97e-07 1.47e-04 ns
NRF-1 10.23 3.71 3.34 2.65e-08 1.8%-11 ns
ETS 17.28 5.97 6.44 1.07e-14 |.26e-16 ns
None¢ 33.59 51.77 53.59 3.75e-17 9.32e-25 ns

apercentage of the promoters in a class having the specific motif.

bcalculated using Fisher's exact test. Holm's method was used for multiple hypothesis testing. ns, not significant.

cpercentage of promoters without any known motifs.

promoters. Conversely, very different motif compositions
would be more consistent with differential regulation in
which a distal regulatory element could interact with only
one or a subset of the promoters. Landry et al. [36] suggest
a number of ways that alternative promoters may have
evolved, one of which is through local sequence duplica-
tion. This scenario would likely be reflected in higher-
than-expected motif similarity, even given subsequent
mutation away from the original sequence.

In order to evaluate the degree of relationship among the
alternative promoters of individual genes, we compared
which of the 15 promoter motifs are present between the
first and second promoters of all Drosophila genes with
alternative promoters. Each pair of promoters was then
assigned one of three levels of motif similarity: similar,
intermediate, or different (see Methods). Genes for which
one or both of the two promoters contained no known
motifs were excluded from the analysis.

In general, we find that the motif compositions between
pairs of first and second alternative promoters are highly
dissimilar. However, in comparing alternative promoter
pairs, we noticed that in some genes the two promoters
are close enough in position that our motif mapping rules
assign the same motif to both promoters. Without experi-
mental data, we are unable to determine whether or not
such motifs, which we refer to as "putatively shared
motifs," are actually used by both promoters, or just one

of the pair. If we assume that putatively shared motifs are
in fact used by both promoters, we find that although for
the majority of the genes the first two promoters differ in
motif composition, more promoter pairs are similar than
we would expect at random (Table 4, "shared motifs
allowed" and Figure S3 [see Additional file 6]). If we con-
sider that a putatively shared motif is used in only one of
the two promoters, however, we find that although the
degree of difference in promoter motif profiles between
two alternative promoters of the same gene is still differ-
ent from the random expectation, the statistical support
for this conclusion is weaker and not significant in all
three promoter datasets (Table 4, "shared motifs not
allowed" and Figure S3 [see Additional file 6]). Thus,
while overall the motif composition between alternative
promoters of the same gene is dissimilar, to what extent
this dissimilarity is significantly less than what we would
expect to see for a random pair of promoters depends on
how the putatively shared motifs are actually used in the
respective promoters. The answer to this question must
await detailed experimental investigation.

As mentioned above, promoter pairs that did not contain
any of the 15 motifs in at least one promoter-approxi-
mately 84% of the potential promoter pairs (Table 4)-
were omitted because we had no basis for determining
how similar or different two such promoters were. More-
over, given the limited number of known promoter
motifs, it is likely that for any of the promoter pairs there
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Table 4: Motif similarity between the first and second promoters of the same gene?

Similarb Intermediateb

Differentb # of used pairs # of omitted pairs

alle high

qualityd

cape all high

quality

cap

all high
quality

cap a high

quality

cap all high

quality

cap

Observed
value (shared
motifs
allowed)

34.07 31.52 36.04 17.70 1630 2342

48.23 52.17 40.54 226 92 I 182 445 278

Observed
value (shared
motifs not
allowed)

12.65 11.59 15.19  15.66 1594 2152

71.69 7246 63.29 166 69 79 1242 468 310

Random 9.50 8.34 8.67 10.83 12.51 14.31

meanf

p-values 0 0 0 2e-04 0.1399 0.0021
(random >=

observed

value, shared

motifs

allowed)

79.66  79.15 77.03 226 92 (NN k-] 445 278

p-values | | 0.9227 0.9991
(random <=

observed

value, shared

motifs

allowed)

p-values 0.0438 0.1286 0.0078 0.0041 0.1399 0.0108
(random >=

observed

value, shared

motifs not

allowed)

0.9991  0.9622

p-values 09562 0.8714 0.9922 0.9959 0.8601 0.9892
(random <=

observed

value, shared

motifs not

allowed)

9e-04  0.0378 0 - - - - - -

agenes with exactly two alternative promoters. Similar results were obtained for genes with multiple alternative promoters (data not shown).
bpercentage of the alternative promoter pairs defined as similar, intermediate, and different (see Methods).

<The promoter set contains all promoters from Drosophila genome annotation release 5.5.

dThe promoter set contains only high quality promoters in fly genome; see Methods.

¢The promoter set contains only cap-supported promoters in fly genome; see Methods.

fmean of 10,000 randomizations.

gempirical p-value calculated as the proportion of sampled randomizations where the percentage of the promoter pairs in each of the three

similarity levels was no less than/no greater than the observed values

are additional but unidentified relevant sequence motifs.
In order to get around these twin difficulties, we com-
pared how similar the full set of promoter pairs were to
one another using D2z scores. The D2z score is an align-
ment-free sequence comparison metric which compares k-
mer word distributions between two sequences [37]. The
alternative promoter pairs of genes with exactly two pro-

moters were more likely to have a higher D2z score than
random expectation (odds ratio for having D2z score
higher than 85 percentile of random expectation = 1.44;
one sided Fisher's exact P = 1.72e-05). Similar results were
obtained for genes with multiple promoters (data not
shown). This is not merely a result of the score distribu-
tion being driven by the subset of promoters with known
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motifs; breaking down the data into pairs for which both
promoters contained known motifs, one promoter con-
tained known motifs, or neither promoter contained
known motifs revealed no differences in the score distri-
bution for each subset (Fisher's exact P = 0.3594). These
results indicate that for the full promoter data set, even
without explicitly considering defined promoter motifs,
alternative promoters of the same gene are more similar
than random expectation, consistent with the results of
our motif-based analysis of the smaller, motif-containing
promoter subset.

Similarities in motif composition between promoters of
neighboring genes correlates with gene co-expression

Not only is the analysis of alternative promoter pairs com-
plicated by the possibility of shared motifs, but in most
cases, we do not possess good data on promoter-specific
gene expression. On the other hand, questions about
alternative promoter usage are paralleled by those with
respect to neighboring genes: how do more distal regula-
tory elements select the proper promoter to activate when
confronted by two or more promoters in relative proxim-
ity to one another? Unlike for alternative promoters, in
the case of neighboring genes we have both unambiguous
core promoter motif assignments and extensive gene
expression data. Therefore, in addition to comparing pro-
moter motif profiles among alternative promoters of the
same gene, we looked at the motif composition between
the promoters of neighboring genes. So as not to con-
found our analysis with choices as to which alternative
promoters to consider, we focused on neighboring genes
with single promoters only [see Additional file 7], and
compared the profiles of the 15 promoter motifs in the
same way that we analyzed the motif composition of
alternative promoter pairs. Although the motif profiles for
the majority of neighboring genes are different, we found
that the number of promoters with similar motifs is signif-
icantly higher than the random expectation (Table 5 and
Figure S3 [see Additional file 6]; 270/1516 vs. 129/1516,
P~ 0). There were a small number of neighboring unique
promoters-most of which are bi-directional promoters—
which, like we saw with some of the alternative promot-
ers, could potentially share motifs. However, removing
the putatively shared motifs from one or the other of the
neighboring promoters did not significantly change the
result (Table 5 and Figure S3 [see Additional file 6]). In
other words, the promoters of neighboring genes are more
closely related to one another than we would expect to see
by chance alone.

One possible reason for neighboring genes to have similar
promoter organizations would be if the two genes were
the result of a local sequence duplication event. Indeed,
we observed higher sequence similarity in both tran-
scribed regions and in the promoter regions from -130 bp
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to +50 bp (in which all 15 motifs reside; Table S1 [see
Additional file 2]) for neighboring unique genes that have
similar motifs, compared to those with different motifs
(Fig. 3). 20.5% of genes and 14.1% of promoters have
greater than 65% sequence alignment for promoters with
similar motif profiles, versus 2.2% and 0.5%, respectively,
for promoters with different profiles (one-sided Fisher's
exact P values = 1.52e-22 and 1.18e-21). For neighboring
unique promoters with similar motifs, but not for those
with disparate motifs, promoter sequence similarity is
highly correlated with gene sequence similarity (r = 0.70,
versus 7 = 0.07), indicating that not just the known motifs
but the sequences of the promoter region in general are
highly related. Note that the majority of genes (79%) with
similar promoter motif profiles do not appear to be the
result of gene duplication and that even then, promoter
sequences have diverged much more rapidly than the
gene sequences. Thus while potentially a contributing fac-
tor, gene duplication by itself cannot explain the unex-
pectedly high incidence of similar promoter motif profiles
in neighboring genes.

We wondered whether the high number of neighboring
genes with similar promoter make-ups might be indica-
tive of their being coordinately regulated, e.g., by interac-
tion of their promoters with the same enhancer. We
separated the neighboring gene pairs into two groups,
those for which the promoters have a similar motif pro-
file, and those whose promoters contain a different set of
motifs. We then compared the expression patterns of the
genes belonging to the two different groups using gene
expression data from 13 tissue-specific gene expression
profiles contained in FlyAtlas [38]. For each gene pair, we
calculated the degree of co-expression over the 13 tissues
and found that neighboring genes whose promoters have
a similar motif composition are significantly more likely
to be co-expressed than neighboring gene pairs with dif-
ferent motifs (odds ratio of having degree of co-expression
greater than 0.5 = 2.18; one sided Fisher's exact P = 1.04e-
04).

We also calculated how well correlated the level of expres-
sion was for genes of both groups. For each tissue, the
genes were ranked according to their mean expression
level, and the Pearson correlation coefficient of the expres-
sion ranks across all 13 tissues for any two genes was
obtained. Neighboring genes whose promoters have sim-
ilar motif profiles were more highly correlated in their
expression level than neighboring genes having different
motifs (odds ratio for having a correlation coefficient in
the upper quartile (>0.5) = 1.93; one sided Fisher's exact
P =2.97e-04).

In order to be certain that these observed correlations

between gene co-expression and promoter motif compo-
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Table 5: Motif similarity between neighboring unique promoters
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Similara Intermediate?

Different? # of used pairs # of omitted pairs

allb high capd all high cap
quality© quality

all high cap al
quality

high cap all high cap
quality quality

Observed value 17.81
(shared motifs
allowed)

1644 1547 1636 16.90

21.13 65.83

66.67 6340 1516 1083 530 8224 4200 983

Observed value 16.64 15.06 14.34 15.50 1591

(shared motifs not
allowed)

Random meane 8.48 8.25 7.60

1045 10.96

19.96 67.86

11.96 81.07

69.03 6570 1484 1056 516 8256 4227 997

80.79 8044 I516 1083 530 8224 4200 983

p-valuef (random 0 0 0 0 0 0
>= observed value,

shared motifs

allowed)

p-valuef (random | | | | | |
<= observed value,

shared motifs

allowed)

p-valuef (random 0 0 0 0 0 0
>= observed value,

shared motifs not

allowed)

p-valuef (random | |
<= observed value,

shared motifs not

allowed)

apercentage of promoter pairs defined as similar, intermediate, and different (see Methods).
bThe promoter set contains all promoters from Drosophila genome annotation release 5.5.
¢The promoter set contains only high quality promoters in fly genome; see Methods.

dThe promoter set contains only cap-supported promoters in fly genome; see Methods.

emean of 10,000 randomizations.

fempirical p-value calculated as the proportion of sampled randomizations where the percentage of the promoter pairs in each of the three

similarity levels was no less than/no greater than the observed values.

sition are not an artifact resulting from their high
sequence similarity, we repeated our analysis using just
those neighboring gene pairs with less than 65% gene
sequence similarity. In this group as well, gene pairs with
similar promoter motif profiles are more likely to be co-
expressed in same tissues and are more highly correlated
in expression level than those with different motifs (one
sided Fisher's exact P = 1.90e-04 and 0.002 respectively).

Our data showing that approximately 18% of neighboring
genes with unique promoters have similar promoter motif
compositions, and that these genes tend to have corre-
lated expression, is consistent with previous data on co-
regulation of physically near-by Drosophila genes [39-43].
In particular, our results are reminiscent of the finding by
Spellman and Rubin [43] that roughly 20% of Drosophila
genes fall into clusters of adjacent genes with similar

expression profiles. We find that neighboring genes
within one of these clusters are 63% more likely to have
similar promoter motif profiles than those not within
clusters (odds ratio = 1.82; one sided Fisher's exact P =
0.001). Thus at least some of the phenomenon described
by Spellman and Rubin [43] may be attributable to simi-
larity in core promoter motifs among the genes in a co-
expression cluster.

Discussion

Genome organization at the promoter level

We have systematically compared the nucleotide compo-
sition and promoter motif profiles of UPs, FAPs, and
DAPs throughout the Drosophila genome. Our results
demonstrate that the three types of promoters have dis-
tinct sequence and motif preferences. Intriguingly,
although consistent with results from human promoters
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The sequence similarity of neighboring unique genes
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Sequence similarity of neighboring genes and their promoters. (A) The gene sequence similarity of neighboring
unique gene pairs whose motifs are similar (black bars) or different (white bars). (B) The promoter sequence (-130 to +50 bp)
similarity of neighboring unique gene pairs whose motifs are similar (black bars) or different (white bars).

reported by Baek et al. [24], we observe clear differences
based not only on whether a promoter is single or alterna-
tive, but also on the relative position of an alternative pro-
moter among all of the alternative promoters. Eight of the
15 core and proximal promoter motifs we looked at occur
differentially between FAPs and DAPs, and the DAPs have
a distinct nucleotide profile. Thus, the genome appears to
distinguish promoter types and positions. Our results sug-
gest that each class may be subject to different modes of
regulation or interact with differently constituted basal
transcription complexes, and demonstrate that the
genome has a complex organizational structure at the pro-
moter level.

It is worth noting that there is no universally accepted
method for accurately identifying genomic subsequences
as being relevant instances of a particular defined
sequence motif, and as such, a strictly in silico analysis
will always be dependent on choices of method and
parameters. To guard against this, we used two different
motif identification methods and three choices of range
parameter for inclusion of a motif as part of the promoter.
We also used three different promoter sets (four for some
analyses which included the EPD set), none of which is
likely to be completely accurate and which will tend to
variously include too many non-promoters (false posi-

tives) or too few real promoters (false negatives). Reassur-
ingly, we found that there were few substantive differences
in our results when considering different methods and
datasets; moreover, trends tended to be clearly preserved
with the main differences appearing to stem from dimin-
ished statistical power when using the smaller data sets.
Overall, we find our conclusions to be robust to choice of
motif identification methods and search parameters, and
promoter data sets.

Our analysis of a more limited number of validated
human promoters revealed that just as in Drosophila, the
different classes of promoters have distinct characteristics,
and suggests that our observations point to a general
metazoan organizational principle. For example, similar
to what we found in the fly genome, the TATA motif is sig-
nificantly overrepresented in human UPs (this study;
[24]). In fact, all four significant human motifs are over-
represented in UPs, and there is a high percentage of alter-
native promoters that do not contain any known motifs.
Thus promoter motifs in the human genome in general,
and those specific to alternative promoters in particular,
appear to be still awaiting identification. One reason that
these motifs have proven difficult to define may lie in the
abundance of alternative promoters in the human
genome; the differences in motif composition and GC
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content among UPs, FAPs, and DAPs demonstrated by our
results could contribute considerable noise to computa-
tional motif discovery attempts unless each promoter
class is considered separately (see below).

Finding additional promoter motifs

More than half of the promoters in fly genome do not
contain any of the 15 motifs we used for this study (Table
1 and Figure S4 [see Additional file 8]). These promoters
are problematic for purposes of promoter comparison,
and some fraction of them may not in fact be true promot-
ers, but rather might represent errors in the genome anno-
tation that we used. However, four lines of evidence
suggest that the majority of these are genuine promoters.
One, we see a similar fraction of promoters lacking the
known motifs when we use our more selective "high-qual-
ity" and "cap-supported" promoter sets. Two, analysis of
the experimentally-verified Drosophila promoters in the
Eukaryotic Promoter Database (EPD) [44] also reveals a
high proportion without known motifs (Figure S4 [see
Additional file 8]; because the EPD dataset is significantly
smaller than the other three datasets we used and does not
provide representative coverage of the entire genome, we
did not use it for most of the analyses reported here).
Three, we see similar results overall for our analysis of
human promoters, which relies exclusively on experimen-
tally-verified promoter sequences. Four, our results using
the D2z score demonstrate that the promoters without
known motifs behave identically to those that have
known motifs. As a result, we believe that these represent
true promoters and that a considerable number of pro-
moter motifs remain to be identified. Indeed, a recent
computational study has identified additional candidate
Drosophila upstream promoter motifs [5], and it will be
interesting to determine how these distribute with respect
to the known motifs and to one another, and among the
various promoter classes. Notably, all of the promoter
motif discovery conducted to date has been performed on
UPs [8,34] or on UPs and FAPs jointly [5]. As our data
show that promoter motifs vary among the different sin-
gle and alternative promoter classes, motifs specific for
FAPs and DAPs may therefore be underrepresented
among those that are known. Preliminary studies in our
laboratory suggest that targeting motif discovery efforts to
specific promoter subsets will be an effective strategy for
identifying new motifs (J. Spix, QZ, and MSH, unpub-
lished results).

Promoters and gene expression neighborhoods

The majority of adjacent promoters, either from neighbor-
ing genes or from alternative promoters of the same gene,
have a highly dissimilar motif profile. As promoter motifs
have been implicated in helping to mediate specific
enhancer-promoter interactions [10,16-19], these differ-
ences are likely to represent one of the mechanisms used
by the genome to prevent inappropriate gene activation
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by nearby CRMs. Nevertheless, neighboring genes are sig-
nificantly more likely than expected to have highly similar
promoters, with a strong correlation between motif simi-
larity and strength of gene expression. Thus, a key role of
the promoter may be in regulating levels of gene expres-
sion. Neighboring genes with similar promoters also
show a concomitant increase in tissue co-expression, rais-
ing the possibility that they are either coordinately regu-
lated by shared CRMs [e.g. [45]], or by individual CRMs
that bind a similar complement of transcription factors
[46]. Neighborhoods of co-regulated genes have been
observed in many eukaryotes, including yeast, worm, fly,
and human [39-43,45-51]. A frequently proposed mecha-
nism for this phenomenon is the presence of local chro-
matin domains; that is, that a local "open" chromatin
configuration favorable for transcription-perhaps due to
strong activation of one of the genes in the neighbor-
hood-leads to spurious activation of other nearby genes,
as opposed to regulated activation of each gene [43]. In
contrast, our data suggest that promoter sequences consti-
tute a significant component of gene co-expression neigh-
borhoods and point to a higher degree of genomic
organization and regulation than seen for a chromatin-
centric model. Note that the two mechanisms need not be
mutually exclusive; for instance, the related promoters
might all contribute to a strong local change in chromatin
conformation that would affect even those neighboring
genes with different promoter make-ups. Detailed experi-
mental investigation along with careful mapping of chro-
matin modifications throughout the co-expression
neighborhoods will be required to tease apart the various
contributions of individual regulatory cis-trans interac-
tions and epigenetic modifications. However, our results
suggest a much greater role for the promoter in mediating
locally coordinated gene expression than heretofore
appreciated.

Conclusions

Our systematic investigation of Drosophila promoters
demonstrates that there are distinct sequence characteris-
tics among unique, first alternative, and downstream
alternative promoters, suggesting that different regulatory
mechanisms may act preferentially on each class. We also
show that neighboring genes are unexpectedly likely to
have similar promoter compositions, which correlates
with an increased degree of gene coexpression and sug-
gests a mechanism for the previously observed phenome-
non of gene co-expression neighborhoods. Taken
together, these data reveal a high degree of complex
genome organization at the level of promoter sequences.

Methods

Promoter datasets

Drosophila release 5.5 genomic sequences and annotation
were downloaded from FlyBase [25]. The given start posi-
tion of each mRNA which has strand information was
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considered as the position of the TSS, and the sequences
from -500 bp to +100 bp were extracted as the extended
promoter regions. The upstream region of one TSS was
shorter than 500 bp and therefore not included in the
dataset. We considered transcripts within 18 bp of one
another to correspond to the same promoter based on an
analysis of the spacing between multiple TSSs of individ-
ual genes (Figure S5A [see Additional file 9]). In such
cases, the mean position of the multiple TSSs was used to
define a representative TSS. Then the extended promoter
region was defined as -500 bp to +100 bp around the rep-
resentative TSS. Promoters were separated into three dif-
ferent groups based on their relative positions in the gene.
As no significant differences were observed between
downstream alternative promoters (DAPs) irrespective of
their order following the most 5' promoter (data not
shown), we grouped these promoters together into a sin-
gle class in order to take advantage of the increased statis-
tical power of the larger sample size. Genes whose
promoters could not be assigned unambiguously to one
of the three groups were removed.

To obtain the "high quality" Drosophila promoter set, we
used the transcript evidence rank provided by FlyBase in
annotation release 5.5. We considered a transcript, and
thus its TSS, to be strongly supported if it had a FlyBase
evidence score of nine or more. In order to achieve such a
score, a transcript must have one or more aligned cDNA
sequences that are fully consistent with the annotation,
plus at least one of the following: one or more consistent
aligned EST sequences; intersection of an annotated exon
with a region of aligned protein similarity; or a gene pre-
diction fully consistent with the annotation. We extracted
the promoters only from these strongly supported tran-
scripts. To make sure the separation of promoters into
UPs, FAPs and DAPs was reliable, we also required that at
least the first two transcripts of a gene were strongly sup-
ported.

To obtain the cap-supported Drosophila promoters, we
used cDNA and 5' EST sequences from four 5' cap-trapped
cDNA libraries (RE, RH, TA, and TB) [52,53]. The genomic
coordinates of the 5' end of these cDNA and 5' ESTs were
extracted from the fly genome annotation by requiring the
first 5 bp of the 5' end to map to the genome. We consid-
ered a transcript, and thus its TSS, to be cap-supported if
the TSS is within 10 bp of the 5' end coordinates of a cap-
trapped cDNA or EST. To make sure the separation of pro-
moters into UPs, FAPs and DAPs was reliable, we also
required that at least the first two transcripts of a gene
were strongly supported. Transcripts within 17 bp of one
another were considered as corresponding to the same
promoter based on an analysis of the spacing between
multiple cap-supported TSSs of individual genes (Figure
S5B [see Additional file 9]).

http://www.biomedcentral.com/1471-2164/10/9

The coordinates of the single and alternative human pro-
moters identified by Baek et al. [24] were obtained by
mapping the corresponding transcripts to EST, mRNA and
RefGene of human genome annotation (hgl7) in UCSC
Genome Browser [54]. We grouped transcripts that
belonged to the same gene according to Baek et al. to get
all transcripts of one gene. We removed transcripts that
were inconsistent between Baek et al. [24] and current
human annotation. Sequences from -500 bp to +100 bp
of the first nucleotide of the relevant transcripts were
defined as the promoter regions. A total of 4506 human
promoters were obtained.

Mononucleotide distribution and GC content

The program freak from the EMBOSS software suite [55]
was used to calculate the frequency of each nucleotide in
a 10 bp window moving along the promoter sequence in
1 bp steps. GC content was calculated using the EMBOSS
geecee program. Coding regions were masked so that only
non-coding sequences were considered. For both analy-
ses, any promoters whose sequences overlapped were
excluded for a total n = 11633 UPs, 1058 FAPs, and 1850
DAPs for Drosophila promoters and n = 3078 UPs, 509
FAPs, and 696 DAPs for human promoters.

Promoter Motifs

The consensus sequences and strand specificities of the 15
Drosophila promoter motifs are given by FitzGerald et al.
[8]. Both strands of the promoter sequence were searched
for the degenerate consensus sequences using the
EMBOSS program fuzznuc allowing zero mismatches. We
computed the distribution of each motif relative to the
TSS in 20 bp bins for promoters using R [56]. The valid
range of each motif was taken to be the bins whose fre-
quencies were above two standard deviations of the mean
frequency of all 30 bins along the promoter regions
[8,35]. We calculated the valid ranges ("subset range") of
every motif on each of the three types of promoters (UPs/
FAPs/DAPs). When no valid range for a motif in a pro-
moter class could be detected (i.e., frequency was equal to
background), the motif was considered to be absent from
the promoter class and the valid range was set to zero. In
the case where two adjacent bins, or two bins with a single
intervening bin satisfied the above criteria, the entire
region was used as the valid range. Because the numbers
of FAPs and DAPs was relatively small for some of the pro-
moter data sets, ranges were also calculated by consider-
ing all three classes of promoters together, for purpose of
comparison ("combined range"). We also used position
requirements for the motifs from FitzGerald et al. [8] ("lit-
erature-based"). For each analysis, hits that matched the
consensus sequence but which were on the wrong strand,
or which fell outside of the valid range, were considered
false positive hits and were excluded from analysis.
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For weight-matrix based motif searching, position-specific
scoring matrices (PSSMs) corresponding to the ten motifs
identified by Ohler et al. [34] were used to scan the pro-
moter sequences with Patser [33]. Motif ten was removed
from further analysis because it did not match to any of
the 15 motifs identified by FitzGerald et al. [8] (Table S1
[see Additional file 2]). We imposed strand and position
requirements as described above for determining whether
to accept identified motifs as true hits. Cutoff values for
Patser were chosen as follows. We first converted the
PSSMs from Ohler et al. [34] to position-specific probabil-
ity matrices (PSPMs). We also generated a PSPM from
each set of sequences found by Patser at each cutoff value
from e-03 to e-12. The PSPMs for each motif were clus-
tered based on Euclidian distance using the PAM function
in R [56] and the clustering result with the maximum aver-
age silhouette was chosen. The highest Patser P-value that
fell within the same cluster as the original PSPM from
Ohler et al. [34] was used as the cutoff for that specific
motif (Table S1 [see Additional file 2]).

The eight human promoter motifs were originally identi-
fied by FitzGerald et al. [35]. Strand and range informa-
tion for these motifs were taken directly from the
literature. The consensus sequences of these eight motifs
were taken from Fig. 9 of FitzGerald et al. [8].

Promoter motif interactions

For every possible combination of two fly promoter
motifs, we counted the number of all promoters in the
genome that contain both motifs, the number of promot-
ers containing only one of the two motifs, and the
number of promoters containing neither of the two
motifs to make a 2 x 2 contingency table. Fisher's exact
test was then used on each of the contingency tables to test
the association between the two corresponding motifs. 14
of a total 105 motif combinations showed significant pos-
itive associations after correcting for multiple hypothesis
tests using Holm's method.

Motif profile similarity

Motifs in all promoters were compiled into a 16469 x 15
matrix in which each row represented a promoter and
each column, a motif. Motif presence was indicated by
"one," absence by "zero," so that the motif occurrence
matrix contained only binary values. We calculated the
distance in the promoter motifs between any two promot-
ers by using the dist function in R [56] with the asymmet-
ric binary distance measure. The distance between any two
promoters is therefore defined as the number of motifs
which only occur in one of the two promoters divided by
the total number of motifs that occur in at least one of the
two promoters. When the distance was less than 0.2, the
motifs in the two promoters were called similar; distances
of greater than or equal to 0.8 were defined as different.
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Promoter pairs in which either of the promoters did not
contain one of the 15 identified motifs were omitted from
the analysis.

When two alternative promoters are very close in posi-
tion, our motif mapping rules could sometimes assign the
same motif to both promoters. To obtain results for which
such shared motifs were not allowed, we ignored the
occurrence of the shared motifs on the first of a pair alter-
native promoters and compared the motif profiles as
described above. Similar results were obtained when
ignoring the shared motifs on the second promoter of
each pair (data not shown).

To calculate random expectations, we broke the pairing
between alternative promoters of the same gene, or neigh-
boring unique promoters, and randomized the pairing
10,000 times for each type.

D2z score

D2z scores were calculated using a promoter region of -
300 bp to +100 bp from TSSs, as D2z score has standard
normal distribution when the sequence length is at least
400 bp [37]. The D2z score between promoter sequences
was calculated using word length five and background
Markov Model order zero, the parameter setting which
performed best in distinguishing functionally related reg-
ulatory sequences from not-related sequences [37]. If the
sequences of an alternative promoter pair belonging to
the same gene overlapped in position, the pair was
removed from analysis. The D2z scores of the incorrectly
paired promoter sequences were used as random expecta-
tion.

Gene expression data

Gene expression data for 13 tissues were obtained from
FlyAtlas [38]. We considered a gene to be expressed in a
tissue if it was called present in greater than 50% of the
replicate microarrays reported in FlyAtlas. The tissue
expression similarity of two genes was defined as the frac-
tion of the 13 tissues in which the genes are either both
present or both absent.

To calculate expression level correlations, we first ranked
all genes according to their mean expression level in each
of the 13 tissues using the rank function in R (with the
rank of ties equal to average rank) and then computed the
Pearson correlation coefficient of the ranks for the two
genes being compared.

Sequence similarity

Sequence similarity was assessed using Dialign [57] and
reported as the maximum fraction of aligned residues
between the two sequences.
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