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In animals, each sequence-speciﬁc transcription factor typically
binds to thousands of genomic regions in vivo. Our previous studies of 20 transcription factors show that most genomic regions
bound at high levels in Drosophila blastoderm embryos are known
or probable functional targets, but genomic regions occupied only
at low levels have characteristics suggesting that most are not involved in the cis-regulation of transcription. Here we use transgenic
reporter gene assays to directly test the transcriptional activity of
104 genomic regions bound at different levels by the 20 transcription factors. Fifteen genomic regions were selected based solely on
the DNA occupancy level of the transcription factor Kruppel. Five of
the six most highly bound regions drive blastoderm patterns of
reporter transcription. In contrast, only one of the nine lowly
bound regions drives transcription at this stage and four of them
are not detectably active at any stage of embryogenesis. A larger
set of 89 genomic regions chosen using criteria designed to identify
functional cis-regulatory regions supports the same trend: genomic
regions occupied at high levels by transcription factors in vivo drive
patterned gene expression, whereas those occupied only at lower
levels mostly do not. These results support studies that indicate
that the high cellular concentrations of sequence-speciﬁc transcription factors drive extensive, low-occupancy, nonfunctional interactions within the accessible portions of the genome.

I

n vivo cross-linking experiments suggest that animal sequencespeciﬁc transcription factors each typically bind, at a minimum,
to thousands or tens-of-thousands of genomic regions in every
cell in which the transcription factor is active (1–4). Exponentially more genomic regions are cross-linked at low levels than
are cross-linked at high levels, and the differences in levels of
cross-linking between the DNA regions bound by a protein are
only several ten-fold or several hundred-fold, depending on the
transcription factor (1, 3). Importantly, a range of controls indicate that the levels of cross-linking in vivo are an accurate
measure of the time averaged levels of DNA occupancy of each
transcription factor at each location (5, 6).
It is challenging to determine which DNA binding events within
these continua are functionally important, in part because of the
complex and partially redundant interactions within animal transcription networks, as well as the prevalence of weak transcriptional regulatory events, the biological signiﬁcance of which is
unknown (2–4). Nevertheless, the more highly bound genomic
regions include most known and probable functional targets,
whereas the lowest-occupancy DNA binding events generally do
not appear to be involved in the cis-regulation of transcription (1,
3, 7, 8). For example, in studies of Drosophila blastoderm patterning transcription factors we determined that genomic regions
only bound at low occupancy have some of the following characteristics: proximity to genes whose biological functions are not
associated with the bound transcription factors; proximity to genes
that are not spatially regulated or not transcribed in early embryos;
and mapping to poorly conserved sequences or protein coding
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sequences (6, 9). For simplicity, hereafter we will refer to DNA
binding events where the transcription factor does not affect
transcription of nearby genes in cis as nonfunctional, but recognize
that other, nontranscriptional functions of DNA binding cannot
be ruled out.
The concentrations of transcription factors and DNA in cells
and the afﬁnities of protein/DNA interactions measured in vitro
are such that the majority of transcription factor molecules should
be in direct contact with DNA in vivo (10–12). Fluorescence recovery after photo bleaching (FRAP), single molecule, in vivo
footprinting, and other in vivo measurements of DNA binding
generally support these thermodynamic predictions: most indicate
that >90% of transcription factors molecules contact DNA (13–
18), although estimates of only ∼25% have been proposed in some
FRAP studies (19). The sequence-independent, electrostatic afﬁnity that all transcription factors have for DNA (Kd ∼10−6 M) is
sufﬁcient to cause most molecules to be bound to DNA (10, 12,
15). However, DNA sequence-dependent interactions (Kd < 10−8
M) mediate a high proportion of low-occupancy interactions because—for each transcription factor—tens-of-thousands of strong
and weak matches to the factor’s DNA recognition motifs in accessible parts of the genome are detectably bound in vivo (5, 20–
22). The accessible regions are created by transcription factors
competing nucleosomes off the DNA, which in turn allows DNA
binding of additional transcription factor molecules (3). Animal
transcription factors are each typically expressed at 10,000–
300,000 molecules per cell (3). As a result, the ratios of the
numbers of transcription factor molecules per cell to the length of
accessible genome are much higher in animals than in prokaryotes
(Table 1). Thus, the extensive low-occupancy DNA binding seen
for animal transcription factors in in vivo cross-linking assays is not
unexpected from a thermodynamic perspective.
Although the above lines of evidence suggest that the majority
of low-occupancy DNA binding detected by in vivo cross-linking
is likely nonfunctional, this idea has not been systematically tested
using reporter gene assays. Several published studies have used
heterologous reporter assays to test many tens of genomic regions
identiﬁed in in vivo cross-linking assays in transgenic Drosophila
or mice (23–26). However, these studies either focused only on
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Table 1. Predicted density of low-occupancy, nonfunctional DNA binding by transcription factors in vivo
Species
E. coli
E. coli
D. melanogaster
H. sapiens

DNA length per
cell (Mb)*
4.6
4.6
360.0
6,400.0

Accessible
genome (Mb)
4.6
4.6
24.0
64.0

(38)
(38)
(20)
(40)

Transcription
factor

Molecules
per cell

Nonfunctional molecules
per kb accessible genome†

Lac I
Median
Median
Median

10 (10)
300 (39)
50,000 (3)
120,000 (3)

0.002 (13, 15)
0.065
2.1
1.9

*E. coli DNA content is for a haploid cell, D. melanogaster and Homo sapiens is for diploid cells.
†
In E. coli cells, at any instant 20% of Lac I transcription factor molecules make functional contacts with target cis-regulatory DNA recognition sites, 10% are
not bound to DNA, and 70% make low-occupancy, nonfunctional DNA interactions (13, 15). Assuming that the same ratios apply for other transcription
factors, the predicted density of low-occupancy interactions at accessible portions of the genome are given for a transcription factor expressed at the median
concentration typical for a transcription factor in E. coli, D. melanogaster, and H. sapiens.

genomic regions bound at high levels in vivo and found that nearly
all of the genomic regions tested function as cis-regulatory regions, or they did not take the level of DNA occupancy into account. Therefore, to test the function of genomic regions occupied
only at low levels, we have leveraged our extensively controlled in
vivo DNA binding data and a transgenic system for assaying cisregulatory regions at multiple stages throughout Drosophila embryogenesis. Our results support the idea that most low-occupancy
DNA interactions by animal transcription factors are not involved
in the cis-regulation of transcription.
Results
Genomic Regions Chosen Based only on Kruppel DNA Occupancy
Levels. To determine the relationship between transcription fac-

tor DNA occupancy levels and the ability of bound genomic regions
to act as cis-regulatory regions in a transgenic reporter assay, we
deﬁned a set of genomic regions conﬁdently bound by one transcription factor, Kruppel (KR). We used two well-validated antibodies that each recognize nonoverlapping regions of the KR
protein to generate two separate microarray based in vivo crosslinking (ChIP-chip) datasets from blastoderm (stage 5) embryos
(9). These two independent datasets are highly correlated (r = 0.97)
and the false-discovery rates (FDR) calculated from them had
previously been conﬁrmed separately by quantitative PCR (9). To
calculate a FDR that combines data from both antibodies, we
conservatively assigned each 675-bp window in the genome the
lowest of the two ChIP scores from each antibody. We then used
these “antibody-minimum” ChIP scores to deﬁne genomic regions
bound by KR that had a cumulative FDR (9, 27) <5% and an irreproducible discovery rate (28) < 0.1% (SI Materials and Methods). Through this process, 5,713 such KR-bound genomic regions
were identiﬁed. These regions were then ranked based on the local
peak in the antibody-minimum ChIP signal in each region, with the
most highly bound region designated as rank 1 and the most poorly
bound region as rank 5,713 (Dataset S1). We also calculated the
local FDR (29), which is especially useful as it gives the probability
for each genomic region that it is falsely discovered. The 5,713
regions designated as “KR-bound” all had local FDRs <21%
(Dataset S1).
We selected for transgenic analysis a set of 15 of the KR-bound
genomic regions based only on KR ChIP scores (SI Materials and
Methods). The local FDR of these 15 regions shows that less than
one is expected to be falsely discovered (Dataset S2). Each of the
15 regions was expanded to 1.5 kb in length, centered around the
location of the local peak in the ChIP-score. These 1.5-kb
sequences were placed upstream of a universal promoter/GAL4
reporter gene fusion, and the resulting constructs were each integrated at a common AttP chromosomal integration site to
eliminate position effect variability between transformed lines
(30). We term the selected 1.5-kb genomic regions within these
constructs as “KR-rank” transgenic test regions (KR-rank TTRs).
We also use TTRs to refer to additional classes of genomic
regions assayed by transgenic analysis, described later.
The six most highly bound KR-rank TTRs lie in the top 1,280
on our rank list of KR-bound genomic regions. Five of the six
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1209589110

TTRs drive complex spatial patterns of reporter gene expression
in embryos at stage 5 of development, and two of the reporter
patterns resemble those of one of the genes that ﬂank the TTRs
normal chromosomal location (Fig. 1, Table 2, and Datasets S2,
S3, and S4). The remaining nine KR-rank TTRs have scores that
span ranks 1,151–5,124 of the KR-bound genomic regions. Only
one of these TTRs drives detectable reporter expression at stage
5, the expression mimicking that of a nearby gene (Table 2 and
Datasets S2, S3, and S4).
We also examined the activity of the KR-rank TTRs at later
stages of embryogenesis, a period of ∼18 h during which the
6,000 undifferentiated cells present at blastoderm undergo three
further cell divisions, move extensively, and differentiate to form
complex tissues (31). All six most highly bound KR-rank TTRs
are active cis-regulatory regions at some time after stage 5 (Fig.
1, Table 2, and Datasets S2, S3, and S5). Five of the nine lowestoccupancy KR-rank TTRs become active during at least one
stage after blastoderm, each driving a speciﬁc and unique pattern
of reporter expression (Fig. 1, Table 2, and Datasets S2, S3, and
S5). With two exceptions, the expression patterns driven in the
late embryo resemble those of one of the ﬂanking genes, where
gene-expression data are available to allow this to be assessed
(Datasets S2, S3, and S5). The remaining four low-occupancy
TTRs do not drive embryonic patterned reporter expression
(Fig. 1, Table 2, and Datasets S2 and S5).
The fact that nearly all TTRs bound at low levels by KR at
stage 5 are not detectably active at this stage is consistent with
the idea that low-occupancy interactions by transcription factors
are nonfunctional. The fact that some low-occupancy TTRs become active after stage 5 cannot be taken as evidence that the
binding of KR at stage 5 to these sequences contributes to this
later activity. As discussed in more detail below, in the densely
packed genome of Drosophila melanogaster, cis-regulatory regions are present so frequently that genomic regions picked at
random will often function as enhancers in transgenic assays at
some stage during embryogenesis.
Larger Survey of Genomic Regions. To further explore the relationship between the levels of transcription factor DNA occupancy and the ability of genomic regions to act as cis- regulatory
regions, we expanded our analysis to test the activity of 137 additional genomic regions. In parallel to the analysis of KR-rank
TTRs, we tested two additional sets of genomic regions in
transgenic assays. One set was largely selected to identify cisregulatory regions based on being bound in vivo at high levels by
multiple transcription factors and mapping within 10 kb of genes
expressed in spatial patterns at stage 5 (SI Materials and Methods).
The second set was selected to identify cis-regulatory regions
based on evolutionary conserved clustering of DNA recognition
sites for ﬁve blastoderm transcription factors, Bicoid (BCD),
Caudal (CAD), Knirps (KNI), Hunchback (HB), and KR, and
being within 10 kb of genes spatially expressed at stage 5 (32).
Of these additional TTRs, 89 are bound by KR using the same
criteria used to deﬁne the KR-rank TTRs; that is, they all have
cumulative FDRs <5% and local FDRs <21% (SI Materials and
Fisher et al.
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Fig. 1. Examples of reporter gene-expression patterns driven by KR-rank
TTRs at stages 5, 11, and 14. A–C show data for three TTRs that are among
the six most highly bound by KR at stage 5. These three TTRs are each active
at stages 5–14. D and E shows data for two of the nine TTRs bound at low
levels by KR at stage 5. Both of these TTRs are not detectably active at stage
5. The TTR shown in D becomes active at stages 11–14. The TTR in E shows
faint staining at stage 11 just ventral of the stomodeum and at the anterior
tip (arrows). This faint pattern is a variably penetrate reporter artifact in
TTRs lines that are otherwise not detectably active, as it is also seen in a line
bearing a basal promoter/GAL4 reporter construct that lacks a TTR. TTRs
showing only this pattern are therefore classiﬁed as not active throughout
embryogenesis. All embryos were imaged with differential interference contrast microscopy and are printed at 50-fold magniﬁcation.

Methods). These TTRs were then joined with the KR-rank TTRs
to form a set of 104 KR-bound TTRs (Dataset S2). The remaining TTRs form a second set of 48 KR-unbound TTRs
(Dataset S2). To permit the properties of TTRs bound at different levels by KR to be compared, we divided the KR-bound
TTRs into three cohorts (top, middle, and bottom) based on the
KR ChIP window score. From the local FDR, only one of the
104 KR-bound TTRs is expected to be falsely discovered
(Dataset S2), almost certainly one of the lowest-ranked members
of the bottom cohort. This ﬁnding indicates that our analysis of
the KR-bound TTRs will not be signiﬁcantly confounded by the
presence of regions that are not in fact bound in vivo.
Consistent with previous results (6, 20), the levels of in vivo
DNA occupancy by KR and 19 other sequence speciﬁc transcription factors to each TTR and the degree of accessibility of
each region to DNaseI enzyme digestion in nuclei isolated from
blastoderm nuclei are highly correlated (Fig. 2) (6, 20). More
importantly, the levels of transcription factor DNA occupancy
and DNaseI accessibility generally predict the likelihood that
a TTR will be active in the transgenic reporter assay (Fig. 2,
Table 3, and Datasets S4 and S5). For example, 91% of the top
KR-bound cohort are active at stage 5, whereas only 46% of
the bottom KR-bound cohort are active at stage 5 (Table 3). The
difference in activity at stage 5 between the top cohort and the
bottom cohort are highly signiﬁcant (Bonferroni-corrected P
value = 1 × 10−4). Thus, consistent with the results obtained with

the KR-rank TTRs, low-occupancy DNA binding events tend to
be nonfunctional, whereas the majority of genomic regions
bound at high levels are functional in the transgenic assay.
An important caveat when interpreting the results in Fig. 2 is
that—with the exception of the KR-rank TTRs—criteria other
than the level of transcription factor DNA occupancy in vivo
were used to help select genome regions for testing in the
transgenic reporter assay. To determine what bias these additional selection criteria introduced, we ﬁrst identiﬁed new
cohorts of genomic regions that were randomly selected from the
set of all 5,713 genomic regions bound by KR to yield cohorts
with similar distributions of KR DNA occupancy levels as the
top, middle, and bottom TTRs. No other criteria were used in
the selection of these “occupancy-matched” cohorts. We then
compared properties of the top, middle, and bottom KR-bound
TTRs to those of the occupancy-matched cohorts and also to
those of regions picked randomly from the entire genome (Fig.
3). If the TTR cohorts showed similar properties to the equivalent occupancy-matched cohorts, then this would suggest that
the criteria used to choose the TTRs had not introduced a bias.
Alternatively, if the TTRs cohorts differed in their properties
from the occupancy-matched cohorts, then the analysis would
indicate the degree and direction of the bias.
Consistent with earlier results (6), the DNA sequences of the
top cohort of occupancy-matched regions are more strongly
conserved between Drosophila species than are the sequences of
the bottom occupancy-matched cohort (Fig. 3D, red bars). Also
as expected (6), the members of the top occupancy-matched
cohort are generally closer to genes with Gene Ontology annotations, suggesting that they are developmental regulators, genes
that are transcribed by RNA polymerase II, and genes that are
expressed in spatial patterns at stage 5 than are the bottom occupancy-matched cohort (Fig. 3 A–C, red bars). Interestingly, the
properties of the bottom occupancy-matched cohort are similar
to regions picked randomly from the entire genome, consistent
with low-occupancy DNA binding by KR being nonfunctional
(Fig. 3, compare bottom cohort red bars to green bars).
Paralleling the properties of occupancy-matched regions, the
members of the top TTRs are closer on average to developmental
regulatory genes and to genes transcribed by polymerase II than
are bottom TTRs (Fig. 3 A and B, blue bars). In contrast to the
occupancy-matched cohorts, however, the DNA sequences of bottom TTRs tend to be almost as well-conserved as those of top TTRs,
and bottom TTRs are typically nearly as close to spatially expressed
genes as top TTRs (Fig. 3 C and D, blue bars). These biases in the
bottom TTRs are not unexpected, however: these TTRs are
dominated by TTRs whose selection criteria included proximity to
spatially patterned gene and evolutionary conservation, but did not
include the biological functions of nearby genes nor proximity to
RNA polymerase II transcribed gene.
More importantly, although the selection criteria used to
identify the non–KR-rank TTRs have introduced some biases,
these biases are such that the estimates using the data in Fig. 2 to
assess the proportion of low KR occupancy regions that are
nonfunctional will likely be conservative. In other words, it is
probable that a cohort of genomic regions selected only on the
basis of low KR DNA occupancy will include either the same
number or fewer active cis-regulatory regions than found in the
bottom KR-bound cohort because many members of this cohort
share some properties that are more commonly found in highly
bound, active cis-regulatory regions.

Table 2. Functional activity of KR rank TTRs

Fisher et al.

Cohort

Rank by KR
ChIP score

TTRs

TTRs active
at stage 5

TTRs active at
stages 9–14

TTRs inactive
all stages

KR rank top
KR rank bottom

1–1,280
1,551–5,124

6
9

5 (83%)
1 (11%)

6 (100%)
5 (56%)

0 (0%)
4 (44%)
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Fig. 2. Correlation between cis-regulatory activity and transcription factor DNA binding and genome accessibility. Each of the 152 columns displays data for
one TTR. The columns are divided into KR-bound TTRs (Left) and KR-unbound TTRs (Right) and are ranked by the antibody-miniumum KR ChIP score (SI
Materials and Methods and Dataset S2). Locations of TTRs along the rank list of 5,713 genomic regions bound by KR are shown (Top Left) and the KR-bound
TTRs belonging to the top, middle and bottom cohorts are indicated (Bottom Left). (A) The upper heat map rows show in vivo DNA binding ChIP scores for 20
transcription factors in stage 5 embryos. The lowest heat map row indicates the degree of DNaseI accessibility at stage 5. The row beneath this indicates if the
TTR drives reporter expression in stage 5 embryos (+ symbols). (B) The colored rows show if in vivo DNA binding or DNaseI accessibility is conﬁdently detected
for each TTR (blue) or is not conﬁdently detected (pink) (SI Materials and Methods). The lowest row shows if the TTR drives reporter transcription in stage 5
embryos (+ symbols).

Of the bottom KR-bound TTRs, 69% are active in at least one
stage postblastoderm (Table 3). Of the 48 KR-unbound TTRs,
38% are active cis-regulatory regions after stage 5 (Table 3), and
of the 29 that are not bound by any of the 20 transcription factors, 19% are active in later embryogenesis (Dataset S2). Similar
percentages of cis-regulatory activity during embryogenesis have
also been reported for randomly selected genomic regions in
other transgenic studies (26). In addition, a subset of transcription factor interactions on cis-regulatory regions are probably
nonfunctional, even when the regulatory region is actively regulating transcription (3), and there are at least 100 transcription
factors expressed in every animal cell, most molecules of which
will likely engage in extensive, low-occupancy DNA binding.
Thus, there is no compelling evidence that activity in late

embryogenesis is a consequence of binding of either KR or other
transcription factors to these TTRs at stage 5.
Discussion
Multiple lines of evidence suggest that transcription factors in all
organisms make extensive, low-occupancy, nonfunctional interactions that are thermodynamically driven by the concentrations
of transcription factors and DNA in cells (10–18; reviewed in ref.
3). For most animal transcription factors, the ratio of protein
molecules per cell to the length of accessible genome is particularly high (Table 1). These ratios, combined with the high frequencies of DNA recognition sites for each transcription factor
throughout the genome (33), imply only modest differences in
DNA binding levels between high-occupancy functional interactions

Table 3. Functional activity of all TTRs combined
Cohort

Rank by KR
ChIP score

TTRs

KR-bound top
KR-bound middle
KR-bound bottom
KR-unbound

1–372
385–1,567
1,602–5,460
NA

34
35
35
48

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1209589110

TTRs active
at stage 5
31
25
16
3

(91%)
(71%)
(46%)
(6.3%)

TTRs active at
stages 9–14
30
29
24
18

(88%)
(83%)
(69%)
(38%)

TTRs inactive
all stages
1
4
10
30

(3%)
(11%)
(29%)
(63%)

Fisher et al.

0.50
0.45

top
middle bottom random
cohort cohort cohort genome

Fig. 3. Properties of different KR occupancy cohorts. Different properties of KR-bound TTRs (blue bars), KR occupancy-matched genomic regions (red bars),
and randomly selected genomic regions (green bars) are shown. The height of the bar shows the mean. For the top, middle, and bottom occupancy-matched
cohorts and the random genome cohort, 95% conﬁdence intervals indicate the 2.5% and 97.5% quantiles from 100 samplings (SI Materials and Methods). (A)
The frequency of the eight most common Gene Ontology terms for the genes closest to the top KR-bound TTR and top occupancy-matched cohorts. (B) The
median distance to the start site of the closest gene cross-linked by the actively transcribing, phosphorylated form of RNA polymerase II. (C) The median
distance to the start site of the closest gene whose mRNA is expressed in spatial patterns in stages 4–6. (D) The mean PhastCons DNA sequence conservation
score for Drosophila species in 1-kb windows centered in the middle of each genomic region.

and lower-occupancy nonfunctional interactions. In vivo crosslinking studies support this prediction, showing a continuum of
DNA occupancies that stretches from high levels at known cisregulatory regions to lower levels at many thousands of regions
that have characteristics, suggesting that they are not involved
with the cis-regulation of transcription (1, 6–9). The differences in
DNA occupancy levels across this spectrum of interactions are
typically only several ten-fold or several hundred-fold, depending
on the transcription factor.
Here we have directly tested the functional activity of highand low-occupancy genomic regions in transgenic reporter assays
in Drosophila embryos. Although 91% of regions bound at high
levels in blastoderm embryos act as cis-regulatory regions at this
early stage of development (Table 3), only 46% of genomic
regions bound at low occupancy are active at this time, and 29%
are not detectably active at any stage of embryogenesis (Tables 2
and 3). Although a number of genomic regions bound at low
levels and not active in the blastoderm do become active cisregulatory regions later in development, we have no evidence
that this later activity requires the DNA binding of the transcription factors observed at blastoderm. Approximately onethird of genomic regions not bound by any transcription factor at
blastoderm have cis-regulatory activity at some later stage of
embryogenesis (Table 3 and Dataset S2) (26), and the highly
promiscuous binding by multiple transcription factors at most
accessible genomic regions suggest that these interactions do not
lead either immediately or eventually to signiﬁcant changes in
transcription of nearby genes.
For simplicity, we use the term “nonfunctional” to refer to
DNA binding events that do not affect transcription of nearby
genes in cis, either at the time DNA binding is measured or as
a later consequence of the binding event. It has long been appreciated, however, that low-occupancy interactions that do not
affect transcription in cis will affect the system in trans by lowering the concentration of unbound transcription factor molecules, which will in turn necessarily reduce the occupancy levels
of transcription factors at highly bound, functional cis-regulatory
regions (10–18). Low-occupancy DNA binding could in this
sense be said to be functional, but it is a very different function
from that of regulating nearby genes via cis-regulatory regions,
Fisher et al.

and most low-occupancy interactions are not under strong natural selection in the same way that direct regulatory interactions
in cis-regulatory regions are (Fig. 3D) (6, 9).
It is challenging to prove that a given molecular binding event
has no biological function. The transgenic assay that we have
used may not detect certain classes of bona ﬁde transcriptional
cis-regulatory regions, including insulators, pure silencers, DNA
sequences that augment the activity of nearby regulatory regions
but which are not active on their own, and sequences that can act
autonomously when coupled with a proximal promoter but drive
expression patterns that are too weak to be detected in a standard transgenic assay. There is no reason, however, to suppose
that silencers, insulators, or other strongly acting cis-regulatory
region preferentially use only low-occupancy interactions. It is a
general ﬁnding that transgenic assays in Drosophila and other model
organisms detect cis-regulatory regions, the sum of whose activities
approximates the wild-type transcription patterns of the associated
genes (34–37). These observations suggest that transgenic assays are
sensitive enough to detect most cis-regulatory regions.
Low-occupancy interactions might have a nontranscriptional
function. For example, the muscle speciﬁcation transcription
factor MyoD induces modest quantitative increases in histone
acetylation at tens-of-thousands of the genomic regions to which
it binds in vivo, which could lead to higher-order changes in
chromatin structure without directly regulating the transcription
of genes in the vicinity of the DNA binding event (22).
We suggest, however, that along the continuum of transcription
factor DNA occupancy levels in vivo, a point must be reached
where most interactions have no speciﬁc functional impact, other
than the reduction of unbound protein concentrations in trans.
Where that point lies will likely differ for different transcription
factors and developmental contexts. Some proteins may have
important biological functions in regulating modest quantitative
transcriptional responses for thousands of genes (3) and may also
act more diffusely by modulating large-scale changes in chromatin
architecture (22). Other proteins may signiﬁcantly regulate only
tens or hundreds of genes. However, extensive, nonfunctional
interactions appear to be an unavoidable consequence of whatever
selective pressure drove animals to adopt transcriptional regulators
PNAS Early Edition | 5 of 6
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that have relatively broad DNA sequence speciﬁcities, and which
are expressed at high concentrations.
What may initially appear to be a different perspective on lowoccupancy DNA binding in vivo has been suggested by Tanay
(38). This report describes a weak correlation between in vivo
ChIP-chip scores and transcriptional function across the 90%
of genes that have the lowest ChIP-chip scores in yeast. These
in vivo cross-linking scores are well below those we consider as
statistically signiﬁcant here, and their correlation with function is
only observed after the ChIP scores have been adjusted using a
novel noise-removal model, limiting conﬁdence in Tanay’s conclusions. Nonetheless, if it is assumed that the weak correlation
is biologically relevant, Tanay’s analysis is not inconsistent with
ours, because only a small minority of low-occupancy interactions
need be functional to produce the poor correlation observed. The
possibility that some weak interactions may have a function does
not argue that all are functional.
In summary, although much work needs to be done to determine the fraction of DNA interactions that are biological
signiﬁcant in controlling transcription in cis, the broad sweep of
the data imply that a high proportion of low-occupancy interactions are nonfunctional. Extensive, nonfunctional interactions
have also been proposed for other classes of proteins, including
kinases and RNA polymerase, and thus may be common to many
biological processes (3, 39, 40).
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DNA Constructs, Transgenics, and Reporter Gene Expression. Genome coordinates of the DNA sequences of TTRs are given in Dataset S2 and the selection criteria and ChIP-chip and other data used to identify them are
described in SI Materials and Methods. All TTRs were PCR-ampliﬁed from
y:cn bw sp (the D. melanogaster sequenced reference strain) and their DNA
sequences were veriﬁed after cloning. KR-rank and ChIP TTRs were cloned
into pBPGUw and the resulting DNA constructs were integrated at an attP2
integration site located on the third chromosome at 68A4, as described
previously (41). Correct insertion at the AttP site was veriﬁed by crossing w+
F1 males to y w; Dr, e/TM3, Sb females. Gal4 reporter gene expression was
detected by in situ RNA hybridization as previously described (41). “Cluster”
TTRs were cloned into an eve basal promoter/β-galactosidase reporter gene
construct and transformed into w1118 embryos, and reporter gene expression was detected as described previously (32). Only those cluster constructs
that showed consistent expression patterns in at least two separate transformed lines were considered further. As previously described (42), in cluster
TTR that we class as not active, we occasionally detect a weak anterior stripe
of expression because of the sequences in the basal promoter/b-galactosidase/P-transposon sequences. For images showing gene-expression patterns
in embryos, the horizontal and vertical aspect ratios were occasionally altered to allow alignment (Fig. 1 and Datasets S3, S4, S5, and S6).
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