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Low-affinity transcription factor binding
sites shape morphogen responses and
enhancer evolution

Andrea I. Ramos and Scott Barolo

Department of Cell and Developmental Biology and Program in Cellular and Molecular Biology,
University of Michigan Medical School, Ann Arbor, MI 48109, USA

In the era of functional genomics, the role of transcription factor (TF)–DNA

binding affinity is of increasing interest: for example, it has recently been

proposed that low-affinity genomic binding events, though frequent, are

functionally irrelevant. Here, we investigate the role of binding site affinity

in the transcriptional interpretation of Hedgehog (Hh) morphogen gradi-

ents. We noted that enhancers of several Hh-responsive Drosophila genes

have low predicted affinity for Ci, the Gli family TF that transduces Hh sig-

nalling in the fly. Contrary to our initial hypothesis, improving the affinity of

Ci/Gli sites in enhancers of dpp, wingless and stripe, by transplanting optimal

sites from the patched gene, did not result in ectopic responses to Hh signal-

ling. Instead, we found that these enhancers require low-affinity binding

sites for normal activation in regions of relatively low signalling. When

Ci/Gli sites in these enhancers were altered to improve their binding affinity,

we observed patterning defects in the transcriptional response that are con-

sistent with a switch from Ci-mediated activation to Ci-mediated repression.

Synthetic transgenic reporters containing isolated Ci/Gli sites confirmed this

finding in imaginal discs. We propose that the requirement for gene acti-

vation by Ci in the regions of low-to-moderate Hh signalling results in

evolutionary pressure favouring weak binding sites in enhancers of certain

Hh target genes.
1. Introduction
Enhancers, also known as cis-regulatory elements, are genomic DNA elements in

command of the timing, location and levels of gene transcription. These tran-

scriptional regulatory sequences integrate signalling and tissue-specific inputs

through binding sites for a myriad of transcription factors (TFs) to specify

spatio-temporal patterns of gene expression [1]. Traditionally, enhancers have

been identified functionally, in most cases by directly testing the sufficiency of

stretches of DNA to drive gene expression in reporter assays. Nowadays, putative

enhancers can be mined on a genome-wide basis by biochemical signatures,

including histone tail modifications, co-activator binding and DNase accessibility

[2,3]. Because hundreds or thousands of chromosomal sites cannot be easily

tested for transcriptional activity, some genomic studies accept chromatin signa-

tures associated with enhancer activity as self-validating evidence of enhancer

function [4–7]. Another potential biochemical indicator of enhancers is TF or

co-activator binding, as assessed on a genome-wide level by ChIP-seq and related

techniques [7–12]. These methods have had success in identifying regulatory

sequences, although many TF-bound regions do not appear to function as enhan-

cers [13–15]. Other studies use DNA sequence signatures, mainly evolutionary

conservation and/or clustering of predicted TF binding motifs, to screen gen-

omes for enhancers [16–19]. These methods have also been successful,

although again, they are by no means foolproof: for example, not all functional

enhancers show evidence of evolutionary sequence conservation—even if their

function is conserved—and conversely, not all highly conserved sequences

display regulatory activity [20–23].

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2013.0018&domain=pdf&date_stamp=2013-11-11
mailto:sbarolo@umich.edu
http://dx.doi.org/10.1098/rstb.2013.0018
http://dx.doi.org/10.1098/rstb.2013.0018
http://rstb.royalsocietypublishing.org
http://rstb.royalsocietypublishing.org


rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20130018

2
Enhancers are increasingly prominent in evolutionary

thinking, as they have been shown to be the main agents of mor-

phological diversity during evolution [23–25]. Changes that

affect TF binding to enhancers have the potential to modify

pleiotropic genes in a tissue-specific manner without compro-

mising the survival of the organism. Sequence alterations

such as deletions, insertions and nucleotide substitutions in

enhancers have been shown to be responsible for morphologi-

cal diversity [26]. Because of the complex arrangement of TF

binding motifs at enhancers, even tiny changes in regulatory

sequences can have significant effects in the transcriptional

output by modifying binding affinity, binding site number or

changing the spacing between TFs, among many other possible

scenarios [1].

Enhancers integrate inputs from different cellular and

developmental contexts to produce tissue-specific responses

critical during tissue differentiation, proliferation and main-

tenance. A small number of signalling pathways provide

instructive inputs that are used in multiple developmental

contexts [27,28]. The highly conserved Hedgehog (Hh) sig-

nalling pathway is one of the key regulatory networks

mediating cell communication during the development of

most animals [29]. The Hh morphogen provides instructive

positional information by establishing a signalling gradient

that promotes different cell fates at different signal intensities

which are interpreted by enhancers that contain binding sites

for the effector of the pathway, the TF Cubitus interruptus

(Ci). In Drosophila, Hh-receiving cells post-translationally

modify Ci, a member of the Gli family of TFs, which activates

or represses transcription of key target genes [30]. In the pres-

ence of the Hh signal, the activator isoform of Ci (Ci-Act)

stimulates transcription of Hh target genes, but in the absence

of signalling, a repressor isoform of the same protein (Ci-Rep)

inhibits transcription of those genes. Ci recognizes enhancers

that contain the same optimal consensus sequence as mam-

malian Gli factors, GACCACCCA—but, like many other TFs,

it can also bind to sequences that deviate from this consensus

site [31,32]. Thus, Ci activates or actively represses the tran-

scription of Hh responsive genes depending on the state of

signalling.

The Hh signalling gradient has been extensively character-

ized in the context of the developing wing of Drosophila
melanogaster (figure 1a). In the third-instar larval wing imagi-

nal disc, which gives rise to the adult wing, cells in the

posterior compartment secrete the Hh morphogen: this

signal is received and interpreted by cells of the anterior com-

partment that express Ci. The short-range Hh signal generates

opposing reciprocal gradients of Ci-Act and Ci-Rep (figure 1a)

[33,34]. Anterior-compartment cells near the anterior–pos-

terior (A/P) compartment boundary receive maximal levels

of Hh signalling and thus form Ci-Act exclusively, hence

Hh/Ci regulated enhancers are active: these cells form what

we will call the ‘activator zone’. Cells far from the source of

Hh do not encounter the ligand and form Ci-Rep only,

which represses target enhancers. These cells can be classified

into the ‘repressor zone’, which comprises most of the anterior

compartment of the wing. Between the activator and repressor

zones, there exists a region that receives moderate levels of Hh

and produces both Ci-Act and Ci-Rep. We will refer to this

region as the ‘mixed zone’. Here, the morphogen response

becomes more complex, as Ci binding sites in Hh-responsive

enhancers integrate competing inputs with opposing tran-

scriptional functions. How cis-regulatory elements ‘decide’
whether to be active or repressed by Ci in this zone is not

well understood, but recent findings [33,35], as well as the

results presented here, show that the decision relies in part

on the number and sequence of their Ci binding motifs.

Bicoid and Dorsal, two morphogens that form signalling gra-

dients during embryogenesis, also regulate key target genes

in response to differences in binding site number and affinity

[36,37]. However, because of the reciprocal gradients of

Ci-Act and Ci-Rep, Hh/Ci-regulated enhancers interpret

these differences unconventionally, and drive gene expression

in unexpected domains across the gradient [33,35]. A classic

response is displayed by the Dorsal target gene twist, which

has a proximal enhancer with two low-affinity binding sites

that drive limited gene expression in cells with high levels of

the morphogen [37]. Improving the affinity of those sites

resulted in higher levels of gene expression in a broader

domain of the Drosophila embryo [37]. In the case of several

Hh/Ci-regulated enhancers, the transcriptional response to

changes in affinity is opposite to what is expected from the

morphogen gradient model (these observations will be

described in more detail below) [38].

A limited number of direct Hh/Ci target enhancers have

been identified in Drosophila over the past two decades

(table 1). More recently, new elements have been characterized

in vertebrates [50–55]. The highest standard for identification

of a direct Ci/Gli target enhancer consists of the following

pieces of evidence: (i) the enhancer and parent gene are acti-

vated in a pattern consistent with Hh/Gli regulation; (ii) the

enhancer contains sites that are biochemically demonstrated

to be bound by Gli proteins in vitro or in vivo; and (iii) destruc-

tion of Gli sites diminishes the response of the enhancer and/

or gene to Hh/Gli in vivo. Most, but not all, of the targets cited

above meet that standard of evidence and can be regarded as

confirmed direct Hh/Gli targets. Regardless of the species of

origin, these enhancers respond to Hh signalling through vari-

ations on the same optimal Ci/Gli binding consensus

[32,41,43–45,50–52].

Enhancers of the Drosophila genes patched ( ptc) and deca-
pentaplegic (dpp) were two of the earliest-identified direct Hh

target sequences [40,41]. The ptc enhancer is directly activated

by Hh/Ci in larval imaginal discs via high-affinity Ci sites that

perfectly match the optimal Gli binding consensus (figure 1b,c
and table 1) [33,40]. By contrast, dpp is activated in the same

tissues by an enhancer (designated here as dppD) containing

Ci sites of significantly lower affinity, with multiple mis-

matches to the optimal consensus (figure 1b,c and table 1)

[33,41]. In the wing imaginal disc, ptc is expressed in a

narrow strip of cells in the activator zone receiving maximal

levels of Hh signalling, whereas dpp is expressed in a broader

stripe in the mixed zone, farther from the source of morphogen

(figure 1a) [56]. These observations present a puzzle: why is a

low-affinity Ci target gene such as dpp activated more broadly

across the Hh morphogen gradient than a high-affinity target

gene like ptc? These results contrast with previous obser-

vations of the responsiveness of Bicoid and Dorsal target

enhancers with low- and high-affinity sites [36,37]. Wolpert’s

French flag model of positional information, which has been

invoked (in modernized forms) to explain transcriptional

responses to Hh signalling [34,38,57,58], would seem to pre-

dict that high-affinity targets should be more sensitive to

signalling and as a result be expressed in a relatively broad

domain across the gradient; by comparison, low-affinity

target genes might be expected to have a higher response
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Figure 1. The dppD enhancer requires conserved low-affinity Ci/Gli sites to respond optimally to Hh and Ci in the developing wing. (a) Diagram of the Drosophila
third-instar wing imaginal disc, showing the distribution of the Hedgehog signalling gradient across the anterior compartment. The dashed line indicates the
anterior – posterior (A/P) boundary separating posterior cells, which secrete Hh, from anterior cells, which express the Ci transcription factor. Magnification of a
segment of the wing pouch across the compartment boundary shows distinct zones (repressor, mixed and activator) based on their distance from the source
of Hh morphogen. The Hh target genes dpp and ptc respond differently to the gradient; dpp is expressed maximally in the mixed zone, whereas ptc expression
is restricted to the activator zone. (b) Ci binding motifs in the dppD and ptc enhancers. (c) Estimated Ci binding affinity and evolutionary conservation across the
dppD and ptc enhancers of D. melanogaster. Ci matrix similarity score (see Methods) was plotted for every 9-mer. Known or proposed Ci sites (table 1) are shown as
larger dots. For each 9-mer with a score �70, numerals indicate the number of Drosophila species (out of 12) in which that sequence is present at or near the
orthologous position. (d ) Top: diagrams of dppD enhancer constructs, with defined Ci binding sites as vertical bars (broken bars indicate mutated sites). Middle and
bottom, confocal images of third-instar larval wing imaginal discs, showing GFP expression driven by dppD-GFP or ptc-GFP reporter transgenes. Red fluorescence is
driven by a dppD[Ci-ptc]-DsRed transgene used for GFP fluorescence normalization and positional reference [33]. In dppD[Ci-KO]-GFP, three Ci sites were destroyed by
targeted mutation; in dppD[Ci-ptc]-GFP, three Ci sites were converted to optimal motifs taken from ptc; in dppD[Ci1-ptc]-GFP, the 50 Ci site was optimized, whereas
site 2 and 3 were destroyed. The white dashed rectangle indicates the section of the dorsal wing pouch that is measured in the following panels. (e) Normalized GFP
fluorescence data collected from the dorsal section of the wing pouch. Error bars indicate 1 s.d. ( f ) Net effect of wild-type or high-affinity Ci sites on dppD
expression (calculated as the normalized transgene expression of dppD[wt] or dppD[Ci-ptc] minus normalized dppD[Ci-KO] expression). Circles indicate the positions
on the A/P axis at which Ci input switches from net activation to net repression for each enhancer. (Online version in colour.)
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Table 1. Functionally characterized Hh/Ci-regulated enhancers in the Drosophila genome. CiBS: Ci binding site(s). Bases deviating from the Ci/Gli consensus
motif GACCACCCA [32,39] are in bold and lower case. CiBS rank: rank of each 9-mer in order of predicted binding affinity for Ci [32].

enhancer target gene sequence of CiBS CiBS rank expression references

ptc patched GACCACCCAa 1 wing disc [33,40], this study

GACCACCCAa 1

GACCACCCAa 1

dppD decapentaplegic GgCCACCtAa 37 wing, leg and antennal disc [33,41], this study

GACCgCCCg a 172

tACCtCCCc a,b 1512c

dppHO decapentaplegic GACCACCag 240 wing and haltere disc [42]

cgCCACCCA 103

wg1.0 wingless GAgCAgCCAa 410 embryonic ectoderm [31,35,43], this study

GtCCACgCt a 1144d

GttCACgCAa 835

GACCtCCCAa 4

r1.9 stripe ccaCACaCA 4303e embryonic ectoderm [44], this study

GACCACCag 240

knot knot GcCCACCCA 3f,g wing disc [45]

GaCCACCgc 248g

GgCCACaCA 43

D-h hairy GACCtCCCA 4 leg disc [46]

GACCACCat 235

oc7 orthodenticle GcCCtCCCA 21 vertex primordium [47]

pCB1.8 blistered GcCCACCac b 816 wing disc [48]

agCCACCCAb 101

GACCACagc b 1259

SRF-A blistered GgCCAtCtAb 735 wing disc [49]
aRelative in vitro binding affinity was experimentally measured [33,35].
bPotential binding site, not functionally and biochemically validated.
cThis sequence, proposed as a possible Ci binding site by Müller et al. but not tested [41], overlaps another 9-mer with a better (but still poor) Ci site ranking
(426). Neither site showed detectable binding to Ci in vitro [33] and neither is well-conserved evolutionarily (see figure 3a and electronic supplementary
figure S1b).
dThis sequence, proposed as a Ci binding site by Von Ohlen et al. [31], overlaps another 9-mer with a better (but still poor) Ci site ranking (992). A probe
containing both overlapping sequences showed very weak binding to Ci in vitro [35], and the motif identified by Von Ohlen et al. [43] is not evolutionarily well
conserved (see figure 3b and supplementary figure S1c).
eThis sequence, proposed as a Ci binding site by Piepenburg et al. [44], overlaps another 9-mer with a better (but still poor) Ci site ranking of 681 (figure 3c).
fThis site was reported as TGCCACCCA, a worse-ranking motif (rank 93), by Hersh et al. [45], but reference genomic sequence (BDGP R5/dm3) gives it as
GCCCACCCA, and strong evolutionary sequence conservation supports the latter sequence.
gThese two predicted sites were reported to be functionally irrelevant in vivo by Hersh et al. [45]—but see the previous footnote.
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threshold and thus a more restricted expression domain. Such

a model has been recently proposed to explain transcriptional

responses to Hh/Gli in the vertebrate neural tube [50]. Yet the

expression patterns of ptc and dpp in the wing suggest that

different mechanisms may be at work. Furthermore, the effects

of opposing activator/repressor TF gradients, acting through

the same cis-regulatory sites, have not been satisfactorily

explained in any system.

We set out to explore how Ci binding site affinity affects

the interpretation of Hh gradients in the developing Droso-
phila wing and embryonic ectoderm. Here, we present new

data that corroborate our recent findings [33,35] that some

Hh-responsive enhancers require low-affinity binding sites
for normal activation in the regions of relatively low signal-

ling. Not only are these sites important, but their low

affinity is equally important: when these non-consensus

sites were upgraded to optimal Ci binding motifs, the result

is gene expression patterning defects that are consistent

with a switch from Ci-mediated activation to Ci-mediated

repression [33]. We present evidence consistent with a

model in which selective pressure maintains non-consensus,

low-affinity Ci binding sites in Hh-responsive enhancers,

and propose that this is an evolutionary mechanism for max-

imizing Hh/Ci-mediated transcriptional activation in the

regions of Hh morphogen gradients where Ci-Act and Ci-

Rep compete for enhancer binding.
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Figure 2. Optimizing the Ci binding affinity in the wingless and stripe embryonic enhancers results in reduced levels of gene expression. (a) Diagram of a stage 14
Drosophila embryo. A closer view of parasegments 5 and 6 shows bidirectional Hh signalling gradients that modulate the transcriptional activity of Ci. Known Hh/Ci
target genes respond symmetrically ( patched [71,72]) or asymmetrically (e.g. wingless (wg) [73] and stripe (sr) [44]) to the Hh signal. (b) Diagrams of the
wg1.0[wt] and sr1.9[wt] enhancers showing Ci binding motifs as vertical lines. (c) Estimated Ci binding affinity across the wg1.0 and sr1.9 enhancers of
D. melanogaster. Ci matrix similarity scores and conservation data are indicated as in figure 1c. In (d,e), diagrams on the left show wg1.0 and sr1.9D enhancer
constructs; images of transgenic embryos show GFP alone (middle) and merged GFP, En (which marks Hh-producing cells), and DAPI nuclear stain (right).
(d ) Confocal images of stage 14 transgenic embryos carrying wg1.0[wt] and wg1.0[3xCi-opt], in which three Ci sites have been converted to optimal Ci binding
motifs, driving GFP. (e) Confocal images of stage 14 transgenic embryos carrying sr1.9[wt] and sr1.9[2xCi-opt], in which two Ci sites have been converted into
optimal Ci binding motifs, driving GFP. A, anterior; P, posterior. (Online version in colour.)
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2. Material and methods
(a) Ci binding site prediction, scoring and ranking
A mononucleotide distribution matrix for Ci binding sites,

derived from competitive DNA binding assays [32], was down-

loaded from the GENOMATIX software suite (www.genomatix.de;

Genomatix, Germany). Matrix similarity scores [59] were
calculated using data from the first nine nucleotide positions of

the Ci matrix, which contain the majority of the information con-

tent. The matrix similarity score plots in figures 1c and 2c were

generated with Apple NUMBERS and modified with Adobe ILLUS-

TRATOR. Ci site rankings are determined by sorting all possible

9-mers in order of matrix similarity score, such that the optimal

motif (GACCACCCA), with a score of 100, has a rank of 1;

http://www.genomatix.de


dppD enhancer, Ci sites and, ,1 2 3

wg1.0 enhancer, Ci sites and1 2

sr1.9 enhancer, Ci sites and1 2

(b)

(a)

(c)

Figure 3. Evolutionary conservation of predicted binding affinity, but not of sequence identity, at many low-to-moderate-affinity Ci binding sites. Twelve-species
Drosophila sequence alignments are shown for selected regions of the (a) dppD, (b) wg1.0 and (c) sr1.9 enhancers. Selected 9-mers are shaded, and Ci matrix
similarity scores for those motifs are shown to the right. Sequences are from the following Drosophila species, from top to bottom: D. melanogaster, D. simulans,
D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. persimilis, D. willistoni, D. virilis, D. mojavensis and D. grimshawi. Dashes indicate gaps; double-
dashes indicate a lack of alignable sequence. Bracketed numbers indicate the number of bases deleted at that position to conserve space. Conserved homeodomain
binding motifs are in grey boxes. (Online version in colour.)
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9-mers with a lower matrix score than their reverse-complement

sequences, such as TGGGTGGTC, are removed from the ranking,

so that each high-scoring site is included only once.
(b) DNA cloning and mutagenesis
Wild-type ptc, dppD, sr1.9 and wg1.0 enhancers were amplified

by standard PCR from w1118 genomic DNA. Enhancer constructs
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were subcloned into the pENTR/D-TOPO plasmid (Invitrogen)

by TOPO cloning. Enhancers were subsequently cloned into

the pHPdesteGFP transgenesis vector [60] by LR Cloning (Invi-

trogen), or into the pEAB transgenesis vector (N. C. Evans &

S. Barolo 2012, unpublished data) by traditional cloning

methods. Targeted binding site mutations were created by over-

lap extension PCR [61]. Synthetic Hh-responsive enhancers were

generated by assembly PCR [61]. See electronic supplementary

material, figure S4 for full sequences of wild-type and mutated

enhancers investigated in this study.

(c) Transgenesis
Site-directed transformation by embryo injection was performed

as previously described [62]. Reporter transgenes were integrated

into a phiC31 landing site at genomic position 86FB.

(d) Immunohistochemistry and microscopy
Embryos were fixed and stained using standard methods as pre-

viously described [35]. Third-instar wing imaginal discs were

dissected and fixed as described [33]. Confocal images were cap-

tured on an Olympus FluoView 500 laser scanning confocal

microscope mounted on an Olympus IX-71 inverted microscope.

Samples to be directly compared were fixed, prepared and

imaged under identical confocal microscopy conditions and set-

tings. The primary antibodies used included rabbit anti-EGFP

(Invitrogen), diluted 1 : 100, and mouse anti-En (Developmental

Studies Hybridoma Bank), diluted 1 : 50. Embryos were staged

as described [63].

(e) Quantitation of transgenic reporter expression data
Embryo and wing confocal images were collected and quantified

as previously described [33,35]. The MATLAB program

ICARUS [64] was used to process and plot wing imaginal disc

fluorescence data.

( f ) Evolutionary sequence alignments
Alignments of enhancer-orthologous sequences from 12

sequenced Drosophila genomes were obtained from the UCSC

Genome Browser (www.genome.ucsc.edu), except for the dppD

enhancer, for which the UCSC alignment was incomplete; this

alignment was performed with CLUSTAL OMEGA (www.ebi.ac.

uk/tools/msa/clustalo), using sequences identified with the

EVOPRINTER HD online tool [65]. Predicted binding motifs were

identified with the GENEPALETTE program [66]; alignment

graphics were then modified with Adobe ILLUSTRATOR.
3. Results and discussion
(a) Many Hh/Ci-regulated enhancers are regulated by

non-consensus Ci binding sites
Most of the functionally characterized Hh/Ci-regulated

enhancers in Drosophila respond to Hh signalling through

non-consensus Ci binding sites (table 1), some of which have

been shown to exhibit relatively poor Ci binding affinity in
vitro [33,35]. The only known exception is ptc, which encodes

the Hh receptor [67,68]. ptc is unique among the known

direct Hh/Ci target genes in two ways. First, ptc is regulated

by a cluster of highly conserved consensus Ci binding sites

of optimal binding affinity (figure 1b,c and see electronic sup-

plementary material, figure S1a) [33,40]. Second, unlike all

other known Hh targets in the fly, which respond to Hh in a

tissue-restricted pattern, ptc is transcriptionally activated by
Hh signalling universally (i.e. in all tissues where Hh signal-

ling occurs), as part of a negative feedback mechanism that

regulates the range of signalling [69].

Among the enhancers listed in table 1 is dppD, which is

both activated and repressed by Ci in imaginal discs

[33,40,41]. The dppD enhancer is regulated by a cluster of Ci

binding sites which, though they deviate considerably from

the optimal consensus and have low Ci binding affinity in
vitro, are required for proper spatial patterning by Hh/Ci in

the developing wing (figure 1b,c and see electronic sup-

plementary material, figure S1b) [33,41,69]. This enhancer

drives wing and leg expression of the long-range morphogen

decapentaplegic (dpp), which encodes a bone morphogenetic

protein (BMP) family member that controls wing growth

and patterning [70]. Two other Hh-regulated enhancers,

wg1.0 and sr1.9, use non-consensus Ci binding sites to drive

precise expression patterns in the embryonic ectoderm

(table 1 and figure 2). The wg1.0 enhancer responds to Hh

via four non-consensus, low-affinity Ci binding sites (table 1

and figure 2b,c and see electronic supplementary material,

figure S1c) [35,43] to control the expression of the wingless
(wg) gene, which encodes a Wnt-family morphogen [74].

The sr1.9 enhancer relies on two non-consensus Ci binding

sites (table 1 and figure 2b,c) to regulate the expression of

stripe (sr), a gene required for muscle-pattern formation

during embryogenesis [75].

Many of these functionally significant non-consensus Ci

binding sites are conserved throughout the evolution of

the genus Drosophila (figure 1b and see electronic supplemen-

tary material, figure S1). This suggests the possibility of

evolutionary pressures maintaining functional low-affinity

Ci interactions with enhancers that interpret developmental

Hh signalling gradients.

(b) Improving the binding affinity of Ci in the dppD
enhancer restricts expression to the activator zone

We noted that the ptc and dppD enhancers, which are regu-

lated by Ci binding sites of very different affinity, drive gene

expression in distinct Hh signalling zones of the developing

wing (figure 1a and see electronic supplementary material,

figure S2) [56]. The ptc enhancer, which contains optimal

sites, responds to Hh only in the activator zone, whereas

dppD, with its non-consensus, low-affinity sites, responds to

Hh in the mixed zone, farther from the source of morphogen

(see electronic supplementary material, figure S2) [76]. To

determine whether the low affinity of the Ci binding motifs

in dppD (which is evolutionarily conserved: figure 3 and see

electronic supplementary material, figure S1b) is important

for responding to Hh/Ci in the mixed zone, we converted

the three low-affinity sites into high-affinity sites taken from

the ptc enhancer [33]. We observed that this ‘upgraded’ enhan-

cer, dppD[Ci-ptc], which differs from the wild-type enhancer

by only seven nucleotide positions, drives maximal gene

expression in the activator zone instead of the mixed zone,

similar to ptc (figure 1d). To more precisely determine the tran-

scriptional effect of changes in Ci binding affinity, we used a

quantitative reporter gene assay [33] to measure GFP fluor-

escence across the dorsal portion of the wing pouch and

normalized it to a dppD[Ci-ptc]-DsRed reference transgene as

an internal control for potential variations in age, fixation

and wing shape. We compared normalized GFP transgene

expression levels driven by three versions of dppD: wild-type

http://www.genome.ucsc.edu
http://www.ebi.ac.uk/tools/msa/clustalo
http://www.ebi.ac.uk/tools/msa/clustalo
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(wt); Ci-KO, in which the Ci sites were destroyed; and Ci-ptc,

in which the binding affinity of the sites was improved by tar-

geted base substitutions [33].

In accordance with previous work [41], we found that

dppD[Ci-KO] drove a broad expression pattern in the wing

that differs from that of the wild-type enhancer in two

respects: de-repression in anterior cells, and partial loss of

activation in the mixed zone (figure 1e) [33]. We used the

expression of dppD[Ci-KO] as a baseline, and measured

the difference in fluorescence intensity between it and

dppD[wt] or dppD[Ci-ptc] to determine the direct effect

mediated by those three Ci binding sites at each position

along the A/P axis of the wing disc (figure 1f ) [33]. Although

the dppD[Ci-KO] expression pattern clearly shows reduced

sensitivity to Ci activation and repression, its expression

still suggests some regulation by Hh signalling: this is likely

due to indirect regulation via a non-Ci input that is itself

regulated by Hh/Ci [41], but it could also reflect input

from uncharacterized Ci binding sites (figure 3 and see elec-

tronic supplementary material, figure S1b). Increased Ci

binding affinity provided stronger activation in the activator

zone, as well as stronger repression in the repression zone,

as expected—but unexpectedly, it also caused a switch

from activation to repression in the mixed zone, where dpp
(but not ptc) is normally activated (figure 1f ) [33].

(c) Finding a happy medium: low-affinity Ci binding
sites diversify the Hh response

As we proposed previously, the ectopic repression of

dppD[Ci-ptc] in the activator zone may be explained by two

biophysical mechanisms [33]. First, it is possible that Ci-Act

and Ci-Rep have different binding preferences for distinct

Ci motifs, such that Ci-Act prefers certain non-consensus

sites while Ci-Rep prefers consensus sites. This scenario

may seem unlikely, because Ci-Act and Ci-Rep share the

same DNA-binding domain [77,78], but it has not been

directly ruled out. An alternative possibility is that strong

cooperative interactions occur between Ci-Rep (but not

Ci-Act) that result in lower-threshold levels for Ci-Rep (sche-

matic of these models can be found elsewhere [33,79]).

Cooperative interactions are pervasive in gene regulation

[80] and have been shown to lower threshold responses to

other morphogens [37,81]. Fortuitously, these two models

predict remarkably different transcriptional outputs for a

modified dppD enhancer with a single high-affinity site

(dppD[Ci1-ptc]; figure 1d ). If the sequence motif itself dictates

binding of Ci-Rep versus Ci-Act, then the transcriptional pro-

file of dppD[Ci1-ptc] will be similar to dppD[Ci-ptc], as both

enhancers contain only optimal consensus sites of identical

sequence. On the other hand, if cooperative interactions

between Ci-Rep are responsible for the restricted expression

pattern of dppD[Ci-ptc], then dppD[Ci1-ptc] will behave

more like dppD[wt], because a single Ci site cannot mediate

homomeric cooperative interactions.

We found that dppD[Ci1-ptc] generates a broad stripe that

is active in both the activator zone and the mixed zone

(figure 1f ), which is consistent with the repressor-cooperativ-

ity model and inconsistent with the binding-preferences

model [33]. These results, and the deep evolutionary conserva-

tion of some of the low-affinity Ci sites in dppD[wt], suggest

the presence of selective evolutionary pressure maintaining

low Ci occupancy at the dppD enhancer. We speculate that
dpp requires low-affinity Ci sites, which allow for activation

by Hh/Ci but avoid invoking strong cooperative Ci repression

in the mixed zone, in order to establish an organizing centre in

the middle of the wing for symmetric growth [70].

(d) wg and sr require low-affinity Ci binding sites to
respond optimally to Hh/Ci

To determine whether our observations regarding the effects of

Ci binding site affinity are unique to dppD or to the developing

wing, we examined two other Hh/Ci-regulated enhancers,

both of which respond to Hh signalling in the embryonic

ectoderm but not the wing. We first tested a 1.0 kb enhancer

of the wingless (wg) gene which drives Hh-responsive embryo-

nic stripes anterior to segmental stripes of Hh expression

(figure 2a,d) [35,43]. Four Ci binding sites in the wg1.0 enhancer

(table 1) have been reported to contribute to activation in

Hh-responsive cells [54]. We improved the affinity of the

three best-conserved Ci sites (wg1.0[3xCi-opt]; figure 2b,c
and see electronic supplementary material, figure S1c) [35].

We observed that, rather than enhancing the transcriptional

response to Hh, wg1.0[3xCi-opt] drives reduced expression

levels in the embryonic ectoderm (figure 2d) [35].

We also examined the sr1.9 enhancer, which is expressed in

Hh-responsive embryonic stripes to the posterior of Hh-positive

cells. This element has three non-consensus Ci binding motifs

showing significant sequence conservation (figure 2b,c),

two of which had been previously identified (table 1) [44].

Destroying two of the predicted Ci sites has been reported to

abolish the activity of this element [44], but we found that

improving the affinity of these sites, rather than augmenting

gene expression, greatly reduced it (figure 2e).

Taken together, these observations are consistent with the

idea that wg and sr, like dpp, have Hh-responsive enhancers

whose Ci occupancy is tuned at submaximal levels for opti-

mal transcriptional activation in the proper zone of

expression. We propose that this regulatory strategy stems

from the dual nature of Ci as both an activator and a repres-

sor, and the fact that these opposing activities are exerted

through shared binding sites.

(e) Increasing the binding affinity of Ci does not induce
significant ectopic expression

We hypothesized that the relatively low binding affinity of

these Ci-regulated enhancers might be important, not just

for shaping responses to Hh morphogen gradients, but also

for maintaining tissue specificity of the Hh response. If this

were the case, improving Ci binding affinity in these enhan-

cers might be expected to sensitize them to Hh signalling,

and thus might induce ectopic transcriptional responses to

Hh/Ci outside of each gene’s normal expression pattern. To

address this point, we examined our high-affinity versions

of the dppD, wg1.0 and sr1.9 enhancers in tissues and at

developmental stages where active Hh signalling occurs,

but where the gene and enhancer do not normally respond

to that signal.

The dppD enhancer normally responds to Hh/Ci in the

wing, leg and antennal discs, but not in the embryonic ecto-

derm (where other genes such as wg, sr and ptc respond to

Hh signalling), and not in the morphogenetic furrow of the

developing retina (where dpp expression is induced by Hh/

Ci, but not by the dppD enhancer; see electronic
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supplementary material, figure S3a) [82,83]. We did not

observe significant ectopic activity of dppD[Ci-ptc] in Hh-

responding cells of the embryonic ectoderm, nor in the mor-

phogenetic furrow of the eye (see electronic supplementary

material, figure S3a). The only ectopic expression we observed

was in part of the dorsal margin of the retina (see electronic

supplementary material, figure S3a), which might receive sig-

nalling from nearby Hh-positive photoreceptors [84], although

this is not part of the normal dpp expression pattern [85].

We next examined the expression of wg1.0[3xCi-opt] and

sr1.9[2xCi-opt] in wing imaginal discs, where wg and sr do

not normally respond to Hh/Ci, and found that improving

Ci affinity did not activate ectopic transcriptional responses

to Hh (see electronic supplementary material, figure S3b,c).

Consistent with these results, it was previously shown that

adding consensus Ci sites to the wing-specific enhancer of

vestigial (not a Hh/Ci target gene) fails to induce ectopic

Hh responses [49,86]. Our results demonstrate that the

tissue-specific Hh responses of enhancers of dpp, wg and sr
cannot be explained by low binding affinity for Ci.
18
( f ) Functionally significant non-consensus Ci sites
display conservation of motif quality, even in the
absence of strict sequence conservation

Evolutionary sequence alignments of functional non-consen-

sus Ci sites reveal multiple possible mechanisms by which

the strength of Ci regulatory input into Hh-regulated enhan-

cers may be maintained over evolutionary time, despite

significant sequence turnover. Ci site 1 in the dppD enhancer

is perfectly preserved across 12 Drosophila species, but this is

an exception: most non-consensus Ci motifs, even those for

which regulatory function has been demonstrated, are not

so strongly conserved, and many have undergone rapid

and extensive sequence changes (figure 3). For example, the

sequence that comprises Ci site 2 in dppD is conserved and

aligned only in the three species most closely related to

D. melanogaster; yet examination of nearby sequences reveals

that the same motif (CGGGCGGTC) is found nearby in six

additional Drosophila species, though it is not aligned with

the D. melanogaster motif (figure 3a). In most cases, these

motifs share no recognizable flanking sequence with the D.
melanogaster site, so it cannot be determined whether this

motif is an island of high conservation amid rapidly changing

and expanding/contracting flanking sequence, or (probably

less likely) the same motif has been independently acquired

multiple times during Drosophila evolution.

Ci site 2 in the wg1.0 enhancer has a different evolution-

ary history: a predicted Ci site is present in all Drosophila
species at this position, but the sequence itself is not highly

conserved. Three different motifs, with similar predicted affi-

nities, occur at this site (figure 3b), suggesting that although

the sequence of the site is evolving rapidly, the quality or pre-

dicted affinity of the site is constrained. A similar case of

apparent quality constraint coupled with sequence flux

occurs at Ci site 2 of the sr1.9 enhancer, where, for example,

sequence changes in the Drosophila pseudoobscura lineage

diminish the quality of the site, while at the same time creat-

ing a new overlapping motif of very similar quality to the

D. melanogaster motif (figure 3c).

Ci site 1 in the wg1.0 enhancer seems to have undergone a

triplet repeat expansion/contraction in the middle of the site,
along with other changes (figure 3b), with the result that

some species, such as D. melanogaster, have a single moder-

ate-affinity site, whereas other species have a weaker motif at

that position but have gained additional nearby sites. These

may be examples of compensatory changes that maintain

levels of local Ci occupancy within a region of the enhancer.

Another possible case of compensation occurs in the vicinity

of Ci site 1 of sr1.9, which is poorly conserved—eight distinct

sequence variants occur at this position across 12 species—yet

in most cases, overall site quality appears to be well preserved,

especially if a neighbouring motif and its variations are taken

into account. For example, Drosophila pseudoobscura and

Droshophila persimilis have a motif in the position of site 1

that is considerably farther removed from the consensus than

that in D. melanogaster (scoring 52.5 compared with 71.8), but

have simultaneously acquired changes in a neighbouring

sequence that significantly improves its quality as a Ci motif

(scoring 83.6 compared with 61.0 in D. melanogaster).
These are anecdotal cases, and the functional significance

of these motifs in species other than D. melanogaster has not

yet been tested. Nevertheless, careful sequence analysis

appears to provide support for our speculation that the

poor overall sequence conservation of many low-to-moder-

ate-affinity Ci binding motifs may be deceptive: these local

genomic regions may be under selective pressure to maintain

Ci occupancies within a certain range, while at the same time

allowing a great deal of change at the level of DNA sequence.

(g) Ci is insufficient to activate Hh-responsive gene
expression in vivo

To determine whether Ci binding sites, isolated from normal

enhancer contexts, are capable of producing a transcriptional

response to normal Hh signalling in vivo, we created a trans-

genic synthetic reporter in which three optimal Ci binding

sites lie upstream of a minimal promoter driving GFP

expression. This cluster of high-affinity sites (designated

HHH) was not sufficient to activate expression in regions of

active Hh signalling in imaginal wing discs or in embryos

(figure 4). A similar construct bearing four high-affinity sites

was previously shown to fail to respond to Hh in leg discs

[42]. Our results exemplify a conserved transcriptional strategy

known as ‘activator insufficiency’, which is shared by multiple

signalling pathways and is thought to be an evolutionary mech-

anism for preventing ectopic responses to highly pleiotropic

signals such as Hh [28].

(h) Synthetic Hh/Ci-regulated enhancers recapitulate
endogenous expression patterns in the wing

In order to study the functional properties of Ci binding sites

outside the context of a complex enhancer sequence, we

required to circumvent the insufficiency of Ci sites alone

(figure 4a) to activate gene transcription in vivo. We borrowed

a clever strategy [87] that combines binding sites for the

broadly expressed transcriptional activator Grainyhead

(Grh) [88,89] with binding sites for Ci. Grh binding sites

have been shown to be sufficient to activate gene transcrip-

tion in the wing [90]. Using this approach, we were able to

create a baseline level of transcription that allowed us to

detect activating and repressive inputs from Ci sites, which

can then be measured as changes in gene expression in

Grh þ Ci reporters, relative to a Grh-alone reporter. We
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generated four versions of synthetic enhancers with three Grh

binding sites (GGG) upstream of three high-affinity sites

(HHH), three low-affinity sites (LLL), one high-affinity site

(H) and three mutant Ci sites (KO) to preserve the spacing

between the promoter and Grh (GGG; figure 4a). All of these

transgenic constructs drove Hh/Ci-regulated stripes of differ-

ent width and strength, with the exception of the 3xGrh-only

construct (GGG), which, as expected, drove basal levels of

expression throughout the wing disc (figure 4a) [89]. We quan-

titated, normalized and compared GFP fluorescence data from

these synthetic reporters as described for figure 1, and

observed that GGGHHH is expressed at high levels in the acti-

vator zone, GGGLLL is weakly expressed in the mixed zone

and GGGH is expressed at moderate levels in the activator

and mixed zones (figure 4b).

Next, we subtracted the Grh-only (GGG) expression levels

from that of the Grh þ Ci reporters to measure Ci-mediated

activation and repression across the Hh gradient [33,87].
We found that GGGHHH, the synthetic counterpart of

dppD[Ci-ptc], is strongly activated by Ci in the activator

zone but is repressed by Ci in the mixed zone, whereas the

activity of GGGLLL peaks in the mixed zone and is weaker

in the activator zone (figure 4c). GGGH (analogous to

dppD[Ci1-ptc]) is activated by Ci in both the activator and

mixed zones (figure 4c) [33]. The fact that these synthetic

results are strikingly consistent with our observations with

dppD (compare figure 4c and figure 1e) indicates that the

observed effects of Ci affinity on Hh responses in the wing

are not dependent on a particular enhancer context, and

demonstrates the utility of synthetic reporters for the quanti-

tative analysis of Ci-regulated transcription in a simple and

well-controlled sequence context.

The weak response of GGGLLL in the activator zone,

compared with its expression in the mixed zone, is note-

worthy (figure 4c). In the case of the native dppD enhancer,

diminished expression in the activator zone has been
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attributed to repression by the homeodomain (HD) TF

Engrailed (En), which is expressed in a narrow strip of

anterior cells abutting the A/P boundary during late larval

stages [91,92]. We analysed the sequences of the synthetics

to determine whether we had unknowingly introduced En

binding sites (see electronic supplementary material, figure

S4e–h), and found a single predicted En site that overlaps

with the first Ci site in GGGLLL and GGG (the site is

destroyed in GGGHHH and GGGH). This En motif might

be responsible for repressing GGGLLL in the activator

zone. However, because we did not observe repression of

GGG, which has the same En motif, in En-positive cells of

the activator zone and the posterior compartment, and

because GGGLLL was not repressed in the En-positive pos-

terior compartment (figure 4b), we conclude that these

reporters are not directly repressed by En. The restricted

activity of the low-affinity Ci binding sites in the mixed

zone therefore seems to be encoded in the sequence of the

Ci sites themselves. If true, this implies an as-yet-unknown

mechanism for interpretation of the Hh gradient in the

wing via Ci binding sites, but further research is required.

(i) Synthetic Hh/Ci-regulated enhancers drive ptc-like
expression in embryos

To investigate whether the ability of these synthetic enhan-

cers to respond to Hh/Ci is limited to imaginal tissues, we

examined embryos at stages when Hh signalling occurs

(figure 4d ). The Grh activator is expressed in the epidermis

of mid- to late-stage embryos [93]. At stage 11, our GGG syn-

thetic construct, containing three Grh binding sites, reported

low levels of Grh input in the dorsal ectoderm (figure 4d ).

At that same stage, our synthetic Grh þ Ci reporters (but

not GGG) were activated in stripes to the anterior and pos-

terior of each stripe of Hh-expressing cells (figure 4d ). This

pattern differs from those of the natural Hh/Ci-activated

enhancers of wg and sr, whose response is restricted to one

side (the anterior and posterior, respectively) of each Hh-

positive stripe [43,44]; instead, it more closely resembles

that of the ptc gene, which responds symmetrically to stripes

of Hh signalling in embryos [71,72]. GGGHHH drove high

levels of expression in stripes that span both the dorsal and

ventral sides of the embryo, whereas GGGLLL drove moder-

ate levels of expression in dorsal stripes in cells that have the

strongest Grh input (figure 4d ). GGGH drove activity in a

similar pattern to that of GGGHHH, but at lower levels

(figure 4d ). Contrary to what we observed by improving

the affinity of wg1.0 and sr1.9, the high-affinity reporter

GGGHHH was not more restricted in its expression than

the low-affinity reporter GGGLLL, but instead was more

strongly activated (figure 2c,d compared with figure 4d ).

Therefore, the strongly negative effect of high-affinity Ci

sites on expression of the wg and sr enhancers may depend

on the sequence context of those regulatory elements.

( j) Deep evolutionary conservation of putative
homeodomain binding sites in dppD

The dppD enhancer integrates inputs from other unknown

factors besides Ci: this is demonstrated by the dppD[Ci-KO]

construct, which is active throughout the anterior compart-

ment of the wing (figure 1a) [33,41]. To investigate the

other inputs controlling dppD, we examined the sequence
conservation of this element across 12 Drosophila species

(see electronic supplementary material, figure S1b). Con-

served TF binding motifs are considered likely to be

functionally significant [94,95], although there are significant

exceptions [22,23,61]. The dppD enhancer contains seven core

HD binding motifs (TAAT), of which six are perfectly con-

served throughout the genus (see electronic supplementary

material, figure S1b). Overrepresentation of conserved HD

binding sites has been also shown in some Hh-regulated

enhancers in vertebrates [51]. All of the largest blocks of

sequence conservation in dppD include at least one HD core

motif (figure 3a). Among these conserved potential HD bind-

ing sites is a previously identified site (designated as HE in

electronic supplementary material, figure S1b) which was

shown to repress dppD in posterior cells and has been pro-

posed to mediate repression by En [41].

(k) dppD integrates inputs from conserved putative
homeodomain binding sites

To determine whether these potential HD binding sites con-

tribute to the regulation of dppD, we first tested the

contribution of the previously identified En binding site with

a targeted mutation (dppD[En-KO]). Consistent with prior

findings [41], this mutation resulted in mild de-repression

in the posterior compartment, where En is expressed

(figure 5a). We next mutated all seven core HD motifs in

dppD (7xHD-KO). This mutant enhancer drove a weak,

incomplete wing stripe (figure 5a). We quantitated the GFP

fluorescence activated by these constructs across the wing

to determine the regulatory contribution of putative HD

binding sites. By comparing our measurements with wild-

type dppD (figure 5b), we found that the predicted En site,

in addition to its known role in repression of dppD in pos-

terior cells [41], also contributed to dppD activation in the

anterior compartment, in cells lacking En (figure 5b). We

also found that at least one of the HD motifs is responsible

for activating dppD[En-KO] in posterior cells, as

dppD[7xHD-KO] was not active in that compartment. In

anterior-compartment cells where dpp is normally expressed,

we observed that the loss in activity in dppD[7xHD-KO] was

more severe than that caused by mutating three Ci binding

sites (dppD[Ci-KO]; figure 5b). The role of HD in activating

dppD contrasts with the repressive role of some HD binding

proteins in Hh-regulated enhancers in the mouse neural

tube [51]. However, we noted that dppD[7xHD-KO] was de-

repressed in the retina (data not shown), where Hh signalling

is active but dppD[wt] is normally not expressed (see

electronic supplementary material, figure 3a).

Although the identities of the additional dppD inputs

remain a mystery, we speculate that the HD TFs Aristaless

and Disatalless might be among these factors, based on their

expression patterns in the wing and their known genetic

relationship with dpp [96,97]. Our results are consistent with

a model in which complex regulatory inputs from HD proteins

[98] act through highly conserved sites in the dppD enhancer.

They also highlight the critical role of low-affinity Ci binding

sites, which cooperate with these positive and negative

inputs to specify dpp expression in the proper segment of the

Hh morphogen gradient (figure 5c). Such a view contrasts

sharply with characterizations of low-affinity TF–DNA inter-

actions as functionally inconsequential [99]; to the contrary,

certain types of regulatory circuits—especially those regulated
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by signalling pathways that use activator/repressor switch

mechanisms, such as Hh, Wnt, Notch and others—may

acquire and maintain low-affinity interactions to extract the

maximum amount of information from developmental signal-

ling events [22,28,100].
4. Conclusion
In this study, we have presented in vivo evidence corroborating

previous findings [33,35] that multiple tissue-specific enhan-

cers require low-affinity Ci binding sites for optimal

activation by Hh/Ci. Most of the Hh target enhancers ident-

ified up to this point in Drosophila and mouse are regulated

by degenerate Ci/Gli binding sites of low predicted affinity

(table 1) [32]. The prevalence of these non-consensus sites in

Hh target enhancers across species demonstrates their impor-

tance in regulating the Hh response. The transcriptional

relevance of low-affinity TF binding is not limited to Hh/Ci

regulated enhancers [22]. For instance, two phylogenetically

conserved low-affinity binding sites in the mouse Pax6 lens

enhancer have been shown to be critical to promote gene

expression at the right stage of development [101].

We also provide a mechanistic explanation as to why

these Hh/Ci-regulated elements require low-affinity sites to

activate transcription in cells with moderate signalling
levels. We showed that clusters of high-affinity sites mediate

a restricted response in cells with high levels of Hh signalling,

most likely as a result of cooperative interactions among Ci-

Rep molecules in highly occupied Ci binding sites, whereas

clusters of low-affinity sites mediate a broader response by

having lower occupancy by Ci [33,35]. Using synthetic

enhancer reporters with high- or low-affinity Ci binding

sites, we confirmed this effect in the wing, but not in

embryos. This tissue-specific discrepancy may imply a con-

text-dependent function for some non-consensus Ci binding

sites. As in the Pax6 lens enhancer [101], it is possible that

some low-affinity binding sites are required specifically

during earlier stages of development to interpret overall

lower levels of Hh signalling [102,103].

Finally, we provided clues as to additional regulatory

inputs into dppD by showing a requirement for conserved

consensus HD binding sites. Cooperation between Glis and

HD proteins has been recently shown in the mouse neural

tube [51]. In this case, HD proteins are critical to repress

Hh-regulated neural tube enhancers, whereas in dppD they

are critical to activate gene expression.

The limited number of known, experimentally confirmed,

direct Hh/Gli target enhancers may reflect the widespread,

practical tendency to search for consensus or near-consensus

motifs, and to focus on the highest peaks of TF–DNA bind-

ing, when hunting for cis-regulatory sequences. From a
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biochemical standpoint—for example, when mining ChIP-

seq data—low-affinity DNA–binding interactions are trou-

blesome because they are much more common, by

definition, than the top 1% of peaks. It is important to note

that we do not mean to strictly equate ChIP peak height

with TF binding affinity, nor to equate in vitro binding or in
silico ‘motif quality’ with in vivo TF occupancy, though

these properties may often be roughly correlated. Separating

the weak but functional binding events from weak and non-

functional binding events is extremely challenging, and some

have proposed that low-affinity genome-binding inter-

actions can be categorically ignored [2,99]. This certainly

simplifies the problem from a computational perspective,

but the findings discussed here and elsewhere [101,104]

suggest a risk of discarding functional sequences. Similar

challenges confront in silico genomic screens to identify clus-

ters of predicted TF binding sites: these necessarily filter out

binding events of low predicted affinity, because there are

many more predicted low-affinity binding motifs than con-

sensus high-affinity motifs in any given sequence [105].

Binding site predictions have been supported by taking evol-

utionary sequence conservation into account [9,32], but this

risks filtering out true positives: as shown in our Ci motif

alignments, lower-affinity binding sites seem to be less con-

strained with respect to sequence variation, even in cases

when the presence of the site itself is highly conserved.

This is presumably because, for each non-consensus binding

motif, there are multiple alternative sequences with similar

affinity and thus equivalent functionality. Importantly, this

type of degenerate motif conservation is easily missed: for

example, some of the well-conserved Ci motifs described

here are not properly aligned in the UCSC Genome Browser,

because they do not constitute contiguous blocks of perfect

sequence identity. To avoid these pitfalls, it is important to

use phylofootprinting approaches that account for these

alignment flaws, such as the one described in [94]. In contrast

to most of the low-affinity binding sites discussed here, opti-

mal-affinity Ci motifs in the ptc enhancer have been

preserved throughout the evolution of the genus Drosophila,

and perhaps much farther: GACCACCCA motifs occur in

promoter-proximal regions of multiple vertebrate ortholo-

gues of ptc [9,53] (additional data not shown).

Evolutionary enhancer sequence alignments, along with

limited experimental data, also suggest that, although many

predicted low-affinity sites are poorly conserved, overall TF

occupancy on an enhancer may be maintained despite signifi-

cant sequence turnover. This may occur either through the

rapid gain and loss of individual sites, or through the mainten-

ance of relatively weak binding affinity at a site that is unstable
at the level of DNA sequence [22,106]. While this last idea

requires further direct testing, it is consistent with the fact

that Gli sites of moderate predicted affinity have many

sequence variants of similar quality, whereas the highest-affi-

nity motifs have far fewer alternatives of similar quality. In

other words, there are many more ways to be a weak binding

site than a strong site. For example, among all possible 9-mer

sequences, there are 654 motifs with Ci matrix similarity scores

between 70 and 75 (inclusive), but only 12 motifs with scores

between 90 and 95, and one motif with a score above 95.

Therefore, weaker binding sites, and the enhancers containing

them, have a far greater volume of sequence space in which to

roam without strongly impacting transcriptional output [22].

A thermodynamics-based simulation of enhancer evolution

has shown that there is a greater number of fit solutions

using weak TF sites than using high-affinity sites for a given

gene expression problem [107].

Equally consistent with our view of TF binding site evol-

ution is the fact that it is much easier (that is, more likely) to

create a low-affinity, non-consensus binding motif with a

single mutation than a high-affinity consensus motif. An

enhancer-sized DNA sequence can acquire a weak Gli motif

with single-nucleotide substitutions at any of a large

number of positions, as demonstrated by our simulations

(see electronic supplementary material, figure S5). These

arguments may help to explain why sequence conserva-

tion is not a foolproof test of the functional relevance of

non-consensus TF binding sites.

While we cannot offer a simple answer to the technical

challenges facing those who hunt enhancers, the findings

described in this report lead us to conclude that low-affinity

TF–DNA interactions, mediated by non-consensus and

often poorly conserved sequence motifs, play important

and widespread roles in developmental patterning and cis-

regulatory evolution, and therefore cannot be safely ignored.
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